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20. ABSTRPL’T:

The electron transfer and free radical properties of melanins were
studied to dis~~ver whether melanin might protect the living cell
~~ainst toxic free radicals produced for ex~~~1e by solar irradiation.
The effects of sar€ stable radicals on the e. s.r. signal of autoxidative
dopa-melanin suggested that direct reaction between melanin free radicals
and other radicals was unlikely.

The ability of melanin to catalyse the in vitro axida -ion of rai*r ed
nicotinamide-adenine dinuclectide was shcMn to be independent of the
melanin’s free radical properties and an electron transf er mechanism
was proposed. Melanin did not catalyse the oxidation of 3, 4-dibydroxy-

~f1en~1alanine sbowing that m elanin does not catalyse its c~n formation.

Cbddation and reduction of autoxidative dcça-mel.anin were studied.
Reduction with neither ascorbic acid nor sodium dithionite led to
any overall increase in the number of 5, 6-dihydraxyindole units in
the melanin polymer. The melanin was oxidised using respectivley
potassium ferricyanide and ceric su].~~ate solutions but in neither
case was the melanin e.s.r. signal diminished.

The interaction of melanin’s free radicals with cupric ions was sh~~n
not to be chanical in nature. The nizrber of bound cupric ions was
determined and the value used to calculate the nt~rber of free radicals

• in autoxidative dopa-inelanin. -
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SUNMARY

The electron transfer and. free rad ical properties of melan ins were
studied to discover whether melanin might protect the living cell against
t oxic free radical s produced for example by solar irradiat ion. The
effects of some stable radicals on the e.s,r. signal of aut oxidative dope—
melanin suggested that direct reaction between melanin fre e radicals and
other radicals was unlikely .

The ability of melanin to oata lyse the in vitro oxidation of reduced
riicotinamide—adenine dinucleotide was shown to ~be independent of the melanin t a
free radical properties and an eleotron t ransfer mechanism was propose d..
Melanin did not catalyse the oxidation of 3,4.-dihydroxyphenylalanine showing
that melanin does not catalyse its own f ormat ion.

Oxidation and reduction of autox idative dopa—melanin were studied.
Reduction with neither ascorbic acid. nor sodium dithionite led to any overall
increase in the number of 5, 6—dihydr oxyindole units in the melanin polymer.
The melanin was oxidised using respectively potas sium ferr icyanide and ceric
sulphate solution s but in neither case was the melanin e.s.r. signal
rliminj ahed.

The interaction of me1~~in~s free radicals with cupric ions was sho~~
not to be ~hemica]. in nature. The number of bound cupric ions was determ ined.
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1.

INTRO WC TION

Melanins are irregul ar polymers derived biosynthetically from tyrosine , dopa
and possibly dopamine and which occur in human skin , retinal pigment , hair , wool,
feather, the skin of rept iles and fish, the ink sac of cophalopods, the liver of
axolotls, the pineal gland, malign ant melan oma , and possibly the brain of man and
monkeys (Substa ntia nigra ). Current Views on the structure , c~emist ry and
biosynthesis of melanina arc reviewed by Swan) In 1928 Raper suggested that
melanin s were polymers of indole—5, 6—quinone derived via oxidat ion of tyros ine
through dopa, dopaqu inone, d.opaohr ome and 5, 6—dibydr o~~Tnd olo. This is now
believed to be an oversimplification. Other compounds of suitable roactivit
(particularly pheno lic compounds, or other intermed iates in the Raper Scheme
may be incorp orated into the polymer; and subsequentl y some of t he polymer
unit s may undergo structural changes owing to oxidation .

In 1954 Commoner et,al .3 detecte d electron paramagn etic resonance signal s
in natural melanin and proposed that the paramagnetism was due to free radical s
t rapped in the pigment . The trapp ing of fre e radi~ale by a growing polymer has
been damonstrated in the case of polymethac rylate.

The electron spin resonance spectra of melanina are general ly characteri sed
by single, usually structureless, absorpt ion lines, g—values near 2 and a
paramagnetismn t hat is permanent . Blois’ compared melanin g—va lues with those from
aromatic radical s of kn own structure and concluded that the unpaired electron is
delocalized over one or at most two aromatic rings.

It has been suggested6 th at melaniris might part icipate in cert ain biological
redox re action s and it was shown that melanin s cat alyse the in vitro oxidation
of reduced nioot ixioaide—adenine dinuc leotide . The cataly tic act ivity was
inhibited by pharmacological ly activ e compounds that combine with melanin ench
as ohlorpr cmazine and chloroqui ne.

In addition it has been suggested7 that melanin, having free—radi cal
properties, might prot oct the living coll against toxic free radic al s ~~~~formed by radi ation). Little is yet kn own about these properties of melanins
and of their possible biological function .

The aim of the present work was to investigate the electron transfer and
free radical properties of molanins.

-



2.

R~~ULT5 AND DISCUSSION

It was suggested6 that the ability of melanin to catalyse the in vitro
oxidation of fl—NAIl! was related to melanin’s free—radical properties. Blois
however has shown that the radicals in melanin are ext remely stable. The e.a.r.
signal was unaffected by treatment of the melanin with acid or alkali or ascOrbic
acid. He attributed this stabi ity to the radical being buried deoply in the
three—dimensional polymer.

An alternative explanation to a radical mechanism might be that oxidation
of 3—NAIL! occurs via, an electron transfer process. Quinone units in the melan in
might act as electron acceptors, subsequent reoxidation of the reduced melanin
being achieved by molecular oxygen.

In the present work it was shown that the melanin—catalysed oxidation of
13—NAil! was independent of t~e ~~~~~~~~ free radical properties. The approach
used was based on the known ability of cupric ions to quench the parama,gnetism
of’ the melanina. A sample of autoxidative dopa-melanin was divided int o two
equal batches one of which was treated with excess of cupric ions. Residual
copper was removed by rigorous washing with 2N—hydroohloric acid. The cupric ion
treated melanin showed no e,s.r. signal in contrast to the control batch which
showed the characteristic melanin resonance.

The catalytic abilities of the two samples w~~e compared. The oxidation of
3—NAIl! was followed. manometrically in the T~1arburg~’ apparatus at 37~ and pH 8.0.
The rate of oxygen consumption was the same for both samples indicating that the
oxidation was not catalysed b~ the free radicals within the melanin polymer. This
was consistent with the known ’ stability of melanin free radicals.

Further evidence against a free radical mechanism was the observation that
the o.s,r, signal amplitude of aut oxidativo dopa~-rne1anin was not changed after
prolonged treatment with 3—NAIL! at pH 8.0.

The phenothiazinos, ~~~~~~ trifluoperaz ino, chiorpromazine, promethazine and
othopromazine inhibit the8~á~i1ity of melanin to catalyse the oxidation of 3—Nail!.
Those compounds are known ‘ to bind preferentially to melanin—bearing tissues
and a possible explanation might be that bound phenothiazine molecules block
the reaction centres of the melanin polymer.

Van Woert 6 suggested that treatment with the phenothiazine might result
in a reduction in the number of free radical s in the melanin. This explanation is
less likely as the radicals have been shown to be extr.mely sta~~e. The same
argument might be raised against the findings of Forrest ot,al. who reported
that chiorpromazine treatment reduces the free radical signal of melanin by
approximately 50%.

In the present work autoxidative dopa~-melanin was stirred with a solution of
ohiorpromazine at pH 5.0 for 20 hours. The melanin was collected, dried and the
amount of bound ohlorpromazine was determined. The phenothiazine was extracted
into ethanol and its concentration determined by a u.v. method. The melanin was
found to bind its own weight of chlorproinazine.

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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The e.s.r. spectrum of the ohlorproma,zino—treated sample (corrected for the
weight of bound chlorpromazine) was compared with that of a control sample. The
signal amplitudes were the same showing that treatment with chiorpromazine
resulted in no reduction in the number of melanin free radicals.

It has been suggested that melanin having free-radical properties , might act
as a “free radical trap ” arid protect the living cell against toxic free radicals
produc ed for example by solar irradiation. Little however is yet known about
these radical scavenging properties of !nelanins , It has been reported 11 ‘that the
diphenylpicry]hydrazyl (DPw) radical reacts with melanin in a 50% ethanolic
pH 5.5 phosph ate—citrate buffer. The reaction was shown11 not to be a radioal-.
radical reaction but instead a simple hydrogen abstraction by DPFH to form the
diphenylpicrylhydrazine.

Smaller free radical s might be able to penetrat e to the radical—containing
regions of the polymer and react with the melanin free radicals. The effect of
the small Fr~ ay radical (I) was studied.

S O K
O — N ~ ~ (I)

S0~K

Autoxid,ativo d.opa.-melanin was stirred for 2 hours with an alkaline (pH 9.0) solution
of (

~~
. EXcess of Fron~y radical s were decomposed by treatment with 2N-thydrochloric

acid and the melanin was collected. The e.a.r . signal amplitude wa~ identical
with that of a control sample that had not been treated with (I ) .  This showed
that a radica l—radical reaction had not taken place .

Similarly , no change in e.s r . signal intensity was observed when aut oxidative
dopa.-melanin was tre ated with an acidic solution of Wursters blue , radical—cation
(‘I).

N — 

<~~~>~~
it Br

These results substant iate the trapped tre e radical hypothesis and suggest ‘that
direct reaction with other radical s (o~~. toxic radical s formed by radioly sis of
compounds present in the organism) is un likely.

In 1942 Rothman1’3 reported that melanin obtained from ‘the ink sac of the squid
or produced by the autoxidation~~’ dopa was light9ned in colour from jet black to
light tan by ascorbic acid. More recently B1ojs~ showed that the e.s.r. signal of
squid melanin was unaffected by mild tr eat ment with exeess of ascorbic acid. The
melanin turned dark brown indicat ing that melanin colour and parnmagnetism are
independ ent of each other .

I
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In direct contrast Mason7 reported that tho e.s.r. abso rption of Sepia —

melanin was halved in intensity after reduction with excess of ascorbic aci~,4Further conflicting evidence was presented by Chauffe, Windlo and Friedman.
They reported a 64% decrease in c.s.r. signal intensity after heat ing wool
melanin under reflux overnight with 2M .-ascorbic acid.

In all cases natural melanin ~wnples were used which may or may not havecontained ~dmixed protein t ogether with variou s param agnetic ions (ed. Cu’~’,
Fe3~ or J.b~ ~~

). Praoe pupric ions catalyse the oxidation of ascorbic acid at pH
values less than 7.6)- In addition ascorbic acid is rapidly decomposed when
heated. These decomposition reactions might interfere with the molanin—ascorbic
acid reaction and lead to erroneous conclusions.

The effect of mild ascorbic acid treatment on ‘the physical and chemical
properti es of aut oxidative dope-melanin was investigated. This ~~nt hetic melanin
contains no paramagnetic ions or admixed protein and would not be subject to the
above side—reaction s, The melanin was stirred at room t emperature for 21 hours
and ~,

) 5 days with excess of ascorbic acid at pH 9.0. No change in e.s.r. signal
intensity was found in either case. In addition the reported?’14 colour change
was not observed. Rapid aerial oxidation of reduced melanin was ruled out as the
melanin was not lightened in colour when the reduction was carried out under
nitrogen.

Colour ohani~e observations having proved inooncluBive recourse was made to
alte rn ative methods for stuc~ring ‘the course of tho ascorbic acid reducti on of
melanin . Reduction of indcle-5,6-~q’ujngne unit s would result in an incroa se in
the number of 5, 6—d.th.ydxo~xyindolo units and this might be determined by methoxy—
analysis after metb,ylation with diazometbane. Treatment of melanins with
diazoaethane result s in the methylation of carb oxy— and phenolic groups to give
methoxy—groups which are determin ed by the Zeisel method. An increase in methoiy~-value after ascorbic acid treat ment would indi cate that reduction had taken place .

A sample of aut oxidat ive dopa-melanin was divided int o two equal batches and
one batch was stirred with ascorbic w’~id at pH 9.0 for 2 days. Both samples were
methylated exhaustively with diazometharie and their rnethoxy— values were compared.
The ascorbic acid treated sample value (19.3~ ) differed only slight ly from that of
the control (18.01%). It was thus concluded that reduct ion had not t aken place to
a significant extent.

The possibility that melanin might cataly se the aut oxidati on of ascorb ic acid
with out itself und ergoing any permanent ph.ys~cal or chemical1 1hazige was investigated.
Ascorbic acid is a weaker acid (IC1 -~2 i 10~~; K2 - 6 x l0’~~ ) ‘then dehydroasoorbic
acid (ic1 — 6 x io4; K~, - 1.2 x I0~~) and oxidation prooeeds with a decrease in
pH. The rate of decrea~e in pH was used to monitor the rat e of aut oxidat ion of
ascorbic acid in resp ectively the presence and absence of aut oxidative dopa-4nelanin.
The rates were found to be identical showing that melanin does not cata ].yae the
oxidation of ascorbic acid.

Experiments were carr ied out to ascertain whether treatment with other
reducing agents might b~~ng about a pronounced lightening in colour of the melanin
pigment • In 1939 ~Figge reported that melanin. are turned light tan on treatment
with sodium d.tthicnite but no experimental details wore given. In the present work
autoxidative dope-melanin was stirred for 5 hours with a sod.tuin dithicnite solution
at pH 11.0. Both the malanin colour and e. ca. signal intensity were unchanged
after this treatment.
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The sample was exhaustively mothylated with diazomethane and methoxy— values
were determined as described above . The value found (18.2%) was extreme ly close
to that of a control sample (18.0%) and showed that no overal l increase in the
number of 5,6—dibydr oxyindo le unite had taken place.

Autoxidative dopa~melanin was however appreciably lightened in colour when
the sodium dithionite reduction was carried out under nitrogen. The light bro wn
coloured melanin was precipitated under nitrogen by the addition of 2N—hydrochloric
acid. The sample darkened ~n oentrifu gation and after drying in vacu o over
phosphoric oxide for 3 days was jet black , A possible explanat ion might be that
after removal of the solvent rapid aerial oxidation of the reduced melanin took
place.

Similar observations were reported by ]~~s, Abramson and Kat zman.17 They
found that reduction of melanin. with sodium borobydSide yielded clear , pale brown
solutions that were stable for several months at —60 • The solutions were unstable
at room tempe rature and darkened eubstantial]..y on drying .

If indeed the free radicals in melanin are extremely stable a number of
questions remain unanswered. Blois5 report ed tha t the e.s.r. signal intensity of
squid-melanin was dependent upon the state of hydration of the sample. Upon
drying, the signal amplitude increased to a maximum of six t imes its orig inal
intensit y and then decreased to about twice the initial value. The e.a.r . signal
was not eliminated when the melan in was h eated in oxygen at 200 .5000. The signal
was however destroyed when the melanin was treated with a sufficient ly high
concentration of cupri c ions. Blois suggested that the small cupric ions are able
to penetrat e to the deeply buried free radical sites. The question as to why
oupric ions and water molecules, but not oxygen molecules, penetrate to the
radical sites was unanswered.

Melanina are bygroscopic and can bind up to 30~ their own weight of water.5
The effect of hydration on the e.s.r. signal of aut oxidative dopa—melanin was
studied. A melanin slurry was stored for 20 hours in vacuo over calcium chloride .
The part ly dr ied melanin was divided into two equal~batches. (k~e batch (hydrated
sample) was weighed into an e.s.r . tube and the tube was ismediately sealed. The
second batch (dehy drated sample) was dr ied to constant weight I~i vaouo over
phosphoric oxide. The measured weight loss showed the hydrated sample to cont ain
i~ 4 by weight of water.

The o.c.r. signal intensities of the two batches were identical indicati ng
that the free radicals were not destr oyed. In cont rast to the spectr a of Blois
the above signals showed no saturation effect s over the range of inoident microwave
power used. Thi . would confirm Blois ’5 suggestion that the decrease in signal
intensity he observed was duo simply to a variation in spin—lat tice relaxation
time and not to a chemioal. react ion between bound water molecules and the melanin
free radicals.
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F~periment s were carried out to discover whether the observed5 interaction of
cupric ions with the melanin free radicals was of a chemical nature. Cupric ions
might penetrate to the radical sit es and oxidise the buried radicals by an electron
transfer react ion . To test this ~~pothe sis the effect s of other oxidising agent s
were investigated. In 1939 Figge reported that melanins reduced by sodium
dithionite were re—ozidised. by pot~~siun ferricyanide. More recent kinetic
studies by Gan , Haberman and Meno&° showed that melanins are rapidly oxidised
by pot aseiuzn ferricyanide.

Aut oxidative dopa~melanin was stirred with a solution of potassium ferric y.anide
for twenty minutes at pH 10. The e s.r. signal intensity was unchanged showing
that treatment with potassium ferricyanid.e does not destroy the melanin free
radical s.

No change in e.s.r. signal intensity was al so found when the melanin was
stirred for five minutes with a ceric sulphate solution at pH 3. The resulting
melanin was wormed (60—70°) with 3.6 N-sulphuric acid to remove bound cerium
cation.. Cerous ions were extracted ~nd their concentration (28~ by weight )
was determ ined by u.v. apectro y~opy. The strongly oxidising cerio cations were
thus shown to be reduced to Ce by the melanin without the melanin e.s.r.
signal s being affected.

The above results suggested that a cupric ion cata lysed oxidation of the
melan in polymer was unlikely. An alternative explanation might be that cupric
ions cata lyse decarbo xylation reactions ~~~~~~ (iii) —+ (IV) showed in
FIGURE 1.

This was shown not to be the case as the e.s.r. signal of autoxidative
dopa-melanin was not eliminated when the sample was decarbozylated (230°, 0.1
me Hg, 12 h).

Zinc salts are ~mown19 to catalyse the rearrangement of aminoohroiuee to
5,6—dihyd~~xyindolea and by analo~ r might cata lyae the re action (III) —+ (Iv).
Lukiewics studied the effect of zinc ions on the e.s.r. signal amplitude
of melanin pigment from dnmaged amphibian eggs and embryos. The resu lt s were
difficult to interpret and different melanin prep arations gave widely different
responses. Lukiewicz postulated that the observed response was dependent on
the number of paramagnetic ions in the various me~~nin pr~pa ra tion s. Natural
melanine contain para magneti o ions ~~~~ Cu2

~, p~ or ~~i’~4 )  that partly quench
the melanin free radical resonance. Replacement of these ions by di~un~geetic
zinc ions would be expected to increase the free radical signal.

-

~ 

-- -
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Aut oxidative dopa—melan in , unlike the nat ural melanins contains no
param agnetic ions. Treatment of thi s melanin with zinc ions might be expected
to show the tru e effect of the ion s on the melanin free radicals. The melanin
was stirre d for five minutes with zinc sulphate solution . The e.s.z.  signal
inten sity was unchanged after this treat ment showing that zinc ions do not
react with the melanin radicals .

The above result confir med Lukiew icz ’ finding that zinc ions have no effect
on th e e.s.r . signal s of melanin samples that have been boiled with concentrated
hydrochloric acid and paraniagnetic ion s thu s removed.

The above results indicated that the int eraction between melanin free radicals
and cupric ions was not chemica l in nature and further confi rmed the extreme
stability of th~ radicals. These conclusions were consistent with the recent work
of Sar na et.a l .’~ who showed that the apparent reac tion of melanin tree radical s
with para megnetic copper was a purely physical consequence of magnetic d.tpolar
interaction . Paraniagnetic lanthanide ions ~~~~~~ Q~j3~ eliminated the e,s.r . a~~nal
of bovine choroid—melanin whilst chemical ly similar diama gnetic ions £~~ • La~~were without effect. Compet it ion experim ent s between diama gnetic and par amagnetic
metal ions for melanin bindi ng sites indicated the presence of several dist inct
types of binding sites.

The melanin samples studies by Swart z2’ were isolated by a mild extraction
procedure that left pr otein still incorporated in the granules. His results are
therefore subject to two limitations. The t rue melanin e.s.r. signal might be
part ly quenched by paramagnetic cont aminations accompanying the non—hydrolysed
peptide renu~ants. Secondly metallic ions might preferential ly bind to protei n and
thu s lead to erroneous conclusions about the true melanin binding sites.

A study of the metallic ion binding properties of autoxidat ive dopa—selanin
might give a bet ter indication of the nat ur e and number of the melanin ’s binding
Bites . This melanin contains neither admixed prot ein nor paraznagnetic ions and
would not therefore be subject to the above lmmitatior .c.

The e.s.r. signal of autoxi dative dop a—melan in was eliminat ed after the melanin
was stirred for fi ve minutes with copper sulph at e solution . In a second experiment
the copper sulphat e treated melanin was wash ed. three t imes with 2N—hyd.rochloric
acid. The e.s.r. signal was not re stored indicat ing that bound c~pric ions were
not removed by acid washing.

Autoxi dative dopa—melanin was treated with excess of cupr ic ions and the
amount of bound cupri c ions was quant atively determined. The initial approach
was to remove the bound cupric ions as their yellow..brow n, sparingly soluble
sodium diethy ldithiocarbaniat e complex, 2 to extract this complex int o carb on
tetra chior ide and to determine the cupri c ion concentration colorimetrica lly
against standard solutions. . The procedur e was unsuccessful as the tight ly bound
cupric ions were not removed by the complexing reagent .
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In a modified procedure the melanin was boiled with concentrated nitric adid
for three hours. The pale yellow solution was evaporated to dryness and the
residue was treated with sodium diethyldithiocarb aniate solut ion. The copper
diethy ldithiooarbamate complex was determined coloritnetrically as described above.
The result showed that 90 mg of autoxidative dopa-nelanin bound 0.75 mg of cupric
ions after treatment with an excess of cupric ions (12.8 ng).

A similar result was obtained using a melanin preparation that was washed
four times with N—hydrochloric acid. after treatment with copper sulp1u~te solution.
70 m~ of the melanin bound 0.5 mg of cupric ions confirming that bound cupric
ions were not removed by acid washing.

Little is known about the nature and number of melanin—cupric ion binding
sites. In addit ion the relative number of binding sites to free radicals is not
known. If one assumes a monomer molecular weight of 147 then 0.75 mg of bound
cupric ions per 90 ing of melanin is equivalen t to one bound cupric ion per 50
units of monomer. Aut oxidative dopw-melanin therefore contains relatively ~ew
cupric ion binding site3. This synthetic melanin contains no admixed protein
and it is possible that protein present in natural rnelanins might provide
additional binding sites.

Other aspect s of melanogenesis were investigated. These included a study of
the effect of pH on the rate of oxidat ion of dopa. Oxidation of dopa to melanin
is usually achieved by the enzyme tyrosinase at pH 6.8; although under alkaline
conditions (ev en at pH 8.0) this can be achieved by autoxidat ion. It was of
interest to ascertain whether the oxidat ion of dopa at pH 6.8 could be achieved
in the absence of enzyme but presence of melanin i.e. that melanin might
cat alyse its own formation .

The rat e of oxygen uptake during the conversion o~ dopa into melanin was
followed manornetrically in the Warburg apparatus at 37 . The aut oxidation of
dopa at pH 6.8 was found to proceed very slowly after a long induction period.
Identical results were obtained using respective ly 0.1 M-phosphate and 0.53 M—
citrat e buffe rs showing that both the rate of oxidation and the induction pe~iod
were independent of the buffer solution used. The oxidation was not catalysed
by autoxid.a t ive dooa—cielenin and it was therefore concluded that melanin does
not catalyse its own formation at pH 6.8.

Under alkaline conditions ~t pH 8.0 the autoxidation of dopa was more rapid.
The results were not reproducible and on separate occasion s appeared to fall int o
one of two types. The slower reaction required 4 atoms of oxygen per molecule
of dopa oxidised whilst the faster process required 7.4 atoms of oxygen per inol.
of dopa. These values are to be compared with the results of Mason and Wright . 23
They found that the enzy mic conversion of dopa into melanin required between 2.9
and 4.6 atoms of oxygen per mol. of dopa oxidised . The exact values depended
on numerous factors such as pH, temperature and enzyme purity.

The quantities of hydrogen peroxide produced during the two types of oxi dat ion
were determined by precipitating the melanin with 3.6 N— sulphuric acid and titrat ing
the clear supernatant with 0.1N—potasaium permanganate solution. The slower reaction
produced 1.3 mol. and the fast er reaction 2.7 mol . of hydrogen peroxide. Hydrogen
peroxide decomposit ion was ruled out as “20 volume” hydrogen peroxide was shown
manometrical ly to be stable at 370 and pH 8.0.
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The above results suggested that the oxidation of dopa in phosphat e buffer
pH 8.0 might proceed via two different mechanisms. The results however were
not rep roducible and ~~?inite conclusions could not be drawn.

The enzyznic preparation of dopa—melanin was investigated. Binn s et.al .24
studied the oxidation of dopa at pH 6.8 and 20° in the presence of mushroom
polyphenol oxidase . The resulting melanin was not centrifugable (300,000 g~ and
was precipitated with 2N—hyd.rochloric acid. In contrast Van Woert reported 5
the preparat ion of insoTuble enzymic dopa—melanin that was readi ly centrifuged.
In this preparation dopa was oxidised at pH 6.8 and 370 in the pre sence of
purified mu shroom tyrosinase.

The above reactions were further investigated to ascertain the factors that
detemine the solubility properties of enzyrnic dopa—melanin. In two separat e
experiments dopa was oxidi sed with mushroom tyrosinase at pH 6.8 for 24 hours.
The first experiment was carried out at 370 and the second at 190

. Melanogenesis
was rapid at 370, the solution beca me red almost isinediately and the melanin was
readi ly centrifuged (1,500 g, 5 sin). At 19° oxidation was much slower and the
resulting melanin was not centrifugable. The solubility properties of enzyrnic
dopa—melanin therefore depend on the temperature used for itB preparation.

The above preparat ions were carried out in buffered solut ions at pH 6.8. This
ap~roach suffers the limitation that the melanin night absorb ~norgsnic ions (e.g.
Na and K~ ) from the buffer solution. Mason, Ingram and Allen 1 reported the
preparation of enzymic dopa -melanin in 30% yield in distilled water as solvent .

This result was surprising as the inherent acidity of the distilled water
might be expected to prevent the cyclisation of dopaquinone to leucodopachrome and
thus inhibit melanogenesis. Attempt s to repeat the preparation were unsuccessful.
Oxidation of dopa in triply—distilled water in the presence of mushroom tyroainase
gave very low yields (3—5%) of melanin. The final solutions were acidic (pH
3—4.5) and this acidity probably prevented further melan in formation.

Harley—Mason 26 reported that the oxidat ion of 6—methyldopa (v) with mushroom
tyrosinase at pH 6.85 gave the product (VI ) as a stable yellow solution (see
Figure 2). All attemptu to isolate ~~~ solid product or bring about arearrangement to an indole were unsuccessful.

In the present work the autoxidation of 6—xnethyldopa at pH 8.0 was studied.

6—Methyldopa rapidly took up one atom of oxygen at pH 8.0 to ‘ive a stable,
yellow solution . The u.v. spectrum was different to that reported’~6 and resembled
the spectrum of the starting material. The u.v. chramophoro was unchanged after
nitrogen gas was bubbled through the solution for 18 h. This ruled out the
formation of a weak mole~ular complex between oxygen and 6—methyldopa 

~~~~~~~~ 
the

yellow complex obtainod 2
~ by the oxidation of’ NN—dimethylaniline).

E.s.r. studies by Wertz et.al.28 indicate that some oxidation of the dopa
side—chain takes plaoe during The autoxidation of dopa to melanin. A possible
explanation of the above result s thus might be that oxygen uptake by 6- methyldopa
result s in the oxidation of the side—chain.
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‘4

Preparat ion of Autoxidatjve Dopa.-Melanin. — ~~ —3,4_Dibydroxyphenylalan ine (125 rug)
was dissolved in 0.1 )cphosphate buf~er of pH 8.0 (50 ml). Oxygen gas was passed
for 18 h thro ugh this so].ution at 37 . The melanin was precipitated with 2N—
hydrochloric acid. (5 nil), centrifuged, washed with water (10 ml) and dried in vacuo
over phosphoric oxide; yield Ca. 60 rug.

Oxidation of Reduced Nicotinam,ido—Adenine Dinucleotide (j3—NAII~) was studied
maziometrically by the Warb~urg apparatus~~ at 37’~. The main compartment of’ each
flask contained aut oxidative dopa.-rnelanin (15 rug) suspended in 0.1 14-phosphate
buffer pH 8.0 (4.0 nil). The side arm contained 3—NAIl! (10.3 m g )  iu O.l M-phosphat e
buffer pH 8.0 (0.8 ml). The inner cup contained 10% sodium hydroxide soTution
(0.2 m l )  and the gas phase was lOO~~ oxygen.

~Lectron Spin Resonance Spectra were recorded on dry, powdered, melanin samples
(35 rug) at room temperature. A Hu ger and Watts Microspin X—Band bridge
spectrometer with a rect angular eavity operating at 9400 MHz in the H01, mode was
used. Magnetic field modulation at 100 KHz with phase sensitive detec~tThn was
employed and first der ivat ive curves were p lotted by the pen recorder. g—values
were very close to that of’ diphenylpicrylhydr azyl.

The range of microwave power employed was such that saturat ion effect s were
not observed.

ELectron Spin Resonance Samples were prepared by the following general procedure .

Oxygen gas was passed for 18 h at 37° through a solut ion of (j)—3,4—dihydroxy~phenylalanine (250 rug) in 0.1 14-phosphate buffer of pH 8.0 (100 m]J. Aliquots
(50 ml) were t aken, 2N—hydroch !oric acid (5 ml) was added, the melanin was
collected by centrifu~ation and washed with water (10 ml) .  The resulting slurry
containing Ca. 60 rug of melanin was used in the experiments described below.

In all experiments a control aliquot (50 ml) was taken and the melanin
isolated as above. Thi s sample was not subjected to chemical treatment and was
used as a standard for comparison of e.s.r. signal int ensities. When “identical
signal amplitude” is stated the observed peak heights wore equal to ~ 5%.

Treatment of Autoxidative Do~pa...Melanin with 3—NA~ !. — Distilled water (10 ml) was
~dded to a melan in slurry ~~~~ 60 mg )azid the prof the suspension was adjusted to
8,0 by the dropwise addition of 0.05 N sodium hydroxide solution. A solution
of 3—NAIl! (50 rug) in 0.1 M-phosphate suffer , pH 8.0 was added and the suspension
wee stirred at room tempe~aturo for 20 h. The melanin was precipitated by the
addition of 211—hydrochloric acid (5 ml) , centrifuged, washed five times with
0.1 N-.hydroch!orio acid and dr ied in vacuo for 3 days over phosphoric oxide.
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‘4’ Treatment of Autoxidative J~pa-.Melanin with Chlor~romazine. — The pH of a
solution of chlorpromnazine hydrochloride (300 rug) in disLilled water (30 ml)
was adjusted to 5.0 by the dropwise addition of 10% sodium hydroxide solution .
Thi s solution was added to the melanin slurry (e~. 60 rug) arid the mixture was
stirred at room t emperature and pH 5.0 for 20 h. The melanin was precipitated
by the addit ion of 2N.-hydroohloric acid (5 ml) ,  centrifuged, washed 3 times with
0.1 N—hydrochloric acid and dried in vacuo over phosphoric oxide.

The amount of chiorpromazine bound to the sample was deter mined by a u.v.
met hod. Tho dry melanin (50 rag ) was stirred for 2 h with ethanol (50 in].). 211-
hydrochloric acid (2 drops) was added and the suspension was centrifuged. Th~ethanolic suapernatant was decanted , it a u.v. spectrum was recorded and compared
with that of a chlorpro mazine solut ion of b~own concentration;
x (ethan ol): 210 ( E. 21,500), 257 ( 

~~. = 32,400) and. 310 ( E. a 4, 200) nm.
I~8~~e1anin sample contained chlorpromnazine (26 mg).

Treatment of Autoxidat ive Dopa,.-Mc].anin with Potassium Nitro sodisulphonat e. —

Potassium nitrosodisulphonate was prepared using the procedure of Singh.~~
To a slurry of the melanin (

~
. 60 mc) in di stilled water (10 ml) was added

a solution of the radical (200 mgj in dilute sodium hydroxide solution, pH 9.0
(10 nil ). The suspension was adjusted to pH 9, 0 by t he dropwise addition of 0.05
14—sodium hydroxide solution arid stirred at room temperature for 2 h. The pH of
~he mixture was maintained close to 9.0 during the course of the reaction by the
dropwise addition of the dilut e alkali. 2N—hydrochloric acid (6 ml) was added,
the melanin collected, washed 4 time s with o.3 N—hydrochloric acid (each 20 ml)
and dried in vacuo over phosphoric oxide for 3 aays.

Treatment of Aut oxic]at ive Dopa—Melazi in with 1~1~N• N’—t etrametJ~yl—p—phenylenediaminoBromide. — The radical was prepared by the oxidation of N’N’—tetra~~thyl—~—phenylenediamine with bromine in acetic acid as described. by Wurster.

TO
~
a melanin slurry (

~~
. 60 ra g) was adde d a solution of the radical (50 rag)

~~ 50% 4 aqueous acetic acid (20 ml). The suspension was stirred at room
temperature for 5 minutes. The melanin was precipitated by the addition of’ 211—
hydrochloric acid (10 ml), centrifuged, washed twice with 0.1N—bydrochloric a~id
arid dried in vacuo over phosphoric oxide for 3 days.

Treatment of Autoxidative Dopa—Melanin with Ascorbic Acid. — a) To a melan in
slurry (

~~~
. 60 rug) in distilled water (10 ml) was added a solution of ascorbic

acid (20~~mg) in distilled water (30 ml). The mixture was adjusted to pH 9.0
by the dropwiee addit ion of 0.05 N—sOdium hydroxide solution and was stirred
at room temperature for 21 h. The pH was maintained close to 9.0 during the
course of the react ion by the addition of’ alkali. 211—hydrochloric acid (5 ml)
was added, the melanin was collected, washed 4 time s with 0.]. N—hydrochloric
acid and dried ii i vacuo over phosphoric oxide for 3 days.

~,
) !~cperiment (~~

) was repeated with the modification that the reaction mixture
was stirred at room temperature and pH 9.0 for 5 days.
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c) A solution of aacorbio acid (200 rag) in 20% sodium hydroxide solution (10 ml)
was added under nitrogen to a melanin slurry (

~~~
. 60 rag) in 20% sodium hydroxide

solution (10 ml). The suspension was stirred under nitrogen at room temperature
for 5 h. The melanin was precipitate d by the addition of 4N—hydrochloric acid
(30 nil), centrifuged, washed 4 time s with 0.1 N.’-hydrochlori~ acid and dried
in vacuo over phosphoric oxide.

Methylation of Aut oxidative Do~pa-Mc1aruin with Diazomethane. — An excess of
etheral diazornothane (8 ml) was added to a suspension of the finely ground
melanin (100 rag) in other (15 ml) and the mixture was stirred for 12 h. Ether
and excess of diazornethane were distilled off. The whole process was repeated
twice and the residue was dried in vacuo over phosphoric oxide for 3 days.

Aerial Oxidation of Ascorbic Acid. — a) The pH of a solution of ascorbic acid
(200 nig) in distilled water (20 in].) was adjusted to 9.0 by the dropwiso addition
of 0.05 N—sodium hydroxide solut ion, The solution was stirred at room
temperature for 90 minutes and pH readings were taken at 5 minute intervals.

b) ~ cperiment (~) was repeated using a mixture of autoxidative dopa.-inelanin
Ic~. 60 rag) and ascorbic acid (200 tag) in distilled water (20 ml).

Treatment of Autoxidative Dopa—Melanin with Sodium Dithionite. — a) To the
melanin slurry (ca. 60 rag) was added a solution of sodium dithionite (200 rag )
in distilled water (20 ml) and the pH of the suspehaion was adjusted to 11.0
by the dropwise addition of 0.05 N—sodium hydroxide solution. The mixture was
stirred at room temperature for 3h , acidified with 2N—hydrochloric acid (5 ml
and melanin collected, washed 3 times with 0.1 N—hydr~oh1oric acid (each 15 ml
and dried in vacuo over phosphoric oxide.

b) A solution of sodium dithionito ( 200 tig) in 20% sodium hydroxide solution
~10 ml) was added under nitrogen to the melanin slurry (ca. 60 m~) in 20%
sodium hydroxide solution (10 ci). The mixture was stirred under nitrogen
for 5 h at room temperature. 414—hydrochloric acid (30 ml) was added under
nitrogen and the light brown co!oured melanin w~s precipitated. The colour
darkened appreciably after the melanin was centrifuged and dried in vacuo
over phosphori c oxide for 3 days.

Moth~.y1at ion of Autoxidat ive Dopa—Melanin with Dimethyl Sulphate. — Diniethyl
sulphat e (2 ml) was added~ with stirring under nitrogen to the melanin slurry(~ . 120 rug) in 20% sodium hydroxide solution (20 ml). The suspension was
BtIrred under nitrogen at room temperature for 5 h. The melanin was
precipitated by the addition of 2 N—hydrochloric acid (60 ml), washed 4
times with O.05N—hydrochloric acid and dried in vacuo over phosphoric oxide
for 3 days.
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Treatment of Autoxidative Dopa—Melanin wtth Potassium Ferricyanidc. — A solution
of’ potassium ferricyanide (500 trig ) in distilled water (20 in].) was addod to the
melanin slurry (

~~~
, 60 rag). The susponsion was adjusted to pH 10 by the dropwise

addition of 0.05 M-sodiwn hydroxide solution and stirred at room temperature for
20 minutes . The ~H of the mixture was maintained close to 10.0 during the course
of the reaction by the dropwise addition of the dilut e alkali. 2W—hydrochloric
acid (10 ma].) was added, the melanin collected, washed 5 time s wits 0.05 N—
hydrochlQric acid (each 20 ml) and dried in vacuo over phosphoric oxide ~or 3 days.

Treatment of Autoxidative Do~~~Melanin with Ceric Sulphate. — A solution of
eerie sulphate (120 rag) in distilled water (10 ml) was added to the melanin
slurry (~~. 60 rag). The suspension, pH 3.0, was stirred at room temperature for
5 minutes, The melanin was centrifuged, washed twice with 0.05 N—sulphuric acid
and dried in vacuo over phosphoric oxide for 3 dayB.

Bound cerous ions were determined by a u,v. method. The dry melanin (50 rag)
was stirred for 30 minutes at 60_700 with 3.6 N—sulphuric acid (10 in].). Water
(35 ml) was added and the melanin was centrifu~ed, The acidic aupornatant was
decanted, its u.v. spectrum was recorded and compared with that of a cerous
sulphate solution of kaown concentrat ion.
~~~ (water) : 212 (1 = 280), 223 (

~ = 370), 241 ( £ = 680) and 253 (€ = 770)
rim. ‘The melanin sample contained cerous cations (14 rag).

Treatment of Autoxidative Dopa~-Me1anin with Zinc Sm4phate. — A solution of’ zinc
sulphate (250 rag ) in distilled water ~l0 ml) was added to the melanin slurry
(Ca. 60 rag) and the mixture was stirred at room temperature for 5 minutes. The
rn~Tanin was centrifuged, washed twicc with distilled water (each 20 ml) and
dried in vacuo over phosphoric oxide for 3 days.

Treatment of Autoxidative Dopa~-Me1anin with Copper Sulphate. — a) A solution of
copper sulphate pentahydrat o (250 rag) in distilled water (10 ml) was added to the
melanin slurry (~~. 60 rag) and the mixture was stirred at room temperature for5 minutes. The melanin was centrifuged~ washed with distilled water (10 ml)
and dried in vacuo over phosphoric oxide for 3 days.

b) ~~porimcnt (~) was repeated with the modification that the melanin was
waBhed 3 times with 2W—hydrochloric acid (each 10 ml) and then dried in vacuo.

Determination of Cupric Ions Bound ~~ Autoxidative Dopa.-Melanin. — £) Two
identical melanin slurries wore prepared as desói’Ibod p. 12. Ono batch was dried
to constant weight in vacuo over phosphoric oxide and the dry weight of the
melanin slurries det ermined.

To th e second melanin slurry (90 mc dry weight of rrielaniri) was added a
solut ion of copper sulphat e pentahydrate (50 rag) in distilled water (10 ml)
and th~ mixture was stirred at room temperature for 5 minutes. The melanin was
centrifugc4, washed with distilled water (10 ml) and boiled with concentrated
nitric acid (20 ml) for 3 h. The solution was ‘~vaporated. to dryness (steam—b ath)
and the residue dissolved in a mixture of N—sulphuric acid (1. ml) and distilled
water (9 in].). 0.1% Sodium d .iethylditbiocahamate solution (10 ml) was added and
tho copper diethyldithiooarbomate complex was extracted 6 time s with carbon
tetrachloride (each 5 ml). The complex was det ermined colorimnet rically against
standard cupric ion s4..lutions.



16

The melanin contained 0.75 rag of bound cupric ions.

b) &perirnent (a) was repeated with the modification that the melanin (70 rug
dry woight ) was washed 4 time s with N—hydrochloric acid (each 10 ml) after
treatment with copper sulphate solutIon.

The melanin contained 0.5 rag of bound cupric ions.

Autoxidation of (a)—3,4—Diuiydroxypherwlalanine. — Oxygen uptake was measured
manomnetrical ly by the Warburg apparatus at 37~. The main compartment of the
flask contained (~)—3,4—dihydroxyphony1alanine (0.6 rag) in 0.114—phosphate
buffer (2.8 ml ). 

-

When experiment s were carried out in the presence of melanin the main
compartment contained (a)—3, 4—dihydroxyphenylalanine (0.6 rag) together with
aut oxidative dopa~-raelanin (0.35 rag) suspended in the 0.114-phosphate buffer
(2.8 in]).

In all experiment s the inner cup contained 10% sodium t~ydroxide solution
(0.2 ml) and the gas phase was 100% oxygen.

Preparation of Diz~ymic Dopa—Melanin. — a) Mu shroom tyrosinase (3.7 rag, 10,200
catocholase units) was added to a solution of (a)—3,4—dihydroxyphenylalanine (125
rag) in 0.1 14-phosphate buffer, p!l 6.8 (50 ml). thcygen gas was passed through the
solution at 37° for 24 Ii. The melanin was centrifuged (1,500 g, 5 rain), washed
twice with distilled water (each 10 ml) and dried in vacuo over phosphoric oxide
for 3 days.

Yiel d 63 trig.

b) &porimen t (~) was repeated at ]90
, The melanin was not centrifugab]e

Tl,500 g, 30 rninj.

2,) 14ishroomn tyrosinar~c (4 rag, 11,000 catecholase units) was added to a solution
of (,~)—3,4—dihydroxyphenylalanine (100 rag) in triply—distilled water (30 ml).
Oxygen gas was passed through the solution at 37° for 4 h. The melanin was
centrifuged, washed with distilled water (1.0 ml) and dried in vacuo over
phosphoric oxide for 3 days.

Yield 5 rig.

Aut oxidation of 3,4~Di}wdro~y—6—maothylphony1alanine, — Oxygen uptake was measured
rimnomnetrically in the Warburg apparatus at 37g. ‘1~ie flask contained 3, 4—dihydroxy—
6—msethylpheriylalanino (0.6 rag) in 0.1 N-phosphate buffer pH 8.0 (2.8 ml). The
itmer cup contained 10% sodium hydroxiac solution (0.2 ml).

After oxidation was complet e the resulting yellow solution was removed from
• the Warburg flask, diluted with distilled water (10 ml) and its u.v. spectrum

was recorded.
(H 0) : 207 ( E~ = 7,600), 233 sh. ( £ 3,700), 280 ( £ — 1,800) and 340

• (r:l,~00)~~m.
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