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I. Preface

Tyrosinase activity, which plays a role in sclerotization of the
insect cuticle, browning in plants, and in the integumentary pigmen-
tation of chordates, coﬁstitutes an excellent example of the economy
of tools used by living organisms. The phenolase complex, as it is
termed by Mason (165), also plays a role in the formation of inter-
mediates in flower pigments, tannins, lignins, phenolic alkaloids,
quinones and tropolones. Tyrosinase has its maximum substrate
specificity in mammals, where, among various phenols, it is believed
to catalyze just the oxidation of tyrosine and dihydroxyphenylalanine
(DOPA) to melanin (1h47, 163).

A distinction is made between tyrosinase of skin and hair and
the tyrosine hydroxylase of the adrenal medulla. The latter is a
tetrahydropteridine-linked iron containing mixed function oxidase
which catalyzes just the hydroxylation of tyrosine to DOPA but shows
no enzymic activity towards DOPA. Tyrosinase, on the other hand,
is a copper containing mixed function oxidase which uses DOPA as the
reducing agent and catalyzes the oxidation of both tyrosine and DOPA
to melanin (186). In mammals, tyrosinase is present in a granular

portion of the Golgi apparatus of melanocytes (26).
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II. Introduction

1. The Reaction Sequence Catalyzed by Tyrosinase

Since tyrosinase was first discovered by Berquelot and Bertrand
(21) in 1895, it has become one of the most intensely studied enzymes.
Early workers were in considerable doubt as to the nature of the
reaction catalyzed by tyrosinase. The enzyme has been called a
hydrolytic deaminase (1, 10) and a peroxidase (190) among others.
Raper (214) noticed that the reaction catalyzed by tyrosinase occurs
in several‘définite vigible stages which are intermediate between
tyrosine and melanin. The first of these stages involves the ’
formation of a red substance which requires the presence of both
oxygen and the enzyme. The second stage involves the spontaneous
decolorization of the red pigment. The colorless substance is then
oxidized t6 melanin during the third stage. While tyrosinagse was
observed to accelerate the last two steps, they can proceed in the
absence of the enzyme.

Early theories on the action of tyrosinase were based on the
assumption that deamination constitutes part of the reaction sequence
(10, 190). Raper (215) effectively ruled out the possibility of
deamination by demonstrating that a tyrosine-tyrosinase solution shows
no increase in ammonia content during the oxidation and that the
resulting melanin contains a slightly higher percentage of nitrogen
than tyrosine. Furthermore, there was no indication of aldehyde
formation as would be required by the deamination theory (102).

The early observation by Raper (214) that there are three

visible stages in the oxidation of tyrosine when catalyzed by
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tyrosinase was carried outvusing potato tyrosinase. Other workers

(98, 99) using tyrosinase from the mealworm Tenebrio molitor did not

observe a change from the red substance to the colorless one as had
Raper. This led to the possibility that the red substances might be
different in the two cases and that tyrosinases from different sources
might have different modes of action on tyrosine. Raper (213) then

obtained tyrosinase from different sources such as the mealworm

Tenebrio molitor and the mushroom Agaricus dryophilus and observed

the same visible stages as when potato tyrosinase had been used.

These enzymes from different sources had activity over the same

pH range and also had similar activity towards other substrates such
as phenol, p-cresol, resorcinol, and catechol. Raper (210) was the
fi;st to demonstrate that DOPA is the first product of the action

of tyrosinase on tyrosine. Others had suggested this, but had not
provided experimentalvproof (102, 190). Raper purified and identified
the DOPA after isolating it from the reaction mixture as the lead
salt. Added DOPA was found to increase the rate of oxidation of
tyrosine. That DOPA is the first oxidation product was later
confirmed by Evans and Raper (72, 73). The amount of DOPA accumulation
in the reaction mixture was markedly increased by the addition of
ascofbate. Dopa-quinone is reduced to DOPA by the ascorbate, thereby
increasing the accumulation of DOPA to about ten percent of the

tyrosine oxidized.

18 18
5 and H20

the oxygen of the newly introduced hydroxyl group arises from

Studies by Mason (164, 167) with © indicate that

molecular oxygen and not from solvent water. This study coupled



with Lhe observation by Lerner (141) that tyrosinase is specific for
L~tyrosine indicates that cresolase activity is enzymic rathcr than
being due to nonenzymic oxidabtion by a quincne, Déwson (6ly) showed
that hydrogen peroxide is not formed during the reaction,

cod and Ingraham (249 ) have shown that there is a small but

definite tritium rate effect during the tyrosinase catalyzed hydroxy-

lation of dimethylphencl, From tiis evidence it was concluded that

"

the second step in the hydroxylotion reaction, proton removal, is rate

limiting rather than the actuzl oxidetion, The fact that the tritium

ratc effect 1s small has been taken to indicate that the tritium

does not leave as & free ion, but forms a new bond, Wood and Ingraham

suggest bhat this new bond is probibly with a Lewis bsse on the
encyme .

since tyrosinasc is much more active toward DOPA than toward
vyrosine, there was a question as to why there should be any DOPA
accunleaticn at all, An examination of the oxidation-reduction
cotentials of the system concernsd with melanin formation led
Evans end Raper (73) to su.gest that DOPA accumulates because of
the reduction of DOFA-quinone by the dihyﬂroindole 2s shown below,

Eo's are also indicated,

DOPA=quinone + leukocompound =—-= DOPA + DC. A-chrome

i

DOPA <— DOPA-quinone E +0.,511 V at pH L.6 (11)

0
Leuvkocompound -<«— DOPA~-chrome EO = 40,170 V at pH L6 (92)
Evidence in support of this concept was gained by showing that the

addition of S,é-dihydroxy—Z,3—dihydroindole~2-carboxy1ic acid o

6.
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reaction mixtures containing tyrosinase and tyrosine increased the
amount of DOPA accumulation (73).

Not all workers have been able to demonstrate the formation of
DOPA in the presence of tyrosinase. Kim (132) was unable to demon-
strate the presence of Clh-DOPA after incubating 014-tyrosine in the
presence of goldfish tyrosinase. Added unlabeled DOPA did not decrease
the amount of Clq-activity found in the resulting melanin. Kim there-
fore concluded that DOPA formed as an intermediate may remain bound to
the protein and not be released into solution. Dresslervand Dawson
(67) also suggest that free o-diphenols may not be formed during the
action of tyrosinase on monophenols.,

Lissitzky and Rolland (153) described an intermediate derived
from DOPA-quinone which is not an indole and gives rise to the
formation of intermediate pigments characteristic of melanization
in vitro. This substance was formed during the oxidation of tyrosine
in the presence of highly purified polyphenoloxidase. It was first
detected on chromatographs by spraying with ninhydrin. Later, it was
shown to be formed from Clh—terSine. Accumulation of this intermediate
was increased by the addition of ascorbate to the reaction mixture. The
fact that the intermediate gives a grey-purple color with ninhydrin
indicates that the nitrogen is not yet part of an indole ring. It
gives a pink color with Arnow's reagent (sodium nitrite and molybdate
in HCl) and reduces ammoniacal silver nitrate. The intermediate is
also produced during the oxidation of tyrosine in nonenzymic systems
containing ascorbate, ferrous ion, and oxygen. Lissitzky and Rolland suge=

gest that it is a trihydroxy compound similar to that obtained by Senoh



(228) from brain. Such a trihydroxy compound would be the first
intermediate detected between DOPA-quinone and the appearance of
pigments.

Raper (211) found that tyrosinase-tyrosine mixtures contained
a more immediate precursor of melanin than tyrosine or DOPA. In
this precursor the nitrogen was no longer present as & free amino
group. This material proved to be so easily oxidized that it
could not be isolated directly. Instead, the red solution
obtained from the action of tyrosinase on tyrosine was allowed to
decolorize. Then it was treated with methyl sulfate in an atmosphere
of hydrogen. After extraction with ether, two crystalline methylated
products were obtained, one a weak base and the other an acide The
weak acid was obtained when decolorization took place in the absence
of oxygen and the weak base primarily obtained when the decolorization
took place in the presence of sulfurous acid. Both of these sub-
stances gave color reactions characteristic of indoles. During
cyclization the nitrogen of the amino group potentially could
attach at either the two or six position on the ring. However,
from the work of Jones and Robinson (121) on orientation of
substituted catchol ethers, it appeared likely to Raper (211) that
the 5,6-quinone of indole-2-carboxylic acid (VIII, chemical sfructures
given on following page) would be formed. Therefore, it was suspected
that the methylated indole derivative with acid properties would be
5y6-dimethoxyindole-2~carboxylic acid (IX). Decarboxylation of this
compound would give 5,6-dimethoxyindole (X), a weak base. Since the

properties of these two compounds were unknown at the time, they
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viere synthesized and found to be identical in all respects with the
methylated indole derivatives isolated from the oxidatien products
of tyrosine, Having established that the red substance, in the présence
of sulfurcus acid, gives rise to 5,6-dihydroxyindole-2-carboxylic
acid (XI) led Raper (211) to suggest that the structure of the red
substence is probsbly the 5,6~quinone of 2,3~dihydroindole~
2-cerboxylic acid (DOPA~chrome V), Tyramine and DOPA-amine were 2lso
found to be converted to 5,6-dihydroxyindole (VI) in the presence of
tyrosinase (69), Although DCPA-chrome (V) was once thought to be
identical to hallochrome, Bu!Lock showed that they are in fact two
separate and distinct compounds, |

ilason (161) later followed the enzymic oxidation of DUPA
spectrophotometrically, The reaction sequence also takes place . in
several distinct stages when followed in this manner, The first
stage is characterized by the agpearance of absorption maxima at
305 mu and 475 mu, the second stage by absorption maxima at 300 -
and 540 mu, and the third stage by general absorption. The first
stage corresponds to the formaticn of the red substance observed
by Raper (211), Further inferences about the structure of the red
substance were made by.comparing spectra of known compounds with
thit of the rcd pigment, Two such compounds are rubreserine (XI1)
and adrenochrome (XIII), both of which contain a fixed 2,3-diﬁydro~
indole~5,6-quinone nﬁcleus.'Both of these compcunds have absorption
spectra almost identical to that of the red substance prepsred by the
enzymic or éilver oxide oxidation of DOPA, There are two possible

tautomeric forms of this red pigment as shown on page eleven
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The second phase of the reaction sequence as followed spectro=-
photometrically involves the appearance of absorption maxima at
200 mp and 540 mp (162). However, when the red pigment was allowed
to undergo rearrangement at pH 5.6 in the absence of oxygen, maxima
at 275 mp and 298 mp but none in the visible range were observed.
This is in marked contrast to the spectrum of the second phases
Since there is generally only a slight difference between the
maxima of undissociated phen&ls and their methyl esters (7, 120),
the spectrum of 5,6-dihydroxyindole (XI) was compared with that of
the rearrangement product of the red pigment (162). The spectra
were found to be almost identical, suggesting the rearrangement
product to be 5,6-dihydroxyindole (VI) or the 2-carboxylic acid
derivative. Mason and Wright (170) later provided manometric
evidence that rearrangement and decarboxylation occur simultaneously,
and that the reaction is base catalyzed, and nonenzymic. When
5,6=dihydroxyindole obtained from the rearrangement and decarbox-
ylation of 2-carboxy-2,3-dihydroindole-5,6-quinone (DOPA-chrome V)
is oxidized in the presence of tyrosinase, a material appears whose
absorption spectrum has mexima at 300 mp and 540 mu, the same as
that obtained during the second phase of the reaction sequenée.
Because tyrosinase dehydrogenates catechols to the corresponding
quinones (208) and in view of the catechol nature of 5,6-dihydroxy-
indole, Mason (162) suggested that the purple pigment with
absorption maxima at 300 mp and 540 mp is indole-5,6-quinone (VII).

Bu'lLock (50) observed an intermediate in the oxidation of

5,6=dihydroxyindole which has an absorption maximum at 530 mu.



Chemical structures of substances mentioned in the text

~Z COOH COOH
Q/ N CH30 N
IX

VIII |
indole-5,6-quinone-2- 5,6-dimethoxyindole -2~
carboxylic acid carboxylic acid
CH30 Ho:i: |
CH30 N HO N
X X
5,6 -dimethoxy indole 5,6-dihydroxyindole
Gy
0" il 0%[ bOH
0= N ,}, 0~ N
i |
CHjz CH3 CHgy
XII rubreserine XIIL adrenochrome
Ox Ox
0% " COOH HO \N COOH
v
2-carboxy-2,3-dihydro 2-carboxy-2,3-dihydro-
indole-56-quinone 6-hydroxy indole-1,5-

(DOPA-chrome) quinonimine
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Evidence based on the absorption and fluorescence spectra suggests
that this intermediate is a S,6~dihydroxyindol&lindole—S,6—quinone.
Further oxidation of this dimer gives a pigment with s broader
absorption maximum at 5L0 mu, Forsyth (85) identified three
ﬁetrahydroxydiphenyl intermediates formed during the oxidation of.
catechol in the presence of tyrosinase, These same intermediates
were formed as a result of ferric chloride or silver nitrate
oxidation of catechol,

Spectrophotometric studic: by Beer (18) indicate that thé
formatien of purple melanochromes is preceded»by thé appearance
of a yellow intermediate which he considers to be the true indole=-
5y6=quinone. Beer suggests that the melancchromes are smaller and
less complex polyindoles than melaniﬁ. Melanin itself could be
formed by crosslinking between the melanochrome chains,

The final step in melanin synthesis inveolves the polymerization
of indole-5,6~quinone or related compounds. Possible structures resulting
ffom such polymerizations have been extensively reviewed by Mason (166)
and Swan (235). The earlier structures proposed for melanins all
lnvelve highly conjugated ring systems, Melanin has been a term
ioosely used to describe pigments formed by oxidative
polynerization of variéus phenclic substances, Somewhat greater
precision has been obtained by defining melanins as pigments
formed by the action of tyrosinase on tyrosine, DUPA, and relatcd
suwostances (236). However, this is still not satisfactory,
iiason (168) points out that the proper description of a melanin

should include an identification of the monomer units,
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the length of the chain, the nature of the interunit links, degree
of branching, redox state of the polymer, and the nature of the
protein and its link to the pigment. As yet, no melanin has been
isolated as a single chemical compound having a definite chemical
composition (235). The probability that melanins are irregular
polymers makes it doubtful that any will be isolated as a single
chemical compound. |

Model systems have been used to study the nature of the
condensation reactions. Mohlau et al (181) found that 2=methylindole
condenses with p-benzoquinone to give 3'-(2'=methylindolyl)~1, 4=
‘benzoquinone. The reaction was interpreted as occurring in two
steps. First, there was the addition of 2-methylindole to the
quinone with the transfer of two hydrogen atoms giving the indolyl-
hydroquinone. The second reaction involves the oxidation of the
hydroquinone by p-benzoquinone. Electron density of the indole
nucleus is greatest in the 3- position (158). Therefore, cationic
reagents would be expected to react primarily at the 3- position.
Bu'Lock and Harley-Mason (51) have suggested that a similar scheme
may apply to reactions of indoles with quinones. They found the
reaction to be acid catalyzed.

The autoxidation of various methylated 5,6=-dihydroxyindoles
has been studied in an attempt to determine which of the positions
on the indole nucleus are involved in the interunit links. Cromartie
and Harley-Mason (59) found that 5,6-dihydroxyindole and its 1-,
2~y 4=, and 7-methyl derivatives all give black insoluble pigments

vhen allowed to autoxidize in buffered solutions at pH 6.85. However,
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the 3-methyl- and 4,7-dimethyl‘derivatives gave intensely colored
pigments soluble in ethanol. These pigments were considered to be
oligomeric in nature. Differences in molecular weight may be due
to a smaller amount of crosslinking in the polymers formed from
the methylated indoles. Similar resulits were obtained using
methylated DOPA derivatives. Beer (18) found thaf 3-methyl sub-
stitution of indéles did not prevent polymerization but altered
the course of the reaction. Beer concluded that the 3~ and 7-
positions of the indole nucleus are essential for normal melanin
formation. Experiments with labeled substrates led Swan and
Wright (236) to conclude that melanin polymers are composed of
3,7~ rather than 3,4~ linkages. Cromartie and Harley-Méson (59)
also concluded that the 3- position is essential for normal melanin
formation and that either the 4= or the 7- position must be free.
According to our present concepts, indole-5,6-gquinone has more than
two reactive centers at which polymerization can occur (53, sht),
In addition, observations based on an induction period and the
formation of hydrogen peroxide led to the suggestion that a free
radical mechanism is involved in polymerization. A free radical
mechanism could result in a macromolecular structure with many
possible variations. End groups, side chains, and types of cross
links would be dependent on the enviromment in which they were
formed.

More recent work indicates that melanin polymers may consist,
in part, of monomer units other than indole-5,6-quinone. Clemo (56),

using carboxyl labeled tyrosine and DOPA, found that some of the
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carboxyl units are incorporated into the melanin. Carboxyethyl
residues are retained in melanin when the ethyl ester of tyrosine
is oxidized in the presence of tyrosinase (55). Furthermore, about
half the carbon dioxide evolved during the conversion of labeled
tyrosine or DOPA to melanin arises from carbon atoms other than
carboxyl groups (56). Carbon dioxide is also evolved from DOPA-
amine and 5,6-dihydroxyinole during their conversion fo melanin,
Swan and Wright (2%6), using 2-(3,4-dihydroxyphenyl)-ethylamine
labeled with 014 in the 3-, 4-, or 5- positions of the aromatic
ring, showed that carbon dioxide arising during the oxidation of
these compounds comes from oxidative fission of the benzene ring.
Cromartie and Harley-Mason (59) suggest that this may be the
result of oxidation by hydrogen peroxide formed during the poly=-
merization. The numerous pyrrolic acids found on degradation of
Sepia melanin are probably the result of oxidative breakdown of the
benzeneoid portion of the indole quinone units during polymerization
(24, 197). The suggestion is also made that quinones formed
earlier in the reaction sequence may be included in the polymer
(197, 198). It was once thought that indole-5,6-quinone formed
the only monomeric unit in melanin (107).

The variety of substances obtained on degradation of melanin
(2, 197, 198, 199) and the observation of unpaired electrons in
melanin (32, 57, 168) form the basis for the suggestion that
polymerization proceeds by way of a free radical mechanism. Such
free radicals would be expected to lead to the formation of a

variety of monomer units and bond types (32). The ESR spectrum of
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o-benzosemiquinone has also been observed during the tyrosinase
catalyzed oxidation of catechol (169). Piattelli et al (198)

have found evidence of an ether linkage in a catechol melanin from
Ustilago. They interpret this as further evidence indicating that
polymerization proceeds by a free radical mechanism.

Unpaired electrons in a highly conjugated system would be
expected to show a marked lowering of the g-value (32). The
absence of such a lowering has been interpreted to mean that the
melanin monomers are mostly unconjugated. Unconjugated condensed
ring struectures could occur if an atom were present between
condensed rings or if the rings were not coplanar as in the case
of 3,4-diindolyl-indoles (59). The inability to detect a hyper-
fine structure in the ESR signal is interpreted to mean that the
unpaired electrons are present on a variety of monomer units (32).

Numerous investigators (58, 106, 154, 254) have observed the
ability of tyrosinase to catalyze the oxidation of tyrosyl groups
in peptide chains. These oxidations have been studied in RNA-ase,
insulin, denatured pepsin, partial hydrolysates of pepsin and
insulin, tyrosine ethyl ester, N-formyltyrosine, a-lactalbumin,
and B-lactoglobulin (106)., Variability in the action of tyrosinase
towards these substrates has been attributed to differences in both
the source and methods of preparation of tyrosinase and the proteins
used as substrates. The reactions have been followed spectrophoto-
metrically (58) and by measuring the oxygen uptake (254). Tyrosyl
residues in peptide chains are oxidized primarily to DOPA-quinone

residues (154). DOPA has been identified in protein hydrolysates
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after oxidation in the presence of ascorbate. Tyrosyl groups in
peptide chains are not found to form DOPA-chrome or black pigment (106).

2. Induction period.

Numerous workers have observed an initial induction period
followed by an increased rate of tyrosinase activity with a variety
of substrates (19, 41, 126, 134, 145). This inauction period can be
shortened or eliminated by the addition of diphenols such as DOPA
or catechol or by other reducing agents such as ascorbate to the
reaction mixtures. D,L-DOPA is about 75% as effective as L-DOPA
in shortening the induction period. Oxidation products of catechol,’
however, do not decrease the length of the induction period (19).
The length of the induction period is proportional to the negative
logarithm of the DOPA concentration. Tyrosine also influences the
length of the lag period, increasing concentrations tending to
increase the lag (145).

The question of how tyrosinase can initiate the oxidation of
avmonohydric phenol if it first has to be activated by a catechol
is an important one. The presence of an induction period suggests
that some product which will permit the oxidation of monophenols
must first be formed. The addition of a catechol to the reaction
mixture decreases the length of the induction period and suggests
that this product is a catechol. Initial formation of catechol is
postulated to be the result of nonenzymic oxidation of the phenol
(19). More recently, Pomerantz (205) has suggested that, in the
case of mammalian tyrosinase, another reducing agent such as a

tetrahydropteridine may be required for the initial hydroxylation



18

of tyrosine. Some insect polyphenoloxidases are inhibited by
pteridines (117, 193).

% A protein inhibitor of tyrosinase,

Recent attempts at purifying muéhroom tyrosinase on DEAE-
ce11u10sé have demonstrated that the enzyme is accompanied by a
protein inhibitor (91). The most highly purified mushroom tyrosinase
lacks the characteristic lag and shows a decreased Km using tyrosine
as the substrate (91, 122). Addition of this protein inhibitor to a
highly purified tyrosinase preparation results in a return of the
characteristic lag period and a decrease in enzyme activity. Adding
the inhibitor to crude tyrosinase preparations increases the lag
period. With tyrosine as a substrate the inhibitor both increases
the length of the induction period and decreases the reaction rate

once it is started. When using DOPA as the substrate, the inhibitor

decreases the rate of reaction without inducing a lag period.
Karkhanis and Frieden (123) later found that the protein
inhibitor may be the apoprotein of tyrosinase. This inhibitor
serves as a precursor of tyrosinése activity when incubated with
cupric ions, Aiso, the apoenzyme of tyrosinase, prepared by
treating tyrosinase with cyanide, shows inhibitory activity similar
to that of the protein inhibitor. The transformed enzyme, obtained
by incubating the protein inhibitor of tyrosinase with cupric ions,
had a specific activity of 8,100 units per milliliter and contained

0.22% copper. Its Kﬁ was b x 10-5. By way of comparison, tyrosinase

prepared directly from mushrooms had a specific activity of 10,000

units per milliliter, contained 0.20% copper and had a Km of 5 x 10-5.



Although the possibility that the protein inhibitor of tyrosinase
may be an artifact of the preparative procedure is not excluded,
Karkhanis and Frieden suggest that the competition between an
apoenzyme and a haloenzyme at the metal ion site may constitute a
naturally occurring biochemical regulatory mechanism. In other
words, an apoenzyme could modify the activity of the parent enzyme
by direct inhibition.

4, Protyrosinase.

The existence of protyrosinases from a variety of sources has
been demonstrated by numerous workers (6, 35, 36, 37, 38, 39, 40).
Bodine and coworkers (38, 39, 40) described the presence of
protyrosinase, an activator, and substrate in grasshopper eggs.
The protyrosinase could be activated by urea and detergents such as
sodium oleate, duéonal, and dioctyl sodium sulfosuccinate as well as
by the naturally occurring activator. Of the synthetic detergents,
duporsl was the most effective, having an optimal concentration of
0.02%., The inactive form of the enzyme is particle bound (40).
Detergents are bound to the enzyme during solubilization and
activation. When the detergents are precipitated with barium
chloride, the enzyme remains in the active form, suggesting the
fragmentation of an enzyme protein complex during activation.

5. Copper content of tyrosinase.

Tyrosinase has long been known to contain copper. Keilin
and Mann (126) found the copper content of tyrosinase preparations

to be proportional to the enzyme activity. Also, numerous investi-

gators have found the enzyme to be inhibited by copper chelating

19.



20,

agents (20, 79, 113, 129, 130, 140, 146, 185, 195). However, little
is known about the actual role of copper in this enzyme. Copper in
purified tyrosinase preparations is tightly bound to the enzyme. The
enzyme retains virtually all its copper during dialysis against
copper free water (66). Furthermore, when tyrosinase is incubated
in the presence of Cusu in the absence of substrate, there is little
or no incorporation of radioactive copper by the enzyme. The very
low exchange in some experiments has been attributed to nonspecific
binding to the protein molecule. This tends to be substantiated by
the observation that such binding decreases with increasing purity
of the enzyme preparation. A somewhat different situation exists
when the exchange experiments are carried out in the presence of
substrate. During the oxidation of catechols, a much higher
exchange rate was observed (67). A much lower rate of exchange was
noted when using monophenols as the substrate. Similarly, high
catecholase preparations showed a much higher rate of exchange of
Cu64 than did the high cresolase preparations. This has been
interpreted as further evidence for twq active sites on the enzyme,
one having catecholase and the other having cresolase activity.
The studies mentioned above do not indicate whether actual oxidation
of the substrates is necessary for exchange of copper to take place
or if simply complexing of enzyme and substrate are sufficient.
Tyrosinase shows an absolute requirement for copper (140).
Diets deficient in copper lead to depigmentation (90, 100, 125,
230). This depigmentation is due to the loss of melanin forming

ability of new skin and hair rather than a loss of pigment from



exioting hair and skin which are alrcady pigmented, Silver, mercury,
cnd gold compete with copper Lfor the activie site on the enzyne,
However, metals other then copper can not restore activity to
copper-iree tyrosinase preperctons. The yellow color of tyrosinase
preparations was taken by Kertesz (129, 130, 131) to indicate that
the copper is present only in the cuprous state, Kubowitz (135)

fowid the cupric form of btyrousinase to be inactive, Bouchilloux

¢
cr

al (L42) found both cupric and cuprous copper in their tyrosinzse

[@

prepsrations. Mason (165) proposed the following conceptual model
for thie role of tyrosinase copper,
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Lecause solutions of phenols and catechols buffered a2bove pH
7,0 are subject to considerable autoxidation, it has not been
feasible o investigabte tyrosinase activity in alkaline solutions
{3). Between pH!'s of 5 and 7 there is litile change in the rate of
tyrosincse activity toward catechols, At lower pH's of 3 = I,
aushroom tyrosinase preparations show a rapid loss of copper,
Bowween the pHYs of 5.5 and 7,0, the optimum vafies both with the

source of tyrosinase employed (176) and the catechol used as

substrate (65).



28,

6. Reaction inactivation.

One of the characteristic features of the oxidation of catechols
in the presence of tyrosinase is the inactivation of the enzyme
during the early course of the reaction. Tyrosinase activity of
melanin granule suspensions decreases with increasing melanization
(222). Asimov and Dawson (9) have studied this reaction inactivation
in considerable detail. Their kinetic studies indicate that the
inactivation rate is not constant, but rather is 3/2 order with
respect to the active enzyme. The results of these experiments have
been interpreted in terms of a model in which there is either an
inactivation in a stepwise manner through a series of increasingly
stable intermediates, or two active sites which lose activity,
each according to first order kinetics, but at different rates.

The possibility that products of catechol oxidation such as
o~-benzoquinone, the semiquinone intermediate, or decomposition or
condensation products of these are responsible for the inactivation
was considered by Asimov and Dawson. The kinetic studies were
performed using the chronometric method (176) in which ascorbate

is always present for determining tyrosinase activity. Therefore,
one would not expect decomposition or condensation products of
benzoquinone to be formed. Benzoquinone could exist only momentarily
at the enzyme surface in reaction mixtures of the type used in these
experiments. Whether this is sufficient to cause reaction inacti-
vation is uncertain. Inclusion of gelatin in the reaction mixtures
protects tyrosinase from the type of inactivation described (3, 157,

177). Using tyrosinase from Psalliota campestri, Ludwig and Nelson




(157) found that when small amounts of enzyme were employed, it
became inactivated before the catechol was completely oxidized.
This inactivation occurred after a given oxygen uptake per unit of
enzyme, and was independent of the rate of oxidation, oxygen
concentration, hydrogen ion concentration between the pH's of

5.0 and 7.5, and the catecholase to cresolase ratio. When excess
enzyme was present, two atoms of oxygen were used per mole of
substrate. Mayberry and Mallette (172) observed that catechol
inhibits its own oxidation by a competitive process. Fhenol, on
the other hand, inhibits catechol oxidation by a process which is
neither competitive nor noncompetitive, but a mixture of the two
types. Mushroom tyrosinase contains four atoms of copper per
molecule (159). Asimov and Dawson (9) suggest that the stepwise
inactivation may involve the progressive loss of copper atoms. If
the catecholase centers are preferentially inactivated, the cate-
cholase to cresolase ratios should decrease as inactivation
continues. It is interesting to note, therefore, that preparations
having low catecholase to cresolase ratios are more resistant to
reaction inactivation than are high catecholase preparations,

7. The multiple components of tyrosinase.

The enzyme tyrosinase has the unusual property of being able to
catalyze two quite different types of chemical reactions. One of
these involves the hydroxylation of a monophenol to the corresponding
catechol. The other reaction involves the dehydrogenation of a
catechol to the corresponding quinone. These types of activity are

generally referred to as cresolase and catecholase activities after
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the substrates most often used in their measurement. Over the years,
numerous workers have observed varying ratios of catecholase to
cresolase activity in tyrosinase preparations (3, 113, 159, 160, 229,
231, 255). These ratios have ranged from a low of about 2 (160) to

a high of about 240 (255). More commonly, however, these ratios range
from about 10 to 80 (231). The catecholase to cresolase ratios of
mushroom tyrosinase vary markedly depending on the method of
purification (159, 160).

Hogeboom and Adams (113), who first demonstrated tyrosinase
activity in mammalian melanoms, thought that two enzymes were
present, one which oxidized just DOPA and another which oxidized

tyrosine. Using the enzyme from Psalliota campestri, Mallette and

coworkers (159) were unable to obtain a complete separation of the
two activities and concluded that tyrosinase activity can best be
explained on the basis of a single enzyme having two distinct types
of activity. Mallette postulatéd that the different ratios of
catecholase to cresolase activities arose as a result of fragmentation
of the protein molecule during the preparation and from unfolding of
the protein chailns to expose the cresolase centers. None of the
copper was lost in the process, the most highly purified preparations
still containing four atoms of copper per molecule. The tyrosinase
preparations were highly homogenous in the ultracentrifuge and

during moving boundry electrophoresis in a Tiselius cell, even though
they possessed widely differing ratios of catecholase to cresolase
activity. There was no separation of the two activities during the

electrophoresis. Based on this evidence, Kendal (127) similarly

concluded that tyrosinase is a single enzyme with two active sites.



Many types of treatment are found to vary the ratio of cate-
cholase to cresolase activity of tyrosinase preparations including
heat (3), charcoal treatment (191), adsorption on kaolin or alumina
(3), or by increasing the degree of purification (3, 61, 126, 157).
No preparations with only monophenolase activity have been reported
(65, 187). In highly purified high cresolase preparations, both
activities are proportional to the copper content (194).

In recent years, as improved techniques for separation of
proteins have been developed, enzyme preparations once thought to
be highly homogeneous have been fractionated into several components.
An example of this type of work is that of Smith and Krueger (231)
who, using column chromatography on hydroxylapgtite and DEAE-
cellulose, starch gell electrophoresis, and calcium phosphate gel
adsorption, have separated mushroom tyrosinase into five separate
components. Their results suggest that the differeﬁt components
are separate and distinect entities. After separation none of the
fractions was observed to change into another. The catecholase to
cresolase ratio of a particular fraction was not changed by re-
cycling through a column or by passage over a different adsorbent.
Also, the high catecholase and high cresolase fractions have
different Km values for catechol and p-cresol, further indicating
the distinctive character of the different fractions. The component
having a high cresolase activity showed a much greater resistance
to reaction inactivation than did the high catecholase fraction.
Using similar techniques, Bouchilloux, McMahill and Mason (42)

confirmed the results of Smith and Krueger (231) by showing that

25,
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mushroom tyrosinzse exists in several forms, Sodium dodecyl sulfate
wes also found to bring aboub the dissociation of the enzyme into
its subunits with a retention of enzyme activity (L2). It was
suggested that tyrosinase may exist in a state analogous to that of
the isozymes.

Some workers have found tyrosinases of varying thermostabilities

in Neurospora crassa (87, 88, 95, 23L), Horowitz (11L) reports

the presence of four neurospora tyrosinzses of verying
thermostability and electrophoretic mobility., These different forms
of the enzyme are interconvertible in crude preparations, but not
in purified preparations, Horowitz suggested that some additional
factor is required for the interconversion, 411 forms of the enzyme

Lrom Neurcospora crassa have the same pH optimum and the same Km

tovierd L-tyrosine, L-DOPA, and D-DUPA. It was concluded that the
different forms of the enzyme differ mainly in their secondary and
tertiary structures and not in their active ceﬁters.

Of particular interest is the work of Brown and Ward (L5, L6)
who ottained the first soluble preparestion of mammalian tyrosinase
from the Harding-Passey melanoma, The enzyme was brought into
solution using a combined ammonium sulfate-zcetone fractionation
procedure (U5). Using sterch gel electrophoresis and ion exchange
chromatography on DEAE-cellulose, Brown and Ward separatedithéir
tyrosinase preparation into three active fractions (hé); In so
doing, they provided the first indication that mammalian
tyrosinase is made up of several active ccomponents, All three of

the components had activity toward both tyrosine and DOPA. Seiji



et al (227) observed two active tyfosinase components following
electrophoresis of soluble tyrosinase from B-16 mouse melanoma.
Pomerantz (201) separated tyrosinase from hamster melanoma into
two active fractions.

8. The mammalian melanocyte system.

The first indication that a tyrosinase is responsible for the
formation of pigment in mammalian skin was provided by Bloch (27,
28, 77) in 1917. He incubated samples of rabbit skin in the
presence of buffered DOPA solutiéns and observed the deposition of
pigment in the melanocytes. Pigment deposition was observed when
the skin preparations‘were incubated in the presence of DOPA, but
not when incubated with tyrosine, Therefore, Bloch gave the name
DOPA-oxidase to the enzyme responsible for pigment formation in
normal skin. Later he showed that the DOPA reaction is positive
only in the skin cells which form melanin and only at the time
when they are capable of forming it (30). It was not possible at
the time to demonstrate pigment formation from tyrosine or from
éatechols other than DOPA., Later work showed that melanomas
from a variety of sources had both tyrosinase and DOPA-oxidase
activities (113, 145). This provided the first conclusive
evidence of a mammalian tyrosinase. Fitzpatrick (75) was able
to demonstrate tyrosinase activity in melanocytes of normal skin
using histochemical techniques., The enzyme proved to be present
in an inactive or partially inhibited state in unirradiated human
skin. Tyrosinase activity was greatly increased by previous

irradiation with ultraviolet light. After irradiation and

27.



incubation in the presence of tyrosine, melanin appeared in both

the dendritic processes and cell bodies of the melanoccytes. Un-
irradiated control samples from the same donor showed no dendritic
melanocytes containing tyrosinase activity. Tyrosinase from normal
human skin is inhibited by diethyldithiocarbamate, indicating that
normal tyrosinase is a copper containing enzyme, as was demonstrated
earlier using the enzyme from melanoma (145).

The observation that pigment is found in cells other than
melanocytes led early investigators to suggest that the basal cells
have the ability to produce melanin and to become dendritic following
the appropriate stimulation (29, 192, 196). However, the microscopic
studies of Becker (16) and Masson (171) indicate that the dendritic
cells belong to & specific cell type. Several different groups of
investigators have since concluded that the ability to produce
melanin is an exclusive property of the melanocytes (17, 22, 174,
223). Variations in degree of pigmentation in vitiligous,
caucasian, Negro, and albino skins were found to be due to
variations in physiologic function andAnot to the number of
melanocytes (17). Evidence based on the spectral reflectance and
absorption curves of human skin indicates that the same pigment is
found in the hair and skin of all races (2, 49, 71).

The only site of melanin formation in the mammal is 'the
pigment cell or melanocyte (223). This is a specialized and
distinective cell characterized by the presence of two or more
dendritic cell processes and containing numerous pigmented cyto-

plasmic granules. Mammalian tyrosinase was first shown by Herman
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and Boss (110) in 1945 to be 1oca1ized in the particulate portion of
the melanocyte. Although the enzyme was shown to be present in
particles of about mitochondrial size (145), the nature of the
tyrosinase containing particles was not determined for many years.'
Early electron microscope studies (14, 26) indicated that the
melanin containing particles are distinct cytoplasmic entities
while biochemical assays indicated that they might be medified
mitochondria (68). Correlation between biochemical and electron
microscope studies by Seiji (223) support the concept that the
melanin granules are distinct cytoplasmic particles and different
from mitochondria. In man, melanocytes are present in relatively
few sites: at the epidermal-dermal junction (13), rarely in the
dermal connective tissue, in the hair bulb (13, 25, 26), in the
leptomeninges (78), the uveal tract (248), and in the retinal
pigment epithelium (5). Because of the great similarity of the
melanocytes from the different sites, they are grouped under the
designation melanocyte system. The cells comprising this system
arise in the neural crest (63, 70, 216, 217) with the exception of
the retinal melanocytes which arise in the outer layer of the
optic cup (183, 253). All of the melanocytes of the human
melanocyte system have been found to be primary sites of malignant
melanoma, except for those from the retinal epithelium and hair
bulb. In memmalian skin, the melanocytes are found primarily at
the epidermal-dermal junction. In the hair bulb they are found
attached to the basement membrane in the upper portion of the

papilla. Dendritic cells containing a black pigment within



30,

cytoplasmic granules are also found in the substantia nigra of
higher primates (84). The nature of this pigment has not yet been
determined, V

When sections of pigmented skin are observed under the light
microscopé, rigment granules are seen in ordinary epidermal cells
as well as in melanocytes (171). Also, cortical cells of hair
often contain melanin granules, either in small bundles or individ-
ually. As the cortical cells move up the hair follicle, the
bundles of pigment granules become dispersed. They then lie in
strings between and parallel to keratin fibers. It has been shown
that whenever melanin granules are found in the c¢ytoplasm of basal
cells they are invariably located close to a point on the cell
wall which is adjacent to the button like terminal of a dendritiec
cell process (22). Birbeck et al (26) report that ordinary epi-
dermal cell membranes form folds, enveloping the terminal of a
melanocyte dendritic process, and suggest that a phagocytosis~
like mechanism may account for the presence of melanin granules in
cells other than melanocytes. These findings together with the
observation that the dendritiec c¢ells are the only ones in skin
or hair to give a positive DOPA reaction (22) has led to the
conclusion that although melanin granules may be found in cells
other than melanocytes they are not of endogenous origin. Rather,
the melanin granules originate in melanocytes and are passed on to
adjacent cells through the dendritic processes of the melanocytes
(237).

Melanocytes have a characteristically dendritic shape, and

when viewed under the electron microscope, a distinctively granular
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cytoplasm (13, 14, 26). Because of their larger size, dendritic
shape, granular cytoplasm, and absence of keratin fibers in their
cytoplasm, the melanocytes are readily distinguished from the
keratinizing cells of skin and hair. The main body of the cell
containsg a felatively structureless nucleus, many mitochondria,
and a well developed endoplasmic reticulum and Golgi apparatus.
This latter structure also distinguishes the melanocytes from
other cells of skin and hair. The distinctive secretory character
of the melanocytes is retained by malignant melanomas (60, 246).
Melanocytes of the hair bulb have been the subject of con-
siderable investigation by electron microscopists. Birbeck and
Barnicott (25, 26) have been two of the most active workers in
this field, and have described the fine structure of the
melanocyte in considerable detail. Thin sections of melanocytes from
hair follicles show the presence of a cytoplasmic organization
characteristic of secretory cells. There is an endoplasmic
reticulum at the end of the cell nearest the papilla. On the
side of the nucleus opposite the basement membrane is a region
with many vesicles and mitochondria, but containing few pigment
granules. This region is analogous to the Golgi region of other
secretory cells. Surrounding the Golgi region are many partly
developed granules in intermediate stages of melanization as
well as numerous large round vesicles believed to be the immediate
precursors of the melanin granules, Melanin granules are distrib-
uted throughout the cell body and its dendritic processes except

for the Golgi region. Between the Golgi region and portioms of
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the cell containing mature melanin granules are other granules

in intermediate stages of developemnt. These latter observations
by Birbeck and Barnicott (26) suggest that the melanin granules
originate in the Golgi apparatus. The evidence for the origin of

melanin grahules in the melanocyte is based on the spatial

arrangement between the small Golgi vesicles and the immature
granules and the arrangement between the immature granules and
the mature granules.

Intact pigment granules when viewed under the electron micro-
scope appear as dense elongated structures with little visible
internal structure. The internal structures are made visible
only when the granules are sectioned. These are best seen in
particles whiéh are partly melanized. Cross sections of the
melanin granules, when viewed under the electron microscope,
show internal membranes arranged concentrically or as irregular
spirals in transverge gection,
longitudinal section. The internal structure of the melanin
granule differs markedly from that of mitochondria, and is the
basis for the conclusion that the melanin granules are distinet
cellular particles and not modified mitochondria. Furthermore;
intermediate stages between melanin granules and mitochondria
have never been observed,

The earliest morphological structures observed are small
vegsicles about 0,05 u in diameter, apparently formed by a
pinching off of a portion of the Golgi apparatus. An increase

in size of these particles is then believed to occur either by
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growth or by fusion, forming large round vesicles approximately the
size of the mature melanin granule., At the same time, internal
membranes develop within the vesicles. The outer membrane of this
structure and of mature melanin granules can be resolved by the
electron miéroscope into two dense limes about 70 A apart. Internal
structures consist of just a single membrane. During early stages
of development, the premelanin granules have membranes of about the
same density as other structures in the cell. A gradual increase

in density occurrs as melanin is deposited on the internal membranes.
As already mentioned, the inner structures of the premelanin granule
consist of either several concentric membranes or of a single
membrane wrapped in an irregular spiral. Using the electron micro-
scope, a finevstructure, related to the sites of melanin deposition,
can be detected on the inner membranes. This fine structure is

more readily resolved after a small amouﬂt of melanin has been

ted on the internal membrane. However, as melanin deposition
rroceeds, the fine structure eventually becomes obscured. The
appearance of this fine structure depends on the orientation of the
internal membrane to the plane of sectioning. It is most readily
seen when sections are made parallel to and above the long axis of
the granule. In such a case the section may contain a portion of
one of the inner membranes. When examined under the electron micro-
scope, the membrane may be seen to consist of small particles in
orthogonal array about 80 A apart on the long axis and 45 A apart

at right angles. When membranes are viewed at right angles, melanin

is seen to be deposited on both sides of the membrane. These sites
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of melanin deposition alternate, rather than being directly opposite
one another. These electron micrographs have been interpreted in
terms of a model composed of units having dimensions of 80 A x 30 A
and arranged so that alternate rows are reversed. Each such unit

is thought to be a site of melanin biosynthesis. A protein having
such dimensions would have a molecular weight of about 80,000.

Such calculations, however, are of little value because of the
difficulty of making accurate measurements. Since the fine structure
can be seen in albino melanocytes, its formation must be independent
of melanin formation. Fractional centrifugation (224, 225) of
mouse melanoma cells and attempts to solubilize tyrosinase with
deoxycholate (226) indicate that tyrosinase is either firmly bound
to the internal membrane of the melanosome or a constitutional
element of that membrane.

In accordance with our present concepts of protein formationm,
the tyrosinase molecule is thought to be synthesized on RNA
particles and then transferred in some way through the endoplasmic
reticulum to the vesicles of the Golgi apparatus which eventualiy
become the melanin granules (223, 226, 227, 246). Normally however,
tyrosinase does not catalyze the formation of melanin until it is
activated in the mature melanosome. This concept is supported by
evidence showing that Cl#-leucine is first incorporated into
tyrosinase of the small granule fraction described by Seiji (227).
The time course of the incorporation suggests a precursor product
relationship between the small granules and the large granules in

terms of tyrosinase activity. Electron microscope studies of Wellings

38,
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and Siegel (246) show that the Golgi apparatus is continuous with
the endoplasmic reticulum.

The pigmented dendritic cells frém human skin are very similar
to those found in other animals (23). In samples of white human
skin, howéver, the melanocytes can not be visualized without the
aid of the DOPA-reaction due to the scarcity of pigment. In deeply
pigmented human skin, as in the skins of darkly colored animals,
there is a high level of intrinsically maintained melanogenic
activity. In white human skin, on the.other hand, there is
normally little or no pigment forming ability. White human skin
contains the necessary tyrosinase (75). However, it is present in
an inhibited form. Tyrosinase of white human skin can be activated
by certain stimuli such as ultraviolet light. There is alsoc an
inhibited tyrosihase in the skin of the albino guinea pig which can
be activated by cold (22, 96). In light of this it is surprising to
note that there is no known physiological stimulus which will initiate
melanogenesis in white skin of the black and white spotted guinea
pig (151). In this latter case, the melanocytes, although present,
apparently do not possess the necessary enzyme system for pigment
formation.

Greenstein (105) studied the melanin granules from mouse
melanoma from a chemical standpoint rather than with the electron
microscope. By subjecting the combination of melanin and protein
in these granules to the action of pancreatin, he found that the
sulfur containing amino acid cyteine remained attached to the melanin.

This led to the conclusion that melanin combines with protein of the
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membrane via -S~ linkages. Studies with the electron microscope
have not been able to demonstrate the site of tyrosinase in the
melanin granule. Greenstein postulated that tyrosinase may be
attached to the internal membranes in a manner analogous to the
enzymes of mitochondria which are attached to cristae.

9, Albinism.

Albinism is an inborn error of metabolism in which there is a
lack of pigment in skin, eyes, and hair due to the absence of the
enzyme tyrosinase (133). Barnicott et al (13) observed melanocytes
in hair plucked from albinos. In the albinos, the melanocytes are
present and may be identified by their characteristically dendritic
shape and by their granular cytoplasm (14, 99). These properties
make the melanocytes readily distinguishable from ordinary cortical
cells of the hair bulbs. Granules cof the albine melanocyte are
much like those of normal melanocytes. However, there is little
or no melanin in evidence. Structurally these granules resemble
the immature granules of normal melanocytes in which melanin has
not yet been deposited. The albino melanocyte is capable of
synthesizing the granule and its internal membranes, but not of
forming the melanin polymer within it. Furthermore, these
granules are more numerous in albino melanocytes than in those of
normally pigmented skin (15). These cytoplasmic granules are
about 0.5 microns in diameter and have the appearance of immature
granules in normally pigmented skin and hair. They differ from the
latter, however, in that the internal membranes are less dense due

to the absence of pigment (11). The most interesting feature here



is that albinos' skin contains melanocytes which appear normal in
every respect when viewed under the electron microscope except that
they lack the melanin which is normally deposited within the
cytoplasmic granules.

Although the albinos are said to be lacking the enzyme tyrosinase,
it is generally found that in the human albino Negro there is usually
a small amount of pigment deposited in the melanocyte granules (12,
89, 200).

The skin of human albinos has been the subject of considerable
investigation. A particularly interesting feature is the observation
that in the human Negro albino the existence of some skin pigment
seems to be the rule rather than the exception (12). This pigment
is found generally distributed throughout the skin, concentrated
~in freckles, in the iris, and in hair (12, 89, 200). Caucasion
albinos may show no skin pigment except for occasional freckles.

The situation in human albinos then, appears to differ markedly

from albinos of other gpecies. Hu (115) states that complete
albinism, as far as we know, does not occur in humans., Skin from
patients with incomplete generalized albinism all give a positive
DOPA reaction. Morphologically the melanocytes from human albinos
resemble those from normal persons of fair complexion., When

albinos are exposed to ultraviolet light their melanocytes increage
in size and become more dendritic. But, there is no visible increase
in pigmentation. However, after irradiation some of the melanocytes
become DOPA positive. This has led to the suggestion that the

tyrosinase is defective or inhibited rather than completely absent.
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The melanocytes of normal fair skinned individuals can not be
visualized directly under the light microscope due to the scarcity
of pigment and the fact that it is light brown rather than intenscl;
black as in some other species. The normally light brown melanin
can be made visible, however, by staining it with silver. &Silver
ion is rapidly reduced to metallic silver by melanin. Metallic
silver deposited on the melanin granules renders them readily
visible under the light microscope.

10, Premelanin.

There is an as yet unidentified substance called premelanih
which reduces ammoniacal silver nitrate but not ordinary silver
nitrate in melanoblasts from ten day old fetuses, albino melanécytes,
and in melanocytes from xanthic goldfish - cells which do not
-ordinarily become melanized. Melanocytes from xanthic goldfish will
form melanin under certain physical stimuli (178). In the xanthic
goldfish this may be an example of interrupted melanogenesis.
Localization of premelanin is highly specific. It is found in
melanin granules but not in mitochondria, nuclei, or cell membranes.
Also, other cells such as epidermal cells, bone, or the basement
membrane at the epidermal-dermal junction do not stain.

Attempts have been made to demonstrate tyrosinase activity in
albino mice, rabbits, and humans (115, 136). Darkening of albino
hairs was observed when they were incubated in the presence of DOPA
or t&rosine solutions.

11, Sulfhydryl inhibition.

That the natural regulation of melanin formation may depend on

organic sulfhydryl compound inhibition of tyrosinase activity was
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first suggested by the observation that aqueous extracts of rabbit
and guinea pig skin can inhibit mammalian tyrosinase (219, 220).
Rothman EE.El (221) demonstrated the presence of this inhibitory
activity in human skin, and showed that its activity can be pre-
vented by sulfhydryl reagents. The sulfhydryl inhibitor was found
to be localized in the pigment forming regions of the skin (220).
Rothman concluded that this constitutes a naturally occurring
regulatory mechanism in pigment formation. According to this
theory, lightly pigmented skin remains lightly pigmented because
a sulfhydryl compound or compounds keep tyrosinase in an inactive
state. It should be noted that tyrosinase is inhibited by a

large number of sulfhydryl compounds (20, 146, 195).

Inflamatory stimuli which lead to hyperpigmentation such as
ultraviolet or X-ray irradiation, and some inflamatory skin diseases
bring about a decreased sulfhydryl content of skin. The hyper-
pigmentation resulting from ACTH administration is also accompanied
by a decreased céntent of sulfhydryl compounds in the skin. The
skin of Negroes and other darkly pigmented humans contains lower
levels of sulfhydryl compounds than does the skin of their less
intensely pigmented counterparts. Conversely, skin from vitiligous
lesions contains a higher level of sulfhydryl compounds than does the
surrounding normally pigmented skin (24lL).

Flesch and coworkers (80, 82) have partially characterized
the sulfhydryl inhibitor of mammalian skin and found it to be
a heat stable, dialyzable, nonprotein-like compound. Its inhibitory

activity is directly proportional to the logarithm of the sulfhydryl



concentration. Flesch also found that ultraviolet light causes an
immediate decrease in the amount of water extractable sulfhydryl
compounds of skin from colored rabbits. Since the epidermal
extracts inhibit the action of cupric ions on melanin formation in
nonenzymic systems as well as inhibiting tyrosinase, Flesch suggested
that the sulfhydryl compound acts directly on the copper of
tyrosinase (81, 82).
That melanocyte tyrosinase of humans is normally present in
an inactive form was also demonstrated by Fitzpatrick and coworkers
(75). Using histochemical techniques they showed that melanocytes
of normal human skin will not convert tyrosine to melanin unless
the tyrosinase is first activated. The activation was accomplished.
by irradiating the skin with ultraviolet light. Folloﬁing this
“irradiation, melanin was deposited in the melanocyte cell bodies
and dendritic processes when the melanocytes were incubated in the
presence of buffered tyrosine solution., Fitzpatrick demonstrated
that while the tyrosinase of benign pigmented lesions is present in
an inhibited form, the free uninhibited enzyme can be demonstrated
in malignant melanoma (79).
Even though the work just described has shed some light on

the regulatory mechanism controlling pigment formation, our
knowledge about the normal regulation of melanin formation is far
from complete. For instance, it has not been possible as yet to
reconcile the immediate drop in the level of sulfhydryl compounds
following the ultraviolet irradiation of skin (80) with the prolonged
period required for the demonstration of an increased tyrosinase

activity (79).
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12. Effect of sunlight.

Early workers alleged that skin pigment is able to protect
against visible rays (97, 10l1), ultraviolet rays (111), and against
heat rays (15, 175). Moderate amounts of ultraviolet light have
two grossly observable effects. The first of these to become
evident is an erythema (33, 34). Blum (33) postulates that the
erythema is a result of direct injury to cells of the epidermis.

As a result of this injury, the cells give off a variety of
materials which have specific physiological action. These include

a dilator substance, leucotaxine, and melanotic factors. The former
are responsible for the erythema and swelling which are the first
visible results of sunburn. Ultraviolet light between 290 mp and
310 mp is most effective in promoting the erythemal response (155,
156, 179). Because of the strong absorption of UV light by protein
(34, 239), most of the light is thought to be absorbed by the stratum
corneum and underlying epidermal cells. Little of the light passes
through the capilaries whose dilation produces the reddening 6f
sunburn. The stratum corneum of caucasians is more transparent

to ultraviolet light than that of Negroes (239). Yet, the thickness
of the horny layer is about the same in both cases. The higher
optical density of the stratum corneum of Negroes is attributed to
the greater pigment content of the skin. By way of comparison,
stratum corneum from albino Negroes has about the same transparency
to ultraviolet light as does the skin of caucasians.

The erythema of sunburn fades over a period of several days

and is accompanied by a gradual increase in the pigment content
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of the irradiated skin. Studies of the spectral reflectance curves
of tanned skin led Edwards and Duntley (71) to conclude that the new
pigment is melanin. Shortly after the rate of melanin formation
increases as a result of UV irradiation, there is a migration of
pigment through the epidermis towards the skin surface (119). The
new pigment is distributed to a large number of epidermal cells as
well as melanocytes (171). Experiments with Clh-labeled substrates
indicate that melanin does not undergo further metabolic turnover
(31). In addition to promoting the formation of new pigment, which
requires several days, ultraviolet light also causes an immediate
darkening of existing melanin (108, 109). This is the result of
oxidation of existing melanin. Pigment darkening begins a few
minutes after exposure to ultraviolet light and is over in approxi-
mately one hour. Pigment darkening is greatest in skins which have
been previously exposed to ultraviolet light and therefore contain
greater amounts of melanin (34). Formation of new melanin, on the
other hand, occurrs to a greater extent in skin not previously
exposed to ultraviolet light. Pigment darkening is stimulated
maximally by light over a broad range from 300 mp to 400 mu.
Erythema and new pigment formation are stimulated mainly by light
below 320 mp.

Attempts to explain the effects of ultraviolet light on skin
have included direct photochemical oxidation of tyrosine to DOPA
(8), and a decrease in sulfhydryl inhibitors of tyrosinase (75).

No adequate explanation has yet been presented to account for the

delay of several days between exposure to ultraviolet light and the



formation of new melanin. Blum (34) points out that increased
melanization is a common response of skin to trauma, and may have
no direct relation to the agent that caused the injury. Thus we
see that in addition to exposure to ultraviolét light, increased
melanization occurrs as a result of burns, prolonged rubbing,
mechanical trauma, and inflammatory skin diseases.

The observation that melanin contains stable free radicals
has changed our concept of the protective function of this pigment
(32, 57, 62, 168). Despite their apparent heterogeneity, many
natural products containing stable unpaired electrons have a common
structural characteristic. They all contain polymeric condensed -
ring structures (57). The extraordinary stability of free radicals
in melanin has led Commoner to suggest that the melanin acts as a
free radical trap which sequesters photon-generated unpaired
electrons in a chemically inactive state. Mason (168) suggested
that melanin may protect tissues against oxidizing and reducing
conditions which could give rise to reactive free radicals having
a disruptive influence on metabolism. The finding that melanin in
mammalian skin is present mostly as discrete aggregates in the basal
layer of the epidermis may be more consistent with a chemical than
an optical defense mechanism, particularly since a large portion of
the melanin is beneath the cells thought to be damaged by ultra-
violet light in the sunburn reaction (62). Thompson (239) found
that melanin in the stratum corneum explained the greater protective
effect of Negro skin against sunlight. Exposure of human black hair

to ultraviolet light from a mercury arc light increases the free

L7,
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radical concentration of the hair (168). Exposure of the hair to
sunlight has a similar but less marked effect. Dark hair contains
a higher concentration of free radicals than light hair. The free
radical in hair was ascribed to a semiquinonoid form stabilized by
resonance in a highly conjugated polymer. The free radical character
of sepia melanin was lost on reduction. Other workers have observed
an electron spin resonance signal which they interpreted as being due
to an electron localized on a single semiquinone monomer (32). This
data supports the conclusion that melanin is composed of several
monomers and bond types which are not extensively conjugated. A
free radical polymerization mechanism might be expected to lead to
the formation of such an irregular polymer. Ferric and cupric ions
and water, but not oxygen, decrease the strength of the ESR signal.

13. The influence of hormones on the melanocyte system.

Melanin formation and dispersion within melanocytes is under
the influence of pituitary hormones (142, 149). The first successful
isolation of melanocyte stimulating hormone (MSH) from hog pituitary
glands was accomplished by Landgrebe in 1954 (137) and then by Porath
in 1955 (203). Lerner and Lee (139, 148) subsequently showed that
there are actually two MSH's, designated o~ and B-MSH. a-MSH accounts
for about 75% of the activity isolated from the hog pituitary, and
has an isoelectric pH of about 10.5 - 11.0. B-MSH has an isoelectric
pH of 5.5, and accounts for the remaining 25% of the activity. The
amino acid sequence of these polypeptide hormones has been found to
be very similar, both to each other and to ACTH (93, 94, 103, 104).

MSH causes a dispersion of pigment granules in melanocytes, thereby
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rendering them less transparent, and causing the skin to darken
(142, 149)e This dispersion does not occur in the absence of
oxygen (150),

The pineal gland secretes melatonin which counteracts the
action of MSH by causing an aggregation of melanin partiéles in
the body of the melanocytes (1L3), Zpinephrine and.norepinephrine
2lso bring about movement of melanin particles from the dendrites
into the main body of the cells (1L2, 233) as does ACTH (1hL2).
The effect of ACTH is thought to account, at least in part, for the
hyperpigmentation observed in persons experiencing adrencl cortical
insufficiency (Addison's disease ). As yet, no direct influence of
a hormone on tyrosinase activity has been &emonstrated (119)e

Tyrosinaseris inhibited by phenylalanine, phenylacetate,
phenylpyruvate, and p~hydroxyphenyllactate (180)e The increased
concentration of these substances in the blood plasma of
phenylketonurics is believed to account for the decreased
pigmentation in the skin and heir of these individuals (180, 242),

14, Comparison of the properties of tyrosinase and tyrosine
hydroxylase,

It should be noted that there are at least two enzymes
capable of hydroxylating {yrosine in mammalian tissues, tyrosinase
and tyrosine hydroxylase, 4 comparison of the properties of the
ehzymes shows that they are two separote and distinct entities.
Tyrosine hydroxylase is a tetrahydropteridine-linked, iron containing
mixed function oxidase which catalyzes just the hydroxylation of tyrosine

to DOPA, but shows no enzymic activity towards DOPA (18).
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Lyrosinnse, on the other hand, is a coppir protein which uses DLPA
o5 the reducing agent and catslyzes the oxidation of both tyrosine
cnd LOPA to melamin, In addition to having different cofactor
requirenents and substrate specificities, these enzymes also have
aifferent Km's and pH optima, A compcrison of the properties of
these enzyuaes is gives in the following table.
15, Nonenzymic hydroxylatiun

Luring their studles of tyramine hydroxylation by adrenal
mefullery slices, Udenfriend and coworkers (L3, 243) observed o

nonspecilic and ncnenzymic hydrorylating system, Further studies
were mede using a model hydroxylabing conteining ascorbate,
Terrous sullste, and EDTA in a phosphate buffer at pH 5,5, A
vericly of sromstic substances were hydroxylsted when incubabtcd
wih the model sysbem at 35° G in the presence of oxygen. Ascorbate
vias found to increase the rate of oxidaticn, as did mauy other
cengcinds conbaining the ene-dicl structure, Lyls, while not
cgsential for oxidation, also increzsed the oxidabicon rate,
Jransition metal lons, on the otner hand, are necessary for hydroxyl-

ticn to proceed, Ferric and ferrcus ions are the most active,

o

Cupric, cuprous, and cobaltous ions were found to be about 5 — 10y
¢s cllective as iron, Hydroxylation of & wide variety of compounds
occurrad over a wide range of pH's from 2 - 7.5, the optimum
depcnding on the individual subotance, Evidence that ascorbete

is not the primery oxidant was cbtained by preincubsting the
mimluce untill nearly all the ascorbate had didappesred belore «

odding the substrate, Hydroxylstion then procecded rapidly,



Table 1.

Comparison of Mammalian

Tyrosinase and Tyrosine Hydroxylase*

Property
pH optimum

Substrates:
L-tyrosine
D~tyrosine
tyramine
DOPA

Km

Activators:
DOPA

Inhibitors:
DOPA
thiourea
diethyldithio-
carbamate
aya'~-dipyridyl

Pigment formation

*From Nagatsu (186).

Tyrosine hydroxylase

from
Brain Adrenal
Tyrosinase Particles Medulla
7.0 6.2 6.0
+ + +
+ 0 0]
+ 0 0
+++ 0 0
6 x 10” ca. 1072 1 x 1070
+++ 0 0
0 + +
++ 0 0]
++ ] 0
0 +4 ++
+++ o 0

51,
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Although ascorbate is not the primary oxidant, substitution of
hydrogen peroxide in amounts equivalent to ascorbate resulted in
negligible activity, Maximum activity was observed when both
ascorbate and hydrogen peroxide were present in the molar ratio

of 1:2, In a nitrogen atmosphere the system is inactive. However,
the aromatic substances are hydroxylated very rapidly when hydrogen
peroxide is added to the anaerobic system. This led Udenfriend to
suggest that hydroxylation is brought about by a reaction product
of hydrogen peroxide and ascorbate. The reaction was thought to
occur in two steps. The first step involved the oxidation of
ascorbate to dehydroascorbate, The second step was thought to be
the reaction of hydrogen péroxide with dehydroascorbate to form a
hydroperoxide. However, when dehydroascorbate was used to replace
ascorbate in the anaerobic system, no hydroxylation occurred.

Furthermore, synthetic hydroperoxides, when incubated in the presence

of ferrous ion, EDTA, and substrates under anaerobic conditions,

possessed no hydroxylating activity. Identification of the
hydroxylated products shows that the entering hydroxyl group is
directed to electronegative sites on the ring. Although the
hydroxylating intermediate has not been identified, Mason (67)
points out that since it does attack electronegative sites on an
aromatic ring it is probably a cationic iron-oxygen complex.
Various tissues contain proteins which bind DOPA and the

catechol amines thereby protecting these catechols from autoxidation

(116, 209).
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16. Insect phenolases.

During the process of sclerotization, a soft colorless
proteinaceuos material is converted to a hard, inert, and usually
brown substance called sclerotin as a result of tanning by a
gquinone (48, 204). Quinone tanned proteins are of very wide occurrence
in both the vertebrate and invertebrate animal kingdoms (44). Many
phenolic and quinoid substances are reported to occur in insects
(47). These are thought to be derived from tyrosine and phenylalanine
which are found in high concentration in the hemolymph of many types
of insects (83). Phenolic substances thought to be involved in
hardening of the insect cuticle include 3,4-dihydroxyphenyllactate,

3 ,4=dihydroxyphenylacetate, and 3,4=dihydroxyphenylbenzoate (47, 204;
205, 206). Although the origin of these catechols is not certain,
their structures and collective appearance suggest a common origin
from DOPA (107).

In their studies of a phenoloxidase from Periplaneta americana,

Whitehead et al (247) described a copper containing enzyme active
towafd protocatechuic acid, 3,4-dihydroxyphenylpropanocic acid,
3,4-dihydroxybenzaldehyde, catechol, and p-phenylenediamine, The
enzyme was inactive toward D,L-DOPA, L-o-tyrosine, Lep~tyrosine,
p=hydroxybenzoic acid, DOPA~amine, or resorcinol. On the basis of
its substrate specificity, the enzyme should be classed as a laccase
rather than a tyrosinase. The enzyme was present in the particulate
secretion of the colateral glands of the cockroach in association
with the protein precursor of sclerotin. A different phenolase from
silkworm pupae has been found which shows high activity toward

N-acetyltyramine (47).
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Eggs of Periplaneta americana are surrounded by a hard brown

capsule, the ootheca (128). The walls of this capsule are composed
of sclerotin. Secretions from two colateral glands are responsible
for the formation of this hard shell (48, 204, 205). The left
gland secretes the 4—0-B-glu¢oside of protocatechuic acid and the
structural protein which becomes sclerotin when tanned. The
glucoside of.protocatechuic gcid is not acted upon by the phenolase
of the cockroach. The inert glucoside must first be hydrolyzed to
the free protocatechuic acid and glucese by a S-glucogidase
secreted by the right colateral gland. The free acid is oxidized
to a quinone in the presence of phenolase and then tans the protein,
forming sclerotin.

Although polyphenoloxidases are widely distributed in insects,
its location in the cuticle has not been established with certainty
(165). Brunet (47) suggests that there may be two cuticular
oxidases, one responsible for sclerotization and the other for
melanization. Hackman (107) suggests that phenols diffuse outward
through the cuticle to the epicuticle where they are oxidized to
quinones in the presence of a polyphenoloxidase. The quinones
then diffuse inward to tan the proteins by reacting with terminal
amino groups and with €-amino groups of lysine.

17. Plant phenolase.

The suggestion has been made that the phenolase complex can
serve as a terminal oxidase in plants (167). Its link to the
usual metabolic pathways involving TPNH and DPNH may be through the
enzyme quinone reductase. This enzyme catalyzes the reduction of

quinones by TPNH and DPNH (251). The ease with which quinones can

55.



be involved in reversible oxidation and reduction reactions makes
them well suited as carriers in terminal electrdn transfer (250).
Studies of the role of quinones in plant respiration are made
difficult by the fact that large increases in respiration result
when plant tissues containing phenolases are injured (165, 238).
The wide distribution of quinone reductase in plants plus the fact
that it can be coupled to the mechanisms of hydrogen transport have
led Wosilait and coworkers (252) to suggest a generalized function
connected to respiration for this enzyme, However, Mason (165)
points out that there is as yet little direct evidence that quinones
are involved in terminal respiration in plants.

18. Statement of problem.

Tyrosinase from mushroom and melanoma has become one of the
most intensely studied enzymes. Over the years, however, theré
have been relatively few studies of normal mammalian tyroéinase as
compared to the very large number of experiments using the enzyme
from mushroom and melanoma. One example of work with tyrosinase
from normal human skin is that of Fitzpatrick (75) who demonstrated
the presence of and partially characterized the enzyme using histo-
chemical techniques. However, no reports have been found in the
literature of anyone having applied quantitative chemical techniques
successfully to the study of mammalian tyrosinase of normal skin
or hair. It would appear that the very low tyrosinase activity
normélly‘present in skiﬁ coupled with the difficulty in obtaining
suitable enzyme pfeparations are responsible. In contrast to

this is the very high activity of uninhibited enzyme found in
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melanotic tumors (75). However, cellular regulatory mechanisms are
markedly different in tumor cells., In melanoti§ tumors this is
expressed in part by the production of large amounts of tyrosinase
which exists in an uninhibited state and results in intense pigmen-
tation of the melanoma. By way of contrast, the production of
melanin in normal skin is very carefully controlled. In humans,

for instance, the pigment content of the skin can be maintained
within a very narrow range over a period of many years. It should

be readily apparent, therefore, that any experimental attempt to
describe the mechanisms regulating pigment formation should be
carried out using normal skin. Such experiments are dependent

upon the development of quantitative chemical techniques sufficiently
sensitive to measure thé low activity of normal skin tyrosinase. The
recept development of such techniques in the study of tyrosinase (205)
and tyrosine hydroxylase (184, 185, 186) now makes a study of normal
skin tyrosinase feasible. The application of these techniques to

the study of normal skin tyrosinase and the characterization of the
enzyme were the problems undertaken in the experimental work reported
here. It has been suggested that tyrosinase is in a partially
inhibited state in normal skin (219). However, earlier inve§tigators
were restricted to the use of melanoma tyrosinase in testing the
inhibitory activity of mammalian skins. With the more sensitive
analytical methods reported here, it has been possible to study

the inhibition of tyrosinase in normal rat skin, as well as tyrosine
hydroxylation by albino rat skin. Initially it was not khown that

normal rat skin contained an active tyrosinase. Therefore, the
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analytical methods were tested using rat adrenals, a tissue known
to possess enzymic tyrosine hydroxylating activity (185).

The analytical methods are based on the incubation of melanoecyte
containing preparations with either Lutyrosine-U-Clh or Letyrosine-
3,5-H3. In those cases where U-Clh~tyrosine was used, the reaction
mixtures were analyzed for Clh-DOPA after incubation, When the
tritiated tyrosine is oxidized to DOPA, one of the tritium atoms
is replaced and appears in the reaction mixture as tritiated water
which can be measured after separation from labeled tyrosine and
DOPA.

A discussion of the results and a correlation of the observations

reported here with those of previous investigators is also presented.
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1ile Liethods

le Incubation of adrenal homogenates

female Sprague-Dawley raits welghing between 215 and 250 grams
were sacrificed by decapitation, Adrenal glands were removed,
tedlmred free of visible fat pads and connective tissue, welghed,
and then stored in 5 ml of iced 0,1 M phosphate buffer pH 6.4. (ne
adrengl from each rat was used as a heated blank and the other as
the experimental sample, Hight and left adrenals were uscd
aliernately as the heated controls. Thesc were heated for ten
winctes at 76 - 80° C. The adrenals were homogenized individually
for one minute in 2 ml of iced 0,1 i phosphate buffer pi 6.4 with
a teflon-glass Potter-ilvehjem homogenizer, The homogenates were
poured into Warburg flasks kept cold in a tray of crushed ice, The
homogenizer was rinsed with 0,5 ml of buffler and the washings added
to the homogenates in their rospeétive Warburg f{lasks, karsilid
(isopropylisonicotinylhydrazine) to make a final concentration of
2 x 1073 iy B2 e of L—tyI‘osine--U-C:LLL having a specific activity of
35 nc/ug, and sufficient buffer to make the final volume 3 ml were
adZed to each flask. All flasks were incubated in the Jarburg apparatus
Tor one hour at 37° G, At the end of the incubation period, the
flasks were removed from the Warburg and the reaction stopped by the
addition of 3 ml of 20% trichleoroacetic acid {TCA). ifter being
allowed bo stend for ten minutes at room temperature, the acid
mixoere was centrifuged ab 3,000 rpm for fifteen minutes at 4 - 5° C,
The supernatant was decanted and then stored frozen in the

refrigerator for later determination of radicactivity in DLPA and



2. Preparation of skin scrapings.

The choice of laboratory animals for use in the study of skin
pigmentation was a difficult one. Among the rats, guinea pigs, and
mice examined, only piebald rats had an appreciable amount of skin
pigment. The skin of the other animals, even though the hair was
intensely black, contained virtually no visible pigment.

Female Sprague-Dawley and piebald or hooded rats were used in
all these experiments. The rats were anesthetized by the intra-
peritoneal injection of 7.5 mg Nembutal per one hundred grams of
body weight. Ten minutes after the injection, a section of skin
was removed from the back and sides of the animals. The skin was
stretched and pinned to a board hair side down. Connective tissue
and fat were removed with forceps and a round bladed scalpel by
both cutting and scraping. Considerable care was taken to clean
the skin as thoroughly as possible without damaging the skin itself.
Skin from piebald rats was scraped with the round edge of a
scalpel until the melanocyte layer had been removed. The pigmented
layer of cells served as a handy marker for indicating the depth to
which scrapings were taken. In the case of the albino rat, there
is no such marker indicating the depth or location of the melanocyte
layer. Therefore, the experience gained with hooded rats was used
as a guide to the depth of scrapings téken from the albino skins.
In the case of hooded rats, scrapings were takenvonly from deeply
pigmented regions of skin.

A great deal of care was taken not to cut too deeply into the

gkin. Otherwise, numerous small strands of keratinized skin would

60,
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have been included in the scrapings. These strands could not be
homogenized under the conditions employed and interferred with
homogenization of the rest of the scrapings, particularly if the
keratinized strands were present in considerable quantity.

3. Homogenization of scrapings.

Skin scrapings were homogenized in 5.5 ml of 0.1 M phosphate
buffer pH 6.8 with a wide tolerance teflon-glass Potter-Elvehjem
homogenizer. Narrow tolerance homogenizers were clogged by the
few strands of keratinized skin and connective tissue which were
invariably in¢luded in the skin scrapings. Homogenization was
carried out in three, one minute periods with about one minute
between each to prevent warming of the homogenizer which was
immersed in an ice bath throughout the entire operation. Before

incubation of the homogenate, unhomogenized strands were removed

by centrifuging at 500 rpm for three minutes at 4 - 5° C and the
supernatant removed with a pipette.

4, Incubation of skin scrapings.

A, VWhole scrapings.

Whole scrapings from pigmented regioms of hooded rat skin were
‘divided into two approximately equal portions which were then
weighed individually. The tissue samples were then placed in
separate 25 ml Erlenmeyer flasks along with 2.6 ml of 0.1 M phos-
phate buffer pH 6.8. One of the flasks was heated to 100° C for
three minutes in a boiling water bath and served as the heated
control. Only the tissue preparations were heated. Other additions

were made after the flasks had been cooled. After the three minute
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C. Gramular preparat.ons from pigmented regions of hooded
rat skin

(re milliliter aliquots of the granular preparations iere
incubabted with 3.4 x lO—h M DUPL and L—tyrosine-B,S—H3 in the same
mannor.as the homogenates of the skin scrapings,
5. (1H ) SO -acetone fractionaticn

L7277y

welghed skin scrapings from pigmented regions of hooded rat
sicln were homogenized in 5 ml if iced 0,1 I phosphate buffer pH 6.8
with o Pobier-Elvehjem homogenizer immersed in ice water, The
homogenate was then cenﬁrifuged at 400 = 500 rpm for five minubes
at L - 5° ¢, After decanting thce supernatant, the precipitate was
resuspended in phosphate buffer, homogenized again, and recentrifuged.
Supernatants were combined and mixed thoroughly, The homogenate vas

wnen mede one tenth saturated with ammonium sulfate previously

I

wdjusted to pH 7.0. The saturated solution of amuonium sulfate

added dropwise while the homogenate was stirred continuously and

-
=
o
0

iept cold in an ice bath. A volume of ice cold acetone equal to that
of the ammonium sulfate mixture was then added slowly and with
continuvous stirring, After centrifuging at 2,000 rpm for ten
minutes ab I - 5° C, a black melznin containing precipitate was
obtaincd. The supernatant was decanted and a second volune of cold

.

acevone added to it with contimious stirring, The solutions were

kept cold in an ice bath throughout the entire procedire, 4 white
precipitate was obtained by centrifugation and the supernatant
decanted. Both precipitates were washed with cold accbone and

recentrifuged. Supernatant acetone was discarded and the srecipitate

o
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vias centrilfuged and resuspended in the phosphate buffer, Both of
these suspensions were then asscyed for tyrosinase activity by
inciboting 1 nl aliquots in the presence of 3 pc of L-tyrusine—B,S—H3
having a specific activity of 330 me/ug, and 3.4 x 1o“h il L-DOPA,
she linel volume was 3.0 ml,
0. Iractionation of skin scrapings

in order to deleriine the cellular location of the zctivity
reasured with the scrapings from albino skin, scrapings from six
diffcrent rats were taken in order to have sufficient material with

viich to work, The scrapings were weished, suspended in 0,25 i

IERS N

m,

sucresc, and then homogenized in scveral batches, The amournt of
materiel was too jreat to homogenize at one time, The Potter-~
JIvehjem homogenizer uscd was inucrsed in ice water throughout
the entire procedure, Lach betch of scrapings was homogenized
curing three periods, cach lastiag ebout one minute, A short
incervel of aproximately one minute was allowed between each
homo enizing pericd to prevent warming of the homogeniz.r and its
contents, Homogenates were conbined and centrifuged at LOO - 500

rpom using head number 262 of

the Inbernationsl centrifuge to
reacve collagencus strands and ovher unhomogenized material,

“he su ernatant wes decanted and steored in an ice bath while the
precipitate was resuspended in 0,25 1 sucrose and rehomogenize
“ids second homogenate was centriluged again at LOO - 500 rpm and
the ouernatant conlbined with tie one previously obitained. The
supcrnatants were then thorougildly mined, A portiom of the whole

«

honogenate was set aside in an jee bath for lgtrw deterirdination of
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the tyrosine hydroxylating activity, The remaining cémbined
supernatants were then layered over 10 ml of 0,3k M.sucrose and
centrifuged at 700 rpm for ten minutes at L - 5° G, After decanting
the supernatant, the precipitate was resuspended in 0,25 M sucrose
and recentrifuged, The supernatant was dombined ﬁith the one
previously obtained ‘and then centrifuged at 5,000 xg for ten
minites at L - 5° G, Meanwhile, the nuclear fraction from the
700 xg centrifugation was resuspendéd in 5 mL of 0,1 M phosphate
buffer pH 6.8 and stored in an ice bath for later determination of
the tyrosine hydroxylating activity, The pellet containing mito-
chondria from the 5,000 xg centrifug.tion was suspended in 5 ml
of 0.25 M sucrose, and recentrifuged at 24,000 xg for ten minutes.
the resulting precipitate was suspended in.S ml of 0.1 I phosphate
buffer pH 6.8 for iater estimation of the tyrosine hydrogylating
‘activity. Supernatant from the first 5,000 xg centrifugation was
centrifuged at 24,000 xg for two hours at i = 5° ¢, This precipitate
was also suspended in phosphate buffer after decanting the
supernatant, The whole homogenate, nuclear fraction, mitochondrial
fraction, microsomal fraction, and the soluble supernatant were all
assayed for'tyrosine hydroxylating activity according to the
procedure used with hcmogenates of skin scrapings.

7+ Preparation of granule suspensions from pigmented regions

of hooded rat skin

Scrapings from pigmented rezions of hooded rat skin were

homogenized in 5 ml of.O.l M phosphate buffer pH 6.8, This

homogenate was centrifuged at 5,000 rpm for five minutes at L - 5° g,
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The supernatant was decanted and the precipitate resuspended in 3 ml
of buffer and centrifuged again. The two supernatants were combined
then made 10% saturated with ammonium sulfate pH 7.0. A volume of
ice cold acetone equal to that of the ammonium sulfate selution was
added and the resulting mixture allowed to stand ten minutes at

room temperature and then centrifuged at 600 rpm for ten minutes

at 4 = 5° C. The supernatant was decanted and the precipitate washed
with cold acetone then recentrifuged. The granular portion of the
cells was washed two times by resuspending in cold 0.1 M phosphate
buffer pH 6.8 with the aid of a Potter-Elvehjem homogenizer and then
centrifuged as before. The precipitate was finally resuspended in
10 ml1 of cold buffer. It could then be stored several days in the
refrigerator without loss of activity.

8. = Measurement of tyrosinase inhibitory activity in skin.

Scrapings from pigmented and nonpigmented regions of hooded
rat skin were homogenized in 5 ml of 0.1 M phosphate buffer pH 6.8
and allowed to stand overnighé at 5° C, then centrifuged at 25,000 xg
for two hours at & - 5° C. The supernatant was decanted and used as
a source of the inhibitor.

Trichloracetic acid extracts were also used as a source of the
inhibitor immediately after preparation. Scrapings from pigmented
regions of hooded rat skin, obtained in the usual manner were
homogenized in 5 ml of 10% TCA in the cold, then éentrifuged at
3,000 rpm for ten minutes at 4 ~ 5°C. TCA was extracted four times
with volumes of ether approximétely equal to that of the TCA extract.

Dissolved ether was then removed by bubbling nitrogen through the



(1utlons for about two minutes, The pH was then readsusted to £ it
J
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1 =ik aliquobs of the protein frce filtrates were then tested for
sheir obility to inhibit tyrosinnse activity of the granulc suspensions
by incubating them in reaction mixturcs containing the granule
el
suspcnsions from hoode® ret skin, 3 me of L-tyrosine-3,5- H” having a
speeilic activity of 330 pe/mg, and 3.4 x 10™ U 3 neps in & total volume
of threc ml of 0,1 I phosphate buffer pll 6.8, Aliquots of the granvle
Suo_cnsions were incubated both with and without the added inhibitor,
scparate heated control was prepsred for each sample, /fter a o

howr incubation &t 37° C on & Lubnoff shaker, the reaction mixturcs
were cnalyzed for tritiated woter in 2 manncr to be described,

abtoenpis were made to ideitify the inhibitor by means of
opey chr Odauub~uphj. Scrapings from pi_uerted regions of hooded
rav siin were honcgenized in 5wl of distilled water., 5 nil of 2050
LU4 were add, the sample mixed, and then allowed to stand ten winubes
&t room tempurature, The mixture vas centrifuged at 2,008 wighy Eof ten
wrutes at L - 5° C and the supernatant decanted, Trichloroscetic
ecid was extracted four times with ether, Dissolved ether was
rencved by bubbling nitrogen through the sclution for two minites
The protein free filtrates were Frozen in the form of a conical shell
inside o test tube and then lyophilized while still in the tube, The

sidue remaining after lyophilization wss dissolved in Ol ml of

distilled water and spotted on “hatman #l paper for chreonetograghy,
Eutanol 3 acetic acids wuter 33 L:l:5 was used ag the solvent,

The solution for developing the sulfhydryl spots (2lhl) was

prepared by dissolving 1,5 gm of sodium nitroferricyanide in 5 ml
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of 2 N sulfuric acid and diluting to 100 ml with methanol, then
making the solution alkaline by the addition of 10 ml of concentrated
ammonium hydroxide. After filtering to remove insoluble salts, the
solution was ready for use. When paper chromatograms were dipped in
the developing solution, sulfhydryl compounds appeared as red spots
on a colorless background. Disulfide spots were made visible by the
addition of 2 gm of sodium cyanide to the above solution.

9. Electrophoresis

It was necessary to determine whether the radiocactivity measured
in the eluates from the alumina was due to Clk-DOPA alone. Since the
incubation mixtures contained a large amount of Clq-terSine of high
activity and only a small amount of labeled DOPA, a very efficient
separation of the two is required. Sufficient eluates were combined
to result in a pooled sample containing several thousand counts per
minute. The pooled sample was lyophilized in a test tube and the
resulting residue redissolved in 0.1 ml of 4% formic acid. 0.05 ml
of the formic acid solution of Clu-DOPA were electrophoresed for two
hours in a Spinco Electrophoresis Cell at 500 V using 4% formic acid
as the medium according to the procedure of Nagatsu (185). The
paper strips were then air dried and taped end to end. A marker of
Clu-tyrosine was added near the end of one of the strips. The strips
were then scanned for radiocactivity in a Packard radiochromatogram
scanner model 7200, After being scanned, the strips were sprayed
with diazotised sulfanilic acid to locate the position of the DOPA

spots.



10. Determination of radicactivity in DOPA and catecholamines.

When the radioactivity was to be determined, the samples were
thawed and 5 ml aliquots of each added to 50bhl screw c#pped test
tubes. The aliquots were diluted tq 10 ml with distilled water.

Pwo drops of phenolphthalein, 2.5 ml of 10% EDTA, and one gram of

69.

chromatographic grade alumina were added to each tube. The resulting

mixture was neutralized to the faint pink of phenolphthalein with
5 N NaOH while continuously shaking the tubes. The test tubes were

then capped and placed on a mechanical shaker for ten minutes.

After the first five minutes, the pH of the tubes was adjusted if

necessary and the shaking continued for an additional five minutes.
The tubes were then removed from the shaker and allowed to stand
‘until all the alumina had settled. Supernatant was removed by

aspiration and discarded. The alumina was washed by shaking with
‘approximately 15 ml of distilled water. The washing was repeated
four times. The alumina was allowed to settle after each washing,
and the wash water removed by aspiration and discarded. After the
finsl washing, DOPA and the catecholamines were eluted by shaking
the alumina with 3.5 ml of 0.5 N acetic acid for fifteen minutes.

The acid solution containing Clh-DOPA and catecholamines was

separated by decantation, and a 1 ml aliquot assayed for Clh—DOPA
using the scintillation solution described below.

11. Determination of radiocactivity in tritiated water.

At the end of the two hour incubation period, 1 ml aliquots

were removed from each of the reaction vessels and placed directly
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on a column 1 cm in diameter containing 2 gm of the hydrogen form

of Dong 50. Samples were drawn slowly through the column at the
rate of one drop every three to five seconds using suction from an
aspirator. A 5 ml volumetric flask inside the suction flask was used
as the receiving vessel. When the meniscus just disappeared into the
surface of the resin, the lower walls of the column were washed down
with about 1 ml of distilled water and the slow suction continued.
When the second meniscus had disappeared, one more milliliter of
water was added and the suction continued at the slow rate until the
water was drawn into the column. When the meniscus disappeared again,
the suction was increased to its maximum and the column sucked dry.
The-5 ml volumetric was then removed from the suction flask, filled
to the mark with distilled water, and thoroughly mixed. One ml
aliquots of the eluate from the Dowex columns were added to
scintillation vials containing 19 ml of scintillator solution,
thoroughly mixed, and then counted. The scintillator solution

(138) contained 100 gm of naphthalene, 7 gm of 2,5-diphenyloxazole,
and 50 gm of 1,k-bis-2-(5-phenyloxazolyl)-benzene per liter of
1,2-dimethoxyethane.

12. Determination of noncollagenous protein.

This protein determination is based on the method of Weichselbaum
(245) and Lilienthal (152). Protein from the tissue homogenates was
precipitated by adding an equal volume of 20% TCA. The mixture was
then centrifuged at 3,000 rpm for ten minutes at 4 -« 5° C and the
supernatant decanted and discarded. The pellet of protein was

washed by squirting water from a wash bottle into the test tube.
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After recentrifuging, the wash water was removed by aspirating with
a cotton tipped pipette, The cotton with some adhering protein was
added to the precipitate, Aproximately 1 ml of 0,05 N sodium
hydroxide was added for every 10 mg of protein, The test tubes were
corked and shaken to disperse the tissue into the solution,
Extraction of the noncollagenous protein was allowed to continue for
eighteen to twenty-four hours with the tubes in a horizontal
position, and then filtered using Whatman #2 filter paper,

Since the samples are turbid, a separate turbidity control must
be set up for each sample to be analyzed, For each determination
the following tubes are prepared;

8e 2 ml of alkali extract from the unknown sample, 3 ml
of 0.05»N sodium hydroxide, and 5 ml of the biuret copper
reagent,

b, A reagent‘blank with 5 ml of the biuret copper reagent, and
5 ml of 0,05 N sodium hydroxide,

c. A turbidity control containing 3 ml of 0.05 N sodium
hydroxide, 2 mlL of the alkali extract, and 5 ml of the
biuret copper free blank reagent,

de 4 turbidity blank with 5 ml of 0,05 N sodium hydroxide,
and 5 ml of the biuret copper free blank reagent,

An Aloe Lyophilized Protein standard was used to establish the
standard curve, After mixing the samples thofoughly, all tubes
were incubated for thirty minutes at 37° C in a water bath, The

optical density of the sclutions was read on a Beckmax Model B

at 555 mu,
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13. Preparation of Special Reagents.
A. Purification of labeled tyrosine.

1. Commercially obtained samples of L—tyrosine-U-Clh
(New England Nuclear) contained appreciable amounts of a radiocactive
material which behaved like DOPA on adsorption to alumina and on
paper electrophoresis. Since Clu-DOPA is the product measured in
the assay for tyrosinase activity, it must be excluded rigorously
from the starting material. The pH of the labeled tyrosine solutions
was adjusted to pH 8.3 - 8;5 after the addition of approximately 1 gm

of chromatographic grade alumina (Woelm). The mixture was shaken for

ten minutes on a mechanical shaker, and then centrifuged at 2,000 rpm
for ten minutes at 4 - 5° C. The supernatant was decanted and the

procedure repeated. The tyrosine solutions'were then adjusted to
pH 6.8 with concentrated hydrochloric acid and stored frézen in the
refrigerator.,

2. L-tyrosine-},S—H3 (New England Nuclear) sclutions
contained a volatile radiocactive material which was probably
tritiated water. Sinéé tritiated water is the product to be
determined in reaction mixtures containing L-terSine-B,S-HB, it
was also necessary to exclude it rigorously from the starting
material. Tritiated water in solutions of L-tyrosine—B,S-H3 was
removed by lyophilizing the material in a test tube. The residue
after lyophilization was dissolved in 2 ml of distilled water and
acidified with one drop of concentrated hydrochloric acid. Before
use, appropriate dilutions were made with 0.1 M phosphate buffer

pH 6.8 to give a solution containing 10 uc per ml. The amount of
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dilution required was first determined by assaying an aliquot of
the acidified solution., The acidified solution was found to be
stable when stored frozen in the refrigerator.
B. L-dihydroxyphenylalanine (Nutritional Biochemical Cofp.).
10 mg of L-DOPA were dissolved in 10 ml of 0.1 M
phosphate buffer pH 6.8. A fresh solution was prepared each
week,
C. Iodoacetic acid (Matheson Coleman and Bell).
100 mg of iodoacetic acid were dissolved in 10 ml of
0.1 M phosphate buffer pH 6.8.
D. a,x'-dipyridyl (Matheson Coleman and Bell).
9.4 mg of dipyridyl were dissolved in 10 ml of 0.1 M
phbsphate buffer 6.8 and stored frozen in the refrigerator.
E. Diethyldithiocarbamate.
10.2 mg of diethyldithiocarbamate were dissolved in
10 ml of O.1 M phosphate buffer pH 6.8. A fresh solution was prepared
just before each experiment.
F, Biuret Reagent.
The biuret copper reagent was prepared by dissolving
18 gm of sodium potassium tartrate, 6 gm of cupric sulfate, and
10 gm of potassium iodide in 2 L of 0.2 N sodium hydroxide. A
copper free reagent was prepared in the same way, except that the
cupric sulfate was omitted.
G. EDTA (Eastman Kodak).
10 gm of ethylenediaminetetraacetic acid and one drop

of 1% phenolphthalein in ethanol were added to approximately 25 - 30 ml



of distilled water in a glass stoppered 100 ml graduated cylinder.
‘The EDTA was dissolved by the progressive addition of 5 N sodium
hydroxide until all the EDTA had dissolved. The pH of the.solution
was then adjusted to the faint pink of phenolphthalein and the

solution diluted to 100 ml with distilled water.

The



Cnce having decided to undertake a study of tyrosinazc in normal
the first end most immedizte problem became one of chosing
suiboble leboretory animsls and erjerimentel bechniques, It soon
bheczre obvicus that most laborslory aninals are unsuited for
this tyre of experiment. In the literature (22), it is
reperied that the skin of black and white spotted guinea pigs
<

contains an appreciable amount of pigment, implying the existence
in this tissue of an active and intrinsically maintained melznogenic
activity. However, of the animal skins examined, which includes
those of mice, rats, and guinea pigs, only the skins of hooded or
piebald rats ¢ontaincd an apprecisble amounts of pigment, Skin from
the obhoer gnimals preved to be virtually lack in pigmenv even
though the hair covering that skin was inbensely plgmented,

Initially it was.not certain that there would be a detectable
tyrosinase activity in normal rat skin, Therefore, the Iirst tests
of the mcthod were carried out using the rat adrenal, a tissue
kmovm to posscs tyrosine hydroxylating activity (16L, 185, 186).
ifter having seen that such activity could be detected in the adrenal
(Tcule 2), the method was applied to scrapings from the pigmented
regions of hooded rat skin. In the first experiments atiempted, 1.0 lO~BK
trrosine was included in the rcaction mixturces in addition to the
subcionces listed in the section on methods, Under these conditions, the
cxperimentel samples did not have a greater ability to hidroxylate

tyrosine than did their corresponding heated controls (Table 3).
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Tyrosine Hydroxylating dctivity
of /drenal Homogenates
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ineubation mixtures containrd the adrenal homogenate, 1 x 10
Lernilid (isopropylisoniceobinylhydrazine), and 0.2 pc of

L-tyrosine—u—clh having a speeific activity of 35 pc/mg in a
totzl volume of 3 wl of 0,1 i phosphate buffer pH 6.4, Results
cre expressed as the differcrnce betiveen an experimental sanple
and its corresponding heated blanik.
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Teble 3.
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LiTect of idded Unlabeled L-Tyrosine (1 x 10 - 1) on Tyrosinase
Activity of Granule Suspensions Frepared from
Pigmented Reoglons of Hooded kat Skin

JCPA production2

Exp. T muncl es/gm/hr
5L zer03
2 [ 3 .003
s <00k
L., 007
9. Zero

Incubation mixtures contained the branu]e suspensions, 0.2 uc
¢l L=tyrosine-U-Cl E having a« specili f activity of 35‘pc/m6,

1 x 107 L L-tyrosine, and 3.4 x L0 i L-DCPA in a total
volime of 3 ml of 0,1 M phosphate buffer pH 6,8

Kesults are GAPTOSde s bthe difference between an expcrimentzl
sample and ivs corresponding heated blank,

The heated blanks of experiments #1 and #5 produced more
DCPA than did the experimentsl samples,



Frequently the heated controls were able to hydroxylate tyrosine to
a greaber extent than did the experimental samples, Only when this
unlabeled tyrosine was omitted from the reaction mixtures was it
possible to detect such a difference (Table L). When the samples
vwere run using only the labeled tyrosine, The unheated samples .
were consistently observed to form more DOPA than the heated
controls (Table ). In other words, the heated preparations lost
their activity, This‘is at least indirect evidence of enzymic
activity. 4Al1 measurements of tyrosinasé actlvity are repcrted
in terms of the difference in the production of either Glh-DOPA or
tritiated water between a sample and its heated blank,

The observations reported here differ from those of Kim (132)

1h_nopi after incubabing

who was unable to detect the formation of C
Clh-tyrosine in the presence of goldfish tyrosinase. Once having
observed tyrosinase activity in scrapings from hooded rat skin, it
became desirable to obtain a soluble preparation of the enzyme for
further studies, The only suitable method known for solubilizing
this enzyme from mammalian sources is the combined ammonium sulfate-
acetone precipitation procedure of Brown and Ward (L5, L6), When
solubilization was attempted by this methed, over 90% of the total
activity remained in the granular precipitaﬁe (Table 5), Less

than 10% of the activity was brought into solution., These

results are very similar to those of Brown and Ward (L5) and of
Pomerantz (205). The melanoma is a source of relatively large

amounts of tyrosinase, Since the enzyme is available in much

greater quantities, it is possible to work with preparative



Tatle L.

Tyrosine Hydroxylating Activity of Various Rat

S . ils
Skin Ireparations

LOPA production
mumol es,/ zm/hr

v
=
s

freporation

Whole screpings from
hooded rat skin

0.353 (0,13 - o.éé}h

=

Homogenates of scrapings
from hooded rat skin Lo 0,56 (0.LZ - 0.73)

homogenctes of scrapings
sl R 3 s
froa gibine b skin 3 0.0 (0,004 - 0.16)

o

HU production
mumoles/gun/hr

Homooenates of scrapings

- o -

from hooded rat skin 5 0:57 (055 = Oigal)
Gr:adle suspensions

prepered from homogenates of

screpinzs from hooded rat skin & 28,0 (11.7 = 5%.2)
liomogenates of scrapings '

Trom albine rat skin 3 O bl (0.2l = 062

1., Incubation mixtures contained the indicated tissue preparation,
Ol ic L-tyrosine—U—Clh hevinz a speeific activity of 35 Jc/mng
or 3.0 uc of L-~tyrosine-3,5-i” having a specific activity of
230 uc/mg and 3.b x 107 1 L-LOPA in a total volume of 3 nl of
0.1 i phosphate buffer pH 6.8,

2. number of animals

3. ifwsulis are expressed in teris of the average difference between
the cxperimental samples ané their corresponding heat.d blenks,
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Table 5,
Abtempted Solubilization of Tyrosin:se from Normel Skin

iecording to the Procedure of Brown and Ward (L5)

crm ninus difference DOPA producticn
b / # / )
bkord, ¢/ g/ he cpm/gnyhr mpmoles/gm/nr

frecipitate from

(HHL)QSOu—acetone 375 B hne ¢, 9hb 0.68
Lcated blank 57 528

soluhle supernatant i 676 ] 0,05
heated blavk Lo L5h

Incubabion mixtures cortained 1 ml of the tissue preparation,

0.2 pe of L-tyrosine-U-Ccll having a specific activity of 35 pc/mg,
and 1.7 x 107" M L-DOPA in a total volume of 3 al of 0,1 i
phosphate buffer pH 6.8. '
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methods which make available only about 10% of the total activity.
When rat skin is used as a source of the enzyme, one works nearer

the limits of detectability. Therefore, a process which decreases
the available enzyme to less than 10% of its initial activity is not
suitable for preparing tyrosinase from normal skin. Howgver, the
granular precipitate retained most of the enzyme in a much higher
specific activity than in the whole homogenates (Téble by, Therefore,
this granular portion of the homogenate proved to be a satisfactory
preparation for the studies reported here, even though it constitutes
only a crude fraction of the cells.

Although DOPA formation can be detected by incubating ClA—tyrosine
in the presence of skin preparations, its accumulation is not
necessarily a measure of the overall process. DOPA is an intermediate
in the reaction sequence catalyzed by tyrosinase. In order to
measure the total tyrosine hydroxylation, L-tyrosine-},S-H3 was
used. Unlike DOPA, the tritiated water is not acted upon further by
the enzyme nor is it converted to other products by nonenzymic
processes. Thus, the use of tritiated tyrosine is suitable for
measuring the time course of the reaction.

' One of the properties of the enzyme tyrosinase is its
characteristic dependence upon a reducing agent such as DOPA,
Therefore, the effect of varying the DOPA concentration was
determined (Figure 1). Measurement of the time course of the
reaction using tyrosinase from the granular preparation with
L—tyrosine-3,5--H3 as the substrate in the absence of DOPA, showed

that very little tyrosine hydroxylation occurred even after two
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figure 1
Effect of varying DOPA concentration on tyrosinase activity

of granule suspension

10

DPMX10-8/gm 2
34X107M
o :

.7 X 1074M
DOPA

0.85x107%M

Time in min

Incubation<mixtures contained the granular suspensions
prepared from pigmented regions of hooded rat skin, 3 uc
L-tyrosine-3,5-H%, and the indicated amount of L-DOPA in a
total volume of 3 ml of 0,1 M phosphate buffer pH 6.8, The
incubation was carried out at 37° C in a Dubnoff type shaker,
0.75 ml aliquotes were removed from the reaction mixture at
the stated intervals and analyzed for tritiated water in the
usual manner,
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hours of incubation. This was preceded by a lag period of at least
4O minutes during which there was virtually no DOPA production.

When small amounts of DOPA were added to the reaction mixtures, an
increased rate of tyrosine hydroxylation occurred. This increased
rate was accompanied by aidecreased lag periocd. A near maximal effect
was noted at a DOPA concentration of 1.7 x 10—h M. Doubling this
concentration resulted in little further increase in tyrosine
hydroxylation,

Commercially obtained samples of Clq-labeled tyrosine contained
radioactive contaminants which behaved like catechols in being
adsorbed on alumina at a pH of 8.3 - 8.5 and eluted from the alumina
by 0.5 N acetic acid. Addition of carrier DOPA to dilutions of the
commercially obtained Clh-tyrosine, followed by electrophoresis
indicated that most of the radiocactive contamination present was
due to DOPA. Since Clu-DOPA is one of the products measured in
the determination of tyrosine hydroxylating activity, it must be
excluded rigorously from the starting material. This was
accomplished by treating the solutions with alumina before using
them in the experiments. When the solutions were electrophoresed
after this treatment, only one radicactive peak was observed. Its
position on the paper electrophoresis strips coincided with that
of added carrier tyrosine. In addition, tritium labeled tyrosine
contained a volatile radicactive contaminant, probably water. The
radioactive contaminant was satisfactorily removed by lyophilization
before use. These observations are in agreement with those of

Pomerantz (205). Electrophoresis followed by scanning of the paper



8L

strips was chosen to check the purity of the labeled substrate
because the procedure can be performed quickly, easily, and
provides a good separation of tyrosine from DOPA and DOPA-amine.
Measurement of the radioactive products of the reaction, Clu-
DOPA and tritiated water, involves the separation of small amounts
of product from much larger amounts of labeled substrate of high
specific activity. Analysis of Clu—DOPA makes use of the property
of catechols of being strongly adsorbed to alumina at alkaline pH's
(232). Multiple washings remove labeled tyrosine and permit the
elution and assay of Clh-DOPA. An important requirement of the
assay procedure is that tyrosine be excluded rigorously from the
eluate which is finally counted. BEven a small amount of labeled
tyrosine accompanying the Clh-DOPA would invalidate the results.
Since any single eluate contained only a small amount of activity due
to Clh-DOPA, enough samples were combined to result in a pooled
sample containing several thousand counts per minute. This would
markedly increase the chances of detecting any contamination of
the samples by Cluntyrosine. The pooled sample was then reduced in
volume by lyophilization. The residue was dissolved in 4% formic
acid and electrophoresed. When the paper electrophoresis strips
were scanned for radioactivity, only one radioactive peak was found.
In every case, the radioactive peak coincided with the DOPA spot.
No detectable activity was ever found to coincide with added carrier
tyrosine. Separation of the tyrosine and DOPA spots was sufficiently

great to make certain that small amounts of tyrosine activity would

not be obscured by or appear as shoulders on the DOPA peak. These
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experiments serve two purposes. First, the product measured is
identified as a catechol on the basis of its adsorption on alumina
and later elution with dilute acetic acid. A more specific identifi-
cation of the radiocactive material is obtained by noting that it
migrates identically with added carrier DOPA., Secondly, one is
assured that the radioactivity measured is due to DOPA alone and
not to contamination by tyrosine.

The method of Pomerantz (205) using tyrosine—3.5-H3 was not
suitable for the study of skin tyrosinase without modification.
However, the fundamental principle remains the same. During the
hydroxylation, oné of the tritium atoms on the tyrosine is dis-
placed and appears in the form of tritiated water. The use of
charcoal-~celite columns as an adsorbent, while useful for the
more highly purified tyrosinase preparations seemed a poor choice
for the present work because of the very slow flow of fluid
through the columns. Also, the high enzyme activities found in
melanoma permitted the use of large quantities of wash water.
Similar amounts of wash water diluted the smaller amounts of
activity obtained during studies with rat skin too much to permit
its accurate measurement. Therefore, the hydrogen form of Dowex
50 was substituted. Tyrosine and DOPA are adsorbed to the resin
permitting the tritiated water to be washed on through the
column and collected. Both tyrosine and DOPA are adsorbed very
strongly by this resin. This permits the use of a small quantity of
resin and much less wash water than is needed with charcoal columns.

Sucking the resin dry and catching the eluate directly in a small
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volumetric flask were further steps required to hold dilution of the
sample to a minimum. Catching the eluate directly in a small
volumetric flask eliminates the need for making quantitative
transfers of the eluates at a later time. Suction is also required
for another reason. Aliquots from the reaction vessels are placed
directly on the columns without first being deproteinized. Protein
precipitates at the surface of the column, forming a cake which
prevents further flow of fluid if gravity alone is depended upon to
provide the driving force. The resulting eluate is protein free.
No precipitate formed upon heating the eluate to 100° C, making it
10% saturated with trichloroacetic acid, or adding a few drops of
20% sulfosalicylic acid.

That the procedure is adequate for separating tritiated water
from tritiated tyrosine and DOPA was determined by the same process
of lyophilization and electrophoresis used to check the purity of

the labeled tyrosine and identify the 014

~DOPA. Pooled eluates
from the Dowex 50, H" columns did not contain any detectable
radioactivity coinciding with carrier tyrosine and DOPA added to
the eluate. In fact, no peaks above background were found following
this procedure even ﬁhough the starting pooled sample contained
several thousand counts per minute. These results indicate that
the procedure is effective in separating the tritiated water from
labeled tyrosine and DOPA.

.Since early work had shown that extracts of human and animal

skins contain a sulfhydryl inhibitor which is capable of inhibiting

both tyrosinase from melanoma and the cupric ion oxidation of



DOPA (80, 82, 219, 220, 221), it was very interesting to try and
determine whether or not tyrosinase from normal skin is similarly
inhibited. Two types of experiments were designed to test for
this possibility. First, homogenates of hooded rat skin were
incubated both in the presence and absence of iodoacetate, an
alkylating agent which reacts with sulfhydryl groups. The second
type of experiment involved testing extracts of rat skin for
inhibitory activity toward the tyrosinase of the granular

preparations. Granule preparations from pigmented regions of

hooded rat skin were incubated both with and without skin

extracts prepared by one of two methods. The simplest method

for the preparation of & skin extract was patterned after that

of Flesch; who simply allowed split skin preparations to stand

for a period in distilled water. Similarly, homogenates of
scrapings from pigmented regions of hooded rat skin were allowed

to stand overnight in the refrigerator. The next day they were
subjected to high speed centrifugation and the supernatant used as '
a source of the inhibitor. In two such experiments, the tyrosinase
activity was inhibited to the extent of only 2.3 and 5.4% (Table 6).
When viewed in light of normal experimental variation, this can not
be considered’evidence for the presence of an inhibitor. Since it
was felt that a sulfhydryl compound might have been oxidized on-
standing overnight, experiments were devised to test the inhibitory
activity of protein free filtrates from pigmented regions of hooded

rat skin immediately after their preparation. These preparations

proved to be inhibitory (TPable 7), suggesting that the inhibitor had



Table 6.

Inhivitory sctiviby of iqueous mxbract of Scrapings
J K -q

from Hooded dat Skinl

cpil a S'BHO

counts

30 min, cpnm cpw - bkgrd difference < of comtrcl
COonLY Ql lh’ 365 2—]-79 ‘)—L.[;l 392 5 .
nagted biank 2,624 &7 59
“+ gxtract from
walbe sidr 13,498 Ly Le 383 it T
heated blank 1,978 56 36
e u::'_,r‘, co from
Whack @en 14,516  LélL L56 8 9.6
hented blank 5;080 {3 85
haeRksround N 28
1, Serapings from beth white and pizmented skin were su ispended overnizht

in distilled water at 5° C then centrifuzed two hours at
25,000 xz at L4 - 5° G, The supernatant was uscd as a source of
the inhibitor,

11 flesks contained a 1_ml aliguote of a granular ouSDcno“on,

pe of Le-tyr alne~3 ) heving a specific activity of 330 me/mg
rd 3,4 x 107+ i L-DCPA in & total volume of 3 ml of Q.1
ohiosghste buffer pH 6,8,
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Table T,
inhibitory ictivity of Protein Free Filtratest

cpm &8 HBHO

counts
100 GilTl,e
L¥D. hezted lxp, heated diffcrence @ inhibiticn

control 50,126 7,300 501 /i) 428
+ inhibiter 33,841 8,901 3368 89 2lg lr.8
control 47,029 6,542 470 65 L0o5
+ inhivitor 40,677 6,918 Lo7 69 336 1.5
contral 58,72 5,789 567 58 529
+ inhibitor 37,k27 6,692 374 67 307 51.9
conbrol 62,473 5,429 62h 54 570
+ inhibiter 24,712 6,619 2h7 66 T, 66.3
control 37,09L 9,657 371 96 275
- irhibitor 35,748 10,006 357 100 257 6.6

serepings from the pigmeats” regions of hooded rat skin were
ttained and homogenized in the usual menner. Protein wes
precipitated by the additior of an cqusl volume of 205 ECHh,
the TCL exttracted four timec with ether, the ether removed by
wbbling nitrogen through thc solution, and the pH adjusted to
immediately as a source of the

6.6, This solution wos used
nhibitor,

A1l flasks contained 1 ml of a granule suspension, 3 uc L-tyrﬁsine—
3,5-1° having a specific activity of 330 me/mg, and 3.4 x 107
L-DOZA in a total volume of 3 ml of 0,1 M phosphate buffcr sl s
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indeed been oxidized during the prolonged standing. A further sugges-
tion that skin tyrosinase is normally in a partially inhibited state
is indicated by the fact that the enzyme activity is stimulated by

the addition of iodoacetate to the reaction mixtures (Table 8).

The results obtained upon adding jodoacetate to granule suspensions
provide a very interesting contrast to those obtained with the homo=~
genates. Here, it can be seen that the iodoacetate has no stimulatory
effect (Table 9).

Attempts to isolate and identify the sufhydryl inhibitor from
pigmented skin by means of paper chromatography were unsuﬁcessful.

When homogenates of scrapings from albino rat skin were incgbated
with L—tyroxsine-U-Clbr the unheated homogenates of those scrapings
catalyzed the formation of ClquDOPA at a greater rate than did the
heated controls (Table 4). DOPA from several such experiments was
identified by the process of lyophilization and electrophoresis
previously described. At no time were the counted samples found to
be contaminated by Clh-tyrosine. Two experiments were also carried
out using white skins from hooded rats. In both cases, the heated
controls produced more Clh-DOPA than did the unheated samples. In
contrast to the white skin of hooded rats, experimental samples of
albino rat skin consistently produced more DOPA than the corresponding
heated controls. Later experiments using L-tyrosine-},S-H3 gave the
same results as those employing Lmtyrosine-U—C-lh (Table 4 ). There~
fore, an attempt was made to determine the nature of the agent
catalyzing the formation of DOPA from tyrosine in the albino skin,

The first observation, showing the catalyst to be heat inactivated,
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lfect of Added lodoacetate on Tyrosine Hydroxylating Activity of

Lerogenates (£ Scerapings from iigmented Regions of Hooded Rat Skin

hmmhwlwmmmdﬂdm&

mumcles,/gm/hr
ilask L B © D B
)
conbrol 0,51 0.5 0,38 0.34 0.146

+ Lodoacctate

o
(3.5 x1073 1) 0.93 0.84 0.62 0.60 0.65
toval incresse O.Lh2 0,25 0.24  0.26 0,18

» increase 83 il 6L 7 9

1. Tyrosine hydrcxylation was celermined by measuring the
accuwaulebion of HZHC in the rcaction mixtures,

2o .41 dincubation mixtures concalned 1 ml of a homogenate of
scrapings from pigmented re_ions, of hooded rat skin, 3 uc of
L-byrosine—B,S-H3, and 3.4 x }.O"LL i L-DCPA, The labeled tyrosine
ho a specific actuvity of 330 pe/mg.
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Table 9.

Lffcet of Iodoacetzte on Tyrosinase ‘ctivity of Granule Suspensions

cpm as HBHO

counts acvivities in flasks
30 min. with iodoacetabe as
(5D heated difference % of control

conbrel B 28 3,7 (01

+ Lcdozecetate 5,834 1,688 L1k ¥L2

control 2,6L8 1,562 1,08

4 iodoacetate 2,389 1,475 Sy 8l

contraol 34805  Qylls 2,219

+ icdoacetate 3,354 1,217 Y 96

conbrol 3,559 2,617 942

+ lodcacetate 3,552 2,59 968 103

average 99

L. /1l incubation mixtures contcined a 1 ml aliguote of a
grennle suspension, 3 me of L-tyrosine=3,5-H2 having a

specific activity of 330 me/mg, and 3.4 x 107~ I L-DOPA,
The concentrati-n of iodcacetate was 3,5 x 10™ Me



indicated that it was enzymic, There are at least two mammalian
enzymes capable of hydroxylating tyrosine, tyrosinase and tyrosine
hydroxylase. These enzymes have quite different properties. There=-
fore, it should be possible to distinguish between them., The most
marked and easily demonstrated difference lies in their metal
cofactor requirements. The activity measured in albino rat skin is
inhibited by diethyldithiocarbamate but not by a,a'-dipyridyl
(Table 10). This indicates that the enzyme under study is a copper
enzyme, eliminating the possibility that it might be a tyrosine
hydroxylase of the type found in the adrenal medulla. Also, when
the reducing agent DOPA was replaced by 6,7-dimethyl-5,6,7,8-
tetrahydropteridine, the results became highly variable with heated
controls often being higher than the unheated samples. The only
constant feature observed under these conditions was an increased
hydroxylation rate of about 50% in the heated controls. While the
highly variable results have no meaning of themselves, the fact
that stimulation of the tyrosine hydroxylating activity in albino
skin was not observed on addition of a tetrahydropteridine plus the
observation that this activity is inhibited by diethyldithiocarbamate
provides a strong argument that the enzyme activity measured is not
due to a tyrosine hydroxylase, but rather is a copper containing
enzyme.,

Because the albino skin was found to be capable of catalyzing
the formation of DOPA from tyrosine, attempts were made to determine
whether or not DOPA was.initially present in the skin scrapings.

Protein free filtrates, freed of TCA by extraction with ether, were
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uifecy of letel Chelating Agents on Tyrosine Hydroxylating

activity of Homogenates of Scrapings from Albino Rat Skin

cpm as HBHO

counts
30 min.
exp heated difference % of control
coxtro 13,950 2,431 LI, 549 e
h 2 v d ’
-: £ = 1 U DD 7,698  2,2l9 5,ul9 7.3
+2 x 1074 & a-aip 120970 1,580 11,390 98.9
Gent ol 3 1h,ho0 1,972 2,428 ——
+1x 10‘3 i DDC 2,/?, 1,755 1,108 9ol
+1 2 107 ¥ e=dips 12,017 1,526 10,489 8l ols
cpr as Clh—DOPA
control L 8,942 2,297 6,645 -_—
+ 2 x 10 ), 4 TDe 5,683 2,265 3,18 Sdal
+2 x107% K o-dip. 8,529 2,0 6,523 98,2
+1 %1072 i Dio 2,163 2,108 658 9.9
+1 x 107 i e-dip. 8,240 1,954 6,266 9L.6
e rapings from two albino ret skins were used in each CX;?'+m“nt

experiments with tritiated tyrosine, combined screpings
WOLC and 1,842 gm wore honogenized in snperatd 10 ml .
of 0.l I ph gphate bufler pH 6.8, The e:uoriment vilth
sine ‘ad 2.10L gm of scrapings homo&un¢zed in 12 wl of
ition to thﬂ indicated amounbs of metal chelating
o, the flesks also convained 3 uc of L-tyrosine-3, Skl having
o specific acbivity of 330 pc/umg or 0.2 pe of L=tyrosine-U-C++
heving a specific activity of 35 pc/mg, and 3.4 x 107 i L-D0OZ4A
in a total volume of 3 ml,

£ K
s
h Q.
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de LIC = diethyldithioccarbamate

3¢ w-din, = 6,u'=dipyridyl
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lyophilized, and the residues redissolved in minimal volumes of .
water then chromatographed. No DOPA spots were found. Tyrosine
spots were just barely visible., If DQPA were present at a coﬁcen-
tration much lower than that of tyrosine, it could easily have gone
undetected.

Further attempts at characterizing the tyrosine hydroxylating
activity of albino rét skin by fractionation of the tiésue indicated
that most of the activity is located in the solublé supernatant

after centrifugation at 25,000 xg for two hours (Table 11).



Table 1l.

. : : 3 p T §
Fractionation of Scrapings from Albino Rat Skin

o tyrosine
total actiyity hydrozylrtion
fraction cpm as E-EO  cpm/gm of protein/hr mumoles/gay/hr
whole homogenate’ 580 2,569 0.148
nuclear fraction 252 1,885 0.35
rd tochiondrial fraction ——— ———— E—
s e =) £ 0 et [o] g
wicrozomal fraction 1S 2,000 0s52
upcrnatant 1,159 38,633 T.26
1. The method used was the (NHE>"SOh frectionation procedure of
<

Hogeboom (112

Setbivity es measurcd using ¢ 1 ml aliquote of a fraction
aultiplied by the volusce of that fraction,

acaction mixtures containcd a 1 rl aliguobe 9f the indicated
tissue preparstion, 3 me of L-tyrosipe-3,5-h” having a specific
cctivity of 330 pc/mg, and 3.,L x 104 i L-DOPL in a total volume
of 3 ml of 0.1 ii phosphate buffer pH 6.8,
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V. Discussion

In the years since Bloch (28) demonstrated tyrosinase to be
present in skin, no suitable methods have been devised for making
quantitative studies of the enzyme from normal skin. Fitzpatrick's
(75) fine work in partially characterizing tyrosinase of normal
skin is one of the few successful attempts at studying this enzyme
in situ. The availability of quantitative chemical techniques is
one of the fundamental prerequisites in an attempt to study any
enzyme. In the case of normal skin tyrosinase, such techniques have
not been available, primarily because of the very low activity and
the difficulty in obtaining suitable enzyme preparations from a
tissue which is difficult to homogenize. Also, the enzyme is
particle bound and in a partially inhibited state. By way of
contrast, the very high enzyme activity in an easily obtained tissue
has made the melanoma a very desirable source of mammalian tyrosinase.

The problem of measuring tyrosinase activity in skin is
complicated by the fact that tyrosine is subject to honenzymic
hydroxylation in the presence of heated tissue extracts (43, 212, 243).
This has been a source of difficulty to investigators attempting
to study tyrosine hydroxylase. Nagatsu (185, 186) found that since
tyrosine hydroxylase shows an absolute stereospecificity, the D-
amino acid may be used as a control, eliminating the need for a
heated blank. Unfortunately this is not possible in the case of
tyrosinase since the enzyme shows appreciable activity toward D-
as well as L-tyrosine (186). Nevertheless, it has been possible to

show that preparations from pigmented regions of hooded rat skin



have a greater ability to hydroxylate tyrosine than do their
corresponding heated controls (Table 4). This is of particular
significance since, if anything, the heated control has a higher
rate of nonenzymic hydroxylation than the unheated tissue. Earlier
attempts to demonstrate tyrosinase activity in normal skin using
quantitative‘chemical techniques have produced equivocal resulfs
due to the use of inadequate controls and high substrate concen=-
trations (86, 189, 207).

The presence of labeled DOPA in the reaction mixtures

indicates that free DOPA is in fact liberated from the protein before

further conversion to DOPA-quinone. This finding differs from that
of Kim (132) who did not find free Clh-DOPA to be liberated from
the surface of goldfish tyrosinase during the conversion of 014_
tyrosine to melanin in the presence of carrier DOPA.

It should be noted that earlier attempts to demonstrate

tyrosinase activity in normal skin without previous stimulation

of enzyme activity with ultraviolet light were unsuccessful (74,

75, 78). These attempts were made using histochemical and manometric

techniques which are much less sensitive than the experimental
methods reported here. Also, it was not possible to demonstrate
stimulation of tyrosinase activity by incubating various skin
preparations in the presence of iodoacetate,-sodium arsenite, or
p~chloromercuribenzoate (86).

Numerous investigators have encountered difficulty because of

the ability of heated tissues to catalyze the hydroxylation of

aromatic substances (118, 214, 173, 185, 242)., Udenfriend and
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cororkers (243) have demonstrated that transition metal ions in

P
=T

wresence of a chelating agent such as versene and a reducing
azent such as ascorbate are very active in catalyzing nonenzymic
hydroxylations, The most active transition metal ions are those
of iron and copper, In a living cell, transition metal ions are
not in & Iree lonic state or rendomly bound to protein (4, 162).
<ather, they are selectively bound o specific sites on an

enzyne or other protein moecule. The structural specificity shown

J cnzymes probebly renders @ tronsition metel ions at the active

ok

centers of most such enzymes unavailable for reaction with tyrosirc,
The denaturation of proteins upom heating destroys this structural

specificity, freeing the metal ion for reaction with tyrosine, and

(R

horety increases the rate of none cymic hydroxylation, A1l of the
substances necessery for nonenzymic hydroxylation are present in
skin ind other tissues, and are undoubtedly responsible for the formstion
of LLPL from tyrosine by heated tissues and tissue éxtracts.

“he use of very low sibstr~te concentrations on the order of
1 & 10_5 - has considerable precedent in the work of Nagatsu (1855,
1 fact, such low substrate concentrotions are reguired for the detection
of enzymic hydroxylating sctivity, perticularly in crude tissue
Jrcparalions, JFailure to detect tyrosine hydroxylating activitly hes
been abiributed to the use of sibsiraie concentrations which were too
high and to the lack of sufficiently purified substrates., The use
of hi_h subsirute concentrations results in relatively largc ancunts

ox nanensymic hydroxylation which obscurcs the enzymic processes, .

dilution of the labeled substrate may also afiect the ability to
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detect enzymic hydroxylating activity when unlabeled tyrosine is
added to the reaction mixtures. Similarly, in experiments with rat
skin, no difference between experimental samples and their
corresponding heated controls was noted when as little as 0.5 mg

of unlabeled L-tyrosine was added to the reaction mixtures (Table 3).

The low concentration of substrate and reducing agent which
gave optimal results in these experiments differ markedly from the
high concentrations reported to give optimal performance in the model
or nonenzymic hydroxylating system of Udenfriend (43, 243). The heat
inactivation, characteristic lag period, dependence on DOPA, and the
low substrate requirements all support the suggestion that the
activities measured in normal rat skin are enzymic.

Although the techniques described can be used for making
quantitative studies pf tyrosinase activity in normal skin, it
should be recognized that there are numerous factors which tend
to increase the variability of the results. The first such factor
lies in the anatomical distribution of the melanocytes. They are
normally present as a single layer of cells at the epidermal dermal
junction. Any scraping procedure, therefore, must necessarily
include a relatively large and variable proportion of cells other
then melanocytes. Also included in these scrapings are collagenous
strands and lipid from the skin. Fat from subcutaneous depots
probably does not contribute significantly to the nonmelanocyte
material, since it can be removed easily from the inner surface
of the skin. It can be seen that the melanocytes, which are the

only source of tyrosinase, constitute only a small fraction of the
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total cell population included in the scrapings. Therefore, any'
variation in the quantity of such extraneous material will affect
the final outcome of the experirent, Also, once the inner surface
of the skin has been cleaned free of fat and connective tissue, a
variable amount of water can be lost by evaporation from the ékin
depending on the length of time required to obtain the scrapings,
The finding that tyrosinase from melanoma can be inhibited by
a sulfhydryl compound extracted from skin is not of itself sufficient
evidence that such é mechanism constitutes a naturally occurring
regulatory mechanism controlling pigment formation in normal skinf
However, at the time the earlier observations were made, there were
no means available for making quantitative studies of tyrosinase from
normel skin. Using tritium labeled tyrosine, it has been possible‘
to show that tyrosinase from normal rat skin is in a partially
inhibited state. Stimulation of tyrosinase activity by iodoacetate
suggests that this inhibition is probably due to a sulfhydryl
compound. Consistent increases in tyrosinase activity were
fouhd by incubating homogenates of scrapings from pigmented
regions of hooded rat skin in the presence of iodoadetate. Previous
investigotors have been unable bo demonstrate iodoacetate activation
of tyrosinase when.oxygen consumption was measured (74), Iodoacetate
also inhibits enzymes whose activity depends on the presence of
sulfhydryl groups. Tyrosinase is not inhibited by thié alkylating
agent, Otherwise an experiment using sulfhydryl inhibitbfs would
not be possible, The observation that tyrosine contains no

suli"hydryl groups was of course carried out using the enzyme from
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melanoma., It is, however, not unreasonable to expect that the enzyme
from normal skin will show the same properties, That this is true is
borne out by the observation of anbincreased tyrosinase activity in
the presence of iodoacetate (Table 8). These increases ranged from
39 to 83%, and were observed on every occasion that the skin homo-
genates were incubated in the presence of iodoacetate. It is of
significance that the granule suspensions, when similarly incubated
with iodoacetate, did not show an increased tyrosinase activity
(Table 9). The granule suspensions were washed several times in the
course of their preparation. Any low molecular weight soluble
molecules may be expected to have been washed away. In the absence
of a soluble inhibitor there were no increases in tyrosinase activity
in the granule preparation when incubated in the presence of iodo-

acetate. The tyrosinase in such a preparation may be at or near its

maximum activity. This then could account, at least in part, for the

much higher specific activity of tyrosinase found in the granule

suspensions as compared to the homogenates and whole scrapings of

skin (Table 4), These experiments, when viewed in light of Rothman's
(220) observation that the inhibitory activity is present in the
pigment forming regions of skin strengthen the argument that
sulfhydryl inhibition of tyrosinase activity constitutes a naturally
occurring regulaﬁory mechanism controlling pigment formation in skin,.
The product of the reaction catalyzed by tyrosinase is different
from that of most biosynthetic pathways in that it is an insoluble

polymer. Therefore, the usual mechanisms of feedback or product
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inhibition may not be available for this pathway. This could be
the reason for the requirement of a soluble inhibitor of tyrosinase
activity in controlling melanin formation. There is, however, a
reaction inactivation of the enzyme through tanning of the protein
during the reaction (222). Another method of regulating enzyme
activity is through control of new protein synthesis. Direct
effects of hormones on tyrosinasé activity are not known. At the
present time, one can only speculate about the relative importance
of these mechanisms in regulating pigment formation in normal skin,
However, the availability of a technique which can be used for the
quantitative determination of tyrosinase activity now makes a
study of these factors possible.

Even though tyrosinase from N. crassa, mushrooms, and melanoma
have been shown to consist of several different components, none of
these has been found to have activity toward just tyrosine but not
toward DOPA. The reasons for this may lie in the methods used for
the detection of tyrosinase activity, which usually depend on the
appearance of pigment. Since Raper (210, 211) demonstrated that
DOPA is an intermediate in the conversion of tyrosine to melanin,
it is probably not reasonable fo expect a component of tyrosinase
to be capable of oxidizing tyrosine to DOPA and subsequently oxidize
the DOPA to melanin but have no activity toward DOPA alone.
Bouchilloux, McMahill, and Mason (42) have suggested that the
components of tyrosinase may be analogous to the isozymes. Unlike
the isozymes, all components of which have the same type of enzyme

activity, individual tyrosinase subunits may be responsible for
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different types of activity. It should be remembered that tyrosinase
does not catalyze just one type of reaction, but two markedly
different ones, a hydroxylation and a dehydrogenation. If a subunit
of tyrosinase exists which is responsible for hydroxylating tyrosine
to DOPA, but not of oxidizing DOPA further, it would not be detectable
by any method which depends on the appearance of pigment for the
detection of tyrosinase activity. Rather, the presence of such a
component would have to be demonstrated by showing an enzyme activity
leading to the formation of just DOPA from tyrosine. Furthermore,
the enzyme would have to be a copper protein rather than an iron
containing one. The results of the experiments reported here seem

to show just such an activity (Tables 4 and 10).

The finding that homogenates of scrapings from albino rat
skin are able to catalyze the formation of DOPA from tyrosine can
not be ascribed to the presence of tyrosinase as we have come to
know it. Pigment fofmatipn normally does not occur in the albino
rat. In this manner, the Sprague-Dawley albino rat differs from
humans where incomplete generalized albinism is common (115).

Botﬁ the melanocytes and the adrenal medullary cells are
derived embryologically from the neural crest. Since the‘aarenal
medulla has been shown to contain an active tyrosine hydroxylase,
it was necessary to determine whether or not the tyrosine
hydroxylating activity of albino rat skin is due to this enzyme.
Tyrosine hydroxylatioﬁ in the albino rat skin was inhibited by
diethyldithiocarbamate, but not by a,a'~dipyridyl, indicating that

the activity is due to a copper rather than an iron containing



105,

enzyme. Also, no stimulation of activity éould‘be demonstrated
by the addition of a tetrahydropteridine. This would seem to
eliminate the possibility that the tyrosine hydroxylating activity
of the albino rat skin is due to a tyrosine hydroxylase of the
type found in the adrenal medulla.

Numerous workers have attemﬁted to demonstrate the presence
of tyrosinase in albinoa (115, 136). These attempts were carried
out by incubating the skin in buffered solutions of tyrosine or DOPA.
After a prolonged incubation at 37° C, pigment was observed in the
melanocytes. Occasionally this resulted in generalized darkening
of the cells, but more often the pigment was localized in thg
pigment granules (115). The appearance of pigment and the specificity
of its localization in the melanocytes was taken to be indicative of
V the presence of tyrosinase. As far as can be determined, the
.structure of the albino melanosomes is the same as that of their
normal counterparts. The structures upon which pigment is normally
deposited remain and should be capable of reacting with quinones.
As Greenstein (105) has shown, these reactive sites are probably
sulfhydryl groups on the protein forming the internal membranes of
the granules. These sulfhydryl groups would remain capable of
coupling with quinones, whether the quinones are the result of
enzymic or nonenzymic oxidations. It should be remembered that
high concentrations of tyrosine and DOPA were used in the earlier
attempts to'démonstratertyrosinase in albino skins. Incubations
with tyrosine were carried out at a pH of 6.8 and with DOPA at a

pH of 7.4. In the latter case, especially during prolonged
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incubations, it would not be surprising to find melanin formation
as a result of nonenzymié oxidations. One would in fact expect this
to be the case, especially where generalized pigmentation of the
cells was observed. These early findings then do not offer an
adequate explanation of the present finding that albino rat skin
is able to form DOPA from tyrosine.

The conversion of tyrosine to melanin requires a lengthy series
of consecutive reactions. The condition of albinism could result,
at least theoretically, if any one of the reactions in this sequence
were blocked. Experimentally it has been determined that albino rat
skin does not possess DOPA-oxidase activity (133). In other words,
albino rat skin can not oxidize DOPA to melanin. The first step in
the reactlon sequence after the oxidation of DOPA is irreversible
(144), Also, subsequent intermediates in the reaction sequence are
readiiy autoxidizable (211). It seems, therefore, that the metabolic
block in the albino must occur before the cyclyzation of DOPA-quinone.
Any reaction sequence leading to the formation of DOPA-quinone or
subsequent intermediates would almost certainly lead to the formation
of pigment. This leaves two possible sites at which the metabolic
block could occur, hydroxylation of tyrosine or the dehydrogenation
of DOPA. The results of the experiments reported here show that
albino skin possesses an enzymic tyrosine hydroxylating capability.
This observation along with the knowledgé that albinos lack DOPA=~
oxidase activity leads to the suggestion that the metabolic defect
" in the albino is an inability to convert DOPA to DOPA-quinone. It

is not yet known whether this is due to the absence of or to a
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defect in that portion of the tyrosinase molecule responsible for
fhe oxidation of DOPA,

In view of the recent work showing that tyrosinase from
mushroom and melanoma is composed of several different components
(42, 45, b6, 201, 227), it has been suggested that the enzyme exists
in a state analogous to that of‘the isozymes (42). However, two
types of enzyme activity are involved. If there are two types of
protein subunits, each being responsible for a different type of
activity, and the two are under separate genetic control, the loss
of or a defect in the protein subunit responsible for DOPA-oxidase
activity could leave the albino unable to form melanin from DOPA,
Yet be able to convert tyrosine to DOPA. Cases of incomplete
generalized albinism might then be viewed in a different light.

It is in the Negro albino that incomplete generalized albinism is
rmost common. Normally one may expect that a relatively high degree
of intrinsically maintained melanogenic activity is responsible for
the dark skin color of the Negro. Tyrosine hydroxylation is the
slow or rate controlling step in pigment formation. If this type
of activity remains at a comparatively high level in the Negro
valbino, nonenzymic oxidation of the resulting DOPA could well
account for the small amounts of pigment in the skin of those
experiencing incomplete generalized albinism.

The finding that after homogenization most of the tyrosine
hydroxylating activity of albino rat skin is found in the soluble
supernatant seems, at first, to be inconsistant with previous

observations on the location of tyrosinase activity in melanocytes
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from melanoma. There is, however, some evidence indicating that
already melanized melanin granules can be fragmented dﬁring homo=-
genization (145). It does not seem unreasonable to suggest that
the fragile unmelanized granules from albino melanocytes may have
been similarly disrupted. It is immediately recalled, of course,
that tyrosinase from melanoma is very difficult to solubilize.
Preparative procedures to date have brought only about 5 - 10%

of the enzyme into solution. In addition to whatever forces bind
the enzyme to the membranouS'structure of the melanin granuie, the
protein, during melanin synthesis, becomes bound to insoluble
melanin through covalent bonds formed by coupling of the protein
with quinones. If this binding takes place on a portion of the
protein molecule in such a manner that it does not interfere with
the active center, then the still active enzyme will be bound firmly
to the insoluble polymer, a stable form from which it would not.

be brought into solution by any of the usual methods. Seiji (226)
found that treatment of melanin granules from mouse melanoma with
deoxycholate brought the internal membranes from those granules
into a stable suspension from which they could not be precipitated
by centrifugation at 105,000 xg for two hours. This treatment did
not separate the tyrosinase molecule from the membrane. Seiji
suggested that the tyrosinase molecule.is either very firmly attached
to or an integral part of the membrane. In the albino melanocyte
there is no melanin to which an enzyme could be bound by covalent
bonds. The forces holding the enzyme on the internal membrane then

are just those by which it was initially attached. If this structure



is disrupted by the forces of homogenization, it could explain the
presence of the tyrosine hydroxylating activity in the soluble

supernatant.
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VI. Suwmmary

1. A survey of the literature related to the enzyme tyrosinase
and to the mammalian melanocyte system has been presented,

2. Of the animal skins examined, only those from hooded rats
contained appreciable amounts of visible pigment,

3. Methods for the determination of tyrosinase activity based
on incubation of melanocyte containing preparations with L-tyrosine-
U-Clh or with L—tyrosine-B,S-H3 have been described,

i, Tyrosinase from normal skin is activated by DOPA, In the
absence of DOPA, there was little measurable tyrosinase activity and
a prolonged induction period using granule suspensions prepafed from
homogenates of scrapings from pigmented regions of hooded rat skin.
Addition of DCPA tc¢ the reaction mixtures markedly increased the
reaction rate and decreased the length of the induction period,

5. The heat inactivation, characteristic lag period, dependence
on DOPA, and the low substrate requirements indicate that the
activities measured in normal rat skin are enzymic,

6. Normal sldn tyrosinase is in a partially inhibited state,
The inhibitor is inactivated by iodoacetate and remains soluble in 10%
TCA, indicating that it is probably a low molecular weight sulfhydryl
compound, Tyrosinase activity in granule suspensions prepared
from homogenates of scrapings from hooded rat skin was not in an
inhibited state, suggesting that the inhibitor is soluble and was
removed by the washings to which the granule suspensions were |

subjected,
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7. The inhibitor is not stable on prolonged standing. Attempts
at isolating and identifying it by means of baper chromatography |
were unsuccessful,

8. The attempted solubilization of tyrosinase from hooded rat
skin brought less than 10% of the total activity into solution. Thg
solubility of tyrosinase from normal rat skin is very similar to
that of tyrosinase from melanoma. As in the case of tyrosinase from
melanoﬁa, normal skin tyrosinase is firmly bound to insoluble
particles, probably through covalent bonds with melanin.

9. By employing the same techniques with albino rat skin that
had been used with hooded rat skin, it was possible to show that the
albino rat skin possesses a tyrosine hydroxylating capability which
is heat inactivated. This activity was inhibited by diethyldithiocar-
bamate but not by a,a'-dipyridyl. Results obtained by substituting
a tetrahydropteridine for DOPA as the reducing agent were highly
variable. This evidence indicates that the tyrosine hydroxylating
activity of albino rat skin is due to a copper protein and is not
due to a tyrosine hydroxylase of the type found in the adrenal
medulla and brain.

10. Tyrosine hydroxylating activity was not found in white
skin from hqoded rats.

11. VWhen scrapings from albinc rat skin were subjected to
the fractionation procedure of Hogeboom and Adams, most of the

hydroxylating activity was found in the soluble supernatant.
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12. The suggestion that tyrosinase exists in a state analogous
to that of the isozymes seems to be a simple.unifying concept by
which one can explain a) the multiplicity of tyrosinases from various
sources, b) the ability of albino rat skin to hydroxylate tyrosine
but not to form melanin, ¢) the possible éite of the metabolic block

in albinos and d) the common appearance of incomplete generalized

albinism.



et P

L world like to expressy wy sincerast sratibtude bo
r, Jack Felluwan and 4lie cther mesbers of 4he
sicckenistry who have given me thoir advige,
epcrgienent durdng (e yefira 1 Dave spent @5 al student gt Lhe
Uniwersity of rggon =cdical Schonl.

opEciel Chanss are zlsc extended te Dr, Aifred, J, Rompone
for sllowing me to use his sciptiilaticn colnmter on 2o uerg




11k,

VIII. Bibliography

1.

20

50

7o

10.

11.

12.

13.

Abderhalden, E., and Sickel, H., Beitrage zur Kenntnis der
Tyrosinasewirkung, Versuche mit 1l-, d-, und dl-Tyrosin,
Fermentforsch., 1923, 7, 85.

Abel, J. J., and David, W. S., On the Pigment of the Negro's
Skin and Hair, J. Exp. Med., 1896, 1, 361.

Adams, M. H., and Nelson, J. M., On the Nature of the Enzyme
Tyrosinase, J. Am. Chem. Soc., 1938, 60, 2472.

Adelstein, S. J., and Vallee, B, L., Copper, in '"Mineral
Metabolism", vol. 2, Comar, C. L., and Bronner, F., eds.,
Acad. Press, N. Yo’ 1962’ b 3710

Alben, J. O., Mechanism of Action of the Mammalian Phenolase
Complex, Masters Thesis, Dept. of Biochem., U, of O, Med.
Sch., 1957,

Allen, T. H. Ray, O. M., and Bodine, J, H., Enzymes in
Orthopteran Ontogenesis., VI Autocatalytic Nature of in
vivo Formation of Protyrosinase, Proc. Soc. Exp. Biol.

Med., 1938, 39, 549,

Anderson, L. C., and Geiger, M. B., The Tautomerism of
Quinoneoxime and Paranitrophenol, J. Am, Chem. Soc., 1932,
54, 3064,

Arnow, L. E., The Formation of DOPA by the Exposure of
Tyrosine Solutions to Ultraviolet Light, J. Biol. Chem.,
1937, 120, 151.

Asimov, I., and Dawson, C.R., On the Reaction Inactivation
of Tyrosinase During the Aerobic Oxidation of Catechol, J.
Am. Chem. Soc., 1950, 72, 820.

Bach, A., Uber das Wesen der sogenanten Tyrosinasewirkung,
Biochem. 2., 191k, 60, 221.

Ball, E. G., and Chen, T., Studies on Oxidation-Reduction,
Epinephrine and Related Compounds, J. Biol, Chem., 1933,
102, 691.

Barnicott, N. A., Albinism in Southwestern Nigeria, Ann.
Eugen., 1952, 17, 38.

Barnicott, N. A., and Birbeck, M., The Electron Microscopy
of Human Melanocytes and Melanin Granules, in '"The Biology
of Hair Growth", Montagna, W., and Ellis, R., eds., N. Y.,

1958, p. 239.



14,

15.

16'

7

18.

19 .

21.

22.

23.

2k,

25,

26.

Barnicott, N. A., Birbeck, M. S., and Cuckow, F. W., The
Electron Microscopy of Human Hair Pigments, Ann., Hum,
Genet., 1953, 19, 231,

Bauman, P., Shortwave Therapy, Brit. J. Phys. Med., 1935,
10, sh.

Becker, S. W., Dermatological Investigations of Melanin
Pigmentation, Spec. Publ. N. Y. Acad. Sci., 1958, 4, 82.

Becker, S. W., Fitzpatrick, T. B., and Montgomery, H.,
Human Melanogenesis: Cytology and Histology of Pigment
Cells, Arch. Derm. Syph., 1952, 65, 511.

115

Beer, R. J., Broadhurst, T., and Robertson, A,, The Chemistry

of the Melanins. V. The Oxidation of 5,6-Dihydroxyindoles,
J. Chem. Soc., 1954, p. 1947,

Behm, R. C., and Nelson, J. M., The Aerobic Oxidation of
Phenol by Means of Tyrosinase, J. Am. Chem. Soc., 19kk,
66, 711

Bernheim, F., and Bernheim, M. L. C., The Action of
Phenylthiocarbamide on Tyrosine, J. Biol. Chem., 1942,
145, 213.

Berquelot, E., and Bertrand, G., Le Bleuissement et le
Noircissement des Champignon, Compt. Rend. Soc. Biol.,

1895, 10, S8a.
Billingham, R. E., Dendritic Cells, J. Anat., 1948, 82, 93,

Billingham, R. E., Dendritic Cells in Pigmented Human Skin,
J. Anat., 1949, 83, 109.

Binns, F., and Swan, G. A., Oxidation of Some Synthetic
Melanins, Chem. Ind., 1957, p. 396.

Birbeck, M. S., Electron Microscopy of Melanocytes: The
Fine Structure of Hair-Bulb Premelanosomes, Ann. N. Y.
Acad. Sci., 1963, 100, 540.

Birbeck, M. S., Mercer, E., and Barnicott, N., The Structure
and Formation of Pigment Granules in Human Hair, Exptl. Cell
Res., 1956, 10, 505. ’

Bloch, B., Chemisches Untersuchung uber das Spezifiche
Pigmentbilde Ferment der Haut, die DOPA-Oxidase, Z. Physiol.
Chem., 1917, 98, 226.



28,

20.

31,

52

33.

3k,

35.

36.

37.

38.

39.

L1,

116,

Bloch, B,, Das Problem der Pigmentbildung in der Haut, Arch.
Derm. Syph., 1917, 124, 129.

Bloch, B., Das Pigment, in "Handbuch der Haut- und
Geschlechtskrankheiten", Jadassohn, J., ed., Springer-
Verlag, 1927, p. 434,

Bloch, B., The Problem of Pigment Formation, Am. J. Med. Sci.,
1929, 177, 609.

Blois, M. 8., and Kallman, R. F., Thﬁ Incorporation of Cl4
from 3,#—Dihydroxyphenylalanine-2-01 into the Melanin of
Mouse Melanoma, Cancer Res., 1964, 24, 863.

Bleis, M. S., Zahlan, A. B., and Mailing, J. E., Electron
Spin Resonance Studies on Melanin, Biophys. J., 1964, 4, L71,

Blum, H. F., The Physiological Effects of Sunlight on Man,
Physiol. Rev., 1945, 25, 483,

Blum, H. F., Sunburn, in "Radiation Biology', Vol. II,
Holleander, ed. McGraw Hill, N. Y., 1955, p. 487.

Bodine, J. H., and Allen, T. H., Enzymes in Ontogenesis,
IV, Natural and Artificial Conditions Governing the Action
of Tyrosinase, J. Cell. Comp. Physiol., 1938, 11, 409.

Bodine, J. H., and Allen, T. H., Enzymes in Ontogenesis,
V. Further Studies on the Activation of the Enzyme
Tyrosinase, J. Cell. Comp. Physiol., 1938, 12, 71.

Bodine, J. H., and Allen, T. H., Enzymes in Ontogenesis,
XV. Some Properties of Protyrosinases, J. Cell. Comp.
Physiol., 1941, 18, 151. ‘

Bodine, J. H., and Carlson, L. D., Enzymes in Ontogenesis
(Orthoptera). X. The Effects of Temperature on the Activity
of the Naturally Occurring and Other Activators of
Protyrosinase, J. Cell. Comp. Physiol., 19%0, 16, 71.

Bodine, J. H., and Hill, D. L., The Action of Synthetic
Detergents on Protyrosinase, Arch. Biochem. Biophys.,
1945, 7, 21.

Bodine, J. H., Tahmisian, T., and Hill, D,, Effect of Heat on
Protyrosinase. Heat Activation, Inhibition, and Injury of
Protyrosinase and Tyrosinase, Arch. Biochem. Biophys., 19kk,

b, 403,

Bordner, C. A,, and Nelson, J. M., On the Oxidation of p=Cresol
by Means of Tyrosinase, J. Am. Chem. Soc., 1939, 61, 1507.



Lo,

Lz,

Lk,

45'

L6,

L,

L3,

49'

50,

51.

52.

23

She

25,

117,

Bouchilloux, S., McMahill, P., and Mason, H. S., The Multiple
Forms of Mushroom Tyrosinase, J. Biol. Chem., 1963, 238, 1699.

Brodie, B. B., Axelrod, J., Shore, P. A., and Udenfriend, S.,
Ascorbic Acid in Aromatic Hydroxylation, IIl. Products Formed
by the Reaction of Substrates with Ascorbic Acid, Ferrous Ion,
and Oxygen, J. Biol. Chem., 1954, 208, 741.

Brown, C. H., Quinone Tanning in the Animal Kingdom, Nature,

1950, 165, 275.

Brown,'F. C., and Ward, D. N., Chromatography of Mammlian
Tyrosinase, Proc. Am. Assoc. Can Res., 1957, 2, 192.

Brown, F. C., and Ward, D. N., Studies on Mammalian Tyrosinase.
I. Chromatography on Cellulose Ion Exchange Agents, J. Biol.
Chem., 1958, 233, 77.

Brunet, P., Tyrosinase Metabolism in Insects, Ann. N. Y. Acad.
Sci., 1963, 100, 102k,

Brunet, P. C., and Kent, P. W., Observations on the Mechanism
of a Tanning Reaction in Periplaneta and Blatta, Proc. Roy.
Soc. Lond., 1955, Blkh, 259,

Brunsting, L. A., and Sheard, C., The Color of the Skln as
Analyzed by Spectrophotometrlc MethodS, Jd. Clin. Invest.,

1929, 7, 575

Bu'lock, dJ. D;, Intermediates in Melanin Formation, Arch.
Biochem. Biophys., 1960, 91, 189.

Bu'Lock, J. D., and Harley-Mason, J., Melanin and its Pre-
cursors, 1I. Model Experiments on the Reactions Between
Quinones and Indoles, and Consideration of a Possible
Structure for the Melanin Polymer, J. Chem. Soc., 1951,

p. 703,

Bu'lock, J. D., Harley-Mason, J., and Mason, H. S.,
Hallochrome and Dopachrome, Biochem. J., 1950, 47, 32.

Burton, H., The Constitution of Melanin, Chem. Ind.,

1948, 313.

Carruthers, C., "Biochemistry of Skin in Health and Disease'',
Charles C. Thomas Publ., Springfield, Illinois, 1962, p. 59.

Clemo, G, R., and Duxbury, ¥. K., Formation of Tyrosine
Melanin, J. Chem. Soc., 1950, p. 1795.



560

27

58.

60‘

61.

62.

63.

6h.

65.

66.

67.

68.

118.

Clemo, G. R., Duxbury, K., and Sean, G. A., Formation of
Tyrosine Melanin, III. The Use of Carboxyl Labelled
Tyrosine and Dihydroxyphenylalanine in Melanin Formation,
J. Chem, Soc., 1952, p. 3464,

Commoner, B., Townsend, J., and Pake, G., Free Radicals in
Biological Materials, Nature, 1954, 174, 689.

Cory, J., Bigelow, C. G., and Frieden, E., Oxidation of
Insulin by Tyrosinase, Biochem., 1962, 1, 419.

Cromartie, R., and Harley~Mason, J., Melanin and its Pre-
cursors. VII. The Oxidation of Methylated 5,6-dihydroxyindoles,
Biochem., J., 1957, 66, 713.

Dalton, A., Organization in Benign and Malignant Cells, J.
Lab. Invest., 1959, 8, 510.

Dalton, H. R., and Nelson, J. M., Tyrosinase from the Wild
Mushroom, J. Am. Chem. Soc., 1939, 61, 2946.

Daniels, F., The Physiological Effects of Sunlight, J.
Invest. Derm., 1959, 32, 147,

Danneel, R., Die Ersten Melanoblasten der Neunaugenlarve,
Naturwiss., 1957, 44, 46,

Dawson, C. R., and Ludwig, B. J., On the Mechanism of the
Catechol-Tyrosinase Reaction. II. The Hydrogen Peroxide
Question, J. Am. Chem. Soc., 1938, 60, 1617.

Dawson, C. R., and Tarpley, W. B., Copper Oxidases, in "The
Enzymes'", Sumner, J. B., and Myback K., eds., Acad. Press, .
N. Y., 1951. p. 4sh,

Dressler, H., and Dawson, C. R., On the Nature and Mode of
Action of the Copper Protein Tyrosinase. I. Exchange
Experiments with Radiocactive Copper and the Resting Enzyme,
Biochim. Biophys. Acta., 1960, 45, 508.

Dressler, H., and Dawson, C., R., On the Nature and Mode of
Action of the Copper Protein Tyrosinase. II. Exchange

- Experiments with Radioactive Copper and the Functioning

Enzyme, Biochim. Biophys. Acta, 1960, 45, 515.

DuBuy, H. G., Woods, N. W., Burk, D., and Lackey, M. D.,

Enzymatic Activities of Isolated Amelanotic and Melanotic
Granules of Mouse Melanomas and a Suggested Relationship

to Mitochondria, J. Natl, Can. Inst., 1949, 9, 235,



119,

69, Duliere, W. L., and Raper, H. S., XXX. The Tyrosinase-
Tyrosine Reaction., VII. The Action of Tyrosinase on Certain
Substances Related to Tyrosine, Biochem. J., 1930, 24, 239.

70, Dushane, G. P., The Development of Pigment Cells in
Vertebrates, in '"The Biology of Melanomas", Miner, R. W.,
ed., N. Y. Acad. Sci., N. Y., 1948, p. 1.

71l. Edwards, E. A., and Duntley, S. Q., The Pigments and Color
of Living Human Skin, Am. J. Anat., 1939, 65, 1.

72. Evans, C. E., and Raper, H, S., A Comparative Study of the
Production of 1-3,4-Dihydroxyphenylalanine from Tyrosine by
Tyrosinase from Various Sources, Biochem. J., 1938, 31, 2155.

~ 73. Evans, C. E., and Raper, H. S., The Accumulation of 1-3,k-
: Dihydroxyphenylalanine in the Tyrosine-Tyrosinase Reaction,
Biochem. Ja, 1938, 31, 2162.

74, Fitzpatrick, T. B., Human Melanogenesis, Arch. Derm. Syph.,
1952, 65, 379.

75. Fitzpatrick, T. B., Becker, S. W., Lerner, A. B., and Montgomery,
H., Tyrosinase in Human Skin: Demonstration of its Presence,
and of its Role in Human Melanin Formation, Science, 1950,
112, 223.

76. Fitzpétrick, T. B., Brunet, P., and Kukita, A., The Nature
of Hair Pigment, in '"Biology of Hair Growth", Montagna, W.,
and Ellis' R. Ao’ eds., Acad. PreSS’ N. Yo, 1958’ P 2550

?77. Fitzpatrick, T. B., and Kukita, A., Tyrosinase Activity in
Vertebrate Melanocytes, in "Pigment Cell Biology', Gordon,
M., ed., Acad. Press, N. Y., 1959, p. 489.

78. Pitzpatrick, T. B., and Lerner, A. B., Biochemical Basis of
Human Melanin Pigmentation, Arch. Derm. Syph., 1954, 69, 133.

79. Fitzpatrick, T. B., Lerner, A. B., Calkins, E., and Summerson,
W. H., Occurrence of Tyrosinase in Horse and Fish Melanomas,
Proc. Soc. Exp. Biol, Med., 1950, 75, 39k,

80. TFlesch, P., Inhibitory Activity of Extracts of Mammalian Skin
on Pigment Formation, Proc. Soc. Exp. Biol. Med., 1949, 70,
136.

81. Flesch, P., The Role of Copper in Mammalian Pigmentation,
Proc. Soc. Exp. Biol. Med., 1949, 70, 79.



82.

83.

84,

85.

86.

87.

88.

89.

90,

9l.

92.

93.

ok,

95.

ot

120,

Flesch, P., and Rothman, S., Role of Sulfhydryl Compounds in
Pigmentation, Science, 1948, 108, 505.

Florkin, M., The Free Amino Acids of Insect Hemolymph, Proc.
Lth Intern. Cong. Biochem., 1959, 12, 63. }

Foley, J. M., and Baxter, D,, Observations on the Morphology
of the Locus Coeroleus and Substantia Nigra in Infants, J.
Neuropath., 1956, 15, 219.

Forsyth, W., and Quesnel, V. C., Intermediates in the Enzymic
Oxidation of Catechol, Biochim. Biophys. Acta, 1957, 25, 155.

Foster, M., and Brown, S., The Production of DOPA by Normal
Pigmented Mammalian Skin, J. Biol. Chem., 1957, 225, 247,

Fox, A. S., and Burnett, J. B,,.Kinetics of Tyrosine
Oxidation by Crude Tyrosinase Preparations from Neurospora
crassa, Proc. Soc. Bxp. Biol. Med., 1958, 98, 110.

Fox, A. S., and Burnett, J. B., Tyrosinases of Diverse
Thermostabilities and Their Interconversion in NeurosEora
crassa, Biochim. Biophys. Acta, 1962, 61, 108.

Frederic, J., Beitrage zu Frage des Albinismus, Z. Morph.
Anth., 1907, 10, 216.

Free, A, H., Nonidentity of Gray Hair Produced by Mineral
Deficiency and Vitamin Deficiency, Proc., Soc. Exp. Biol.

Med., 1940, 44, 371.

Frieden, E., and Otteson, M., A Simplified Method for the
Purification of Polyphencl Oxidase, Biochim. Biophys. Acta,
1959, 34, 248.

Friedheim, E. A,, Das Pigment von Halla parthenopea, ein
akzessorischer Atmungs-Katalysator, Biochem. Z., 1933,
259, 257.

Geschwind, I, I., Li, C. H., and Barnafi, L., Isolation
and Structure of Melanocyte Stimulating Hormone from Porcine
Pituitary Glands, J. Am. Chem. Soc., 1956, 78, 4iok,

Geschwind, I. I., ILi, C. H., and Barnafi, L., The Isolation,
Characterization and Amino Acid Sequence of Melanocyte
Stimulating Hormone from Bovine Pituitary Gland, J. Am.
Chem. Soc., 1957, 79, 6394,

Gest, H., and Horowitz, N. H., Activation and Thermostability

~of Neurospora crassa Tyrosinase, J. Gen. Microbiol., 1958,




96,

97.
98.

99.

100.

101.

102.

103.

104,

105.

106,

107.

108.

109.

1z,

Ginsberg, B., The Effect of the Major Genes Controlling Coat
Color in the Guinea Pig on the DOPA-Oxidase Activity of
Skin Extracts, Genetics, 1944, 29, 176.

Goldsmith, W. N., Pigmentation, Brit. J. Med., 1936, 11, 43.

Gortner, R. A., A Contribution to the Study of Oxygenases,
J. Chem. Soc., 1910, 97, 110.

Gortner, R. A., Observations on the Mechanism of the Tyrosine-
Tyrosin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>