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SUM MARY

Tins study of time oxidaiionn aind reduction of svnrtiretic 3 ,4-dilnydroxv-on4-pineinvlalanninie

nnelanmin innis demonstrated tinat (a) time electronn excimanmge witin nmehanmin particles is bi-
pimasic; (b) about 25 ‘� of tine inmdole unmits are orn time surface of meianminn part iches; (c) melanmin
exists predominmanntly inn tine quinnonmoid oxidized form, uvinicin is suitable for those innterac-
tions inivolved inn the formatiomn of cimarge tramnsfer complexes; (d) t ire reduced form of
melanminm is slowly reoxidized by air.

I NTROI)UCTION

p Sinmee t ire nnacronmmolectmlar pigniennt nmeltn-

nun cani exist inn eitimer ann oxidized quinronnoid

on. nt rednnced hmvdroquinmoid fornm, it belongs
t 0 a family of oxidat ionm-reduct ion �)olymers
in tine sense of H. G. Cassidv’s (hehnnitionn

(1).

However, nmela.ninr differs from nmmaniv svn-
timetic oxidat iomn-reductioni polymers inn t hna.t

its mr-electronn system can be eonnjugated

thmroughmout its structure, and timus time pig-

ment. possesses ()thmer specific characteristics.
As a result of tinese characterist ics, (a)
melanmirn cain ila� a role in biological oxida-

tionn-reduct ionn processes as amm oxiclat iomm-
reduction buffer. (b) ‘ulelanminn is assunmed to

be a semiconductor (2), arid thins its elec-

tronuic state anrd related characteristics nmmav

elicit unique biological properties. (c) Mela-

nm may play aim iniportannt role in irnter-

molecular innteractiorus. Its (1uinmonmoid fonnn

functionus as a in-acid amnd nmav specifically

1 Present address, I)epartmemit of Cineniistny,

(eorgetowmi Ummiversitv, Washimigtomi, I). C. 20007.

inutenact � in niat chninng in-bases t o I ornu

charge tramnsfer coniplexes, �vinich are sinmilar
to thnose fornied uvitim .niahl nmiolecuhes (3).
Tine formationn of chnange tranmsfer conmphexes
uvithn rn-acids fn#{128}�1uenmtiv occurs uvit hr l)lamnar

niolecuhes cnnrryinmg a imeteroat onm , nnamely,

imeteroarornat ic conmpounmds sucin as ( 1ininro-
lines, anmd l)hmelmot iniazinmes. Ilm(lee(l, drugs

coiutainninmg thnese niolecular structures are

likely to be bounmd by time oxidize(l forum of

melamninm inn hivinng aniimmtmls anmd t inns become
localized iii t issumes contaimminmg nnelanninn gramm-

tiles.

Since t imese 1)noI)ert ies depenrd onm t 1it’ oxi-
dationn stttte of nmehaninn, �ve have studie(l tine

oxi dat ionn mmd reduct ion of mmmelamninn fornmmed
by t me act ion of tyrosilmase nm 3 , 4-o�lihny-

droxy-IL-phnenryhmlarninre (nn4-dopa) . \\‘it in t mis
niodel syst enm \V� imoped 1o obt aiim innsight

into tire oxidat ioni-reduct iomm I)roPen�t ies of

time quinminmoid pigmnennt presenrt inn muttoral

melaninr grammules.

M ETHO I)S

.F’reparation oJ Dn4-dopa iiielan in. \ lehamninn
was pn’epared by tine actioni of tynosinnase
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F’m�. 1 . I\ifl(tics of o.rida.tion of I)L-dopa ,,,elanin wit/i Fe’� (col/ve a) and its rc(luction with Tii+ (curve b)

Imi hot 11 expeninnemits the reactiomi mixture was placed iii the polanogmaphic vessel, and the diffusion
cunm’emit of t lie I)mmntictmlmur 1011 was detemnnimied polarogmaphically at. given intervals. The react.iomi tempera-

timre was 27#{176}.The comisuniption of the oxidatiomi or reductiomi reagemit is expressed as the mnunnber of elec-

t.romis cOIlSminne(l � imidule unit (el.imid. U.). The valime 0.0 at the electromn �er indole unit axis correspomids

to) the osrigilmal oxidatiomu-reductiomi state of the m)n9-dopa immelatmimi imsed in the expeninment . Poimit.s A arid

B represemit time comisommmnptiomi of the oxidizimng or redumciiig agemnt at zero time amid were obtaimied by the

cxtral)olatiomi of the comrespomiding cnmrves, ‘I’he conmpositiomi of the reactiomi niixtmmre imi the oxidatiomm

expeninmemit (curve a) was 160 ml of a 0.25 �i sodiunn oxalate solutiomi, 10 nnl of a 2.137 X 102 M Fe2(S04)3
solut ion imi 0.5 ur H2S04, and 10 ml of a nielamuimi suspension in distilled water comutaimiimig 32.4 mg of dry

melanimi, equivalent to 2.219 X 10� M indole umuits. Imu the reduction expemimemmt (curve b), the reaction

nmixture contaimied 20 nml of 0.1 ii sodium oxalate and 1 .un H2804 solumtiomi, 7 inn) of a nnelamnin suspemusiomn
imm distilled water comutaimming 34.75 mg of dry nmelammimu, equivalent to 2.38 X 10� ut immdole umiits, and 5

ml of 7.58 X 10-2 M TiCl3 solmmtiomm imi 1.8 .un H2S04.

on dopa according to time procedure of

Potts (4). Time separatiomn of melanninm by
cenmtrifugationi uuas accelerated after time fine

particles uvere precipitated by additionm of

acetic acid; 60 ml of glacial acetic acid
were added to 600 nil of reaction mixture.
Attempts to separate particles of uniform

size uvere nnot successful. Time material uvas

purified by repeated suspension in distilled

uvater alternating uvith centrifugation arid

uvas finally suspended amid stored in uvater

at. 3#{176}.Before use, the preparation was resus-

penmded by vigorous stirring for about 5

mum, aimd aliquots were removed. Time dry

weigimt of nmelanninn un one of time aliquots

uvas timenn determinmed.

Melanin isolated fronm tine suspensiomi by

centrifugationu and dried inn a vacuum mad

different characteristics from those of the

original sample. Time particles were larger,

more compact, and irard; even after pro-

longed treat merit. inn water they never re-

gainned their original characteristics.

O.ridation -reduction. experiments. Fei+ uvas
used as tine oxidizing agent, and Tim+ as tine

reducinng agent, in reaction media that were
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FIG. 2. Polarographic (amperometric) titration

of DL-dopa melanin with Ti3�

The reagemit was 0.1042 M TiCl3 solomtiomn imi

dilute snmlfuric acid (1:10 by volumme). The reac-

tiomi mixture consisted of 25 ml of 0.1 M oxalic acid
amid 1.0 M sulfuric acid, amnd 5 ml of melammimu sums-

pemisiomm imn distilled water commtaining 15.8 mg of
dry nmelanimr, equmivalemit to 1.082 X 10� M imndole

umnits. The height (iii millimeters) of the diffusion

current at -0.9 V (vs. a 0.1 M mercurosulfate

electrode) was read inmnnediatel� after additiomi of

Ti2t Point C was obtaimied graphically.

suitable for polarograpimic analysis arid si-

multaneouslv provided time st abilizat iomn of
the ionms (see legends to figures). Time oxida-
tionm-reduction potentials of botim reagemuts
are appropriate to accomplisim timese proc-
esses. St andard polarograpimic procedures

uvere used to deternmiire the comncenntration

chmanmges of time ionms formed (Fe2�, ‘i’i��)

upon reaction of tine reagennt (l1’ei+, Ti3�)
with melanmiiu (5). Tine polarograpim used i�r
the experiments us-as time Sargernt XIX model.
Time polarograpimic cell was provided uvitim a

mercury dropping electrode (t = 7 mini)

and uvitim a normal mercurosulfate (1 N

Na2SO4 and 0.1 N HgSO4) referenmce electrode
separated whim aim agar bridge. Time imeigimt
of the anodic Fe2+ oxidation uvave uvas read
at -0.73 V againmst a 1.0 N HgSO4 elec-

trode; time hmeighmt of time Ti” catimodic wave

uvas read at -0.90 V against a 1.0 N HgSO.,

electrode. Under time experimenmtal condi-

tionis used, 1 cm of tine scale (Ii.) corresponmded

to 2.137 x 1O� electronm equivalennt for tine
oxidationi experiment arid to 0.9975 x 10�
electron equivalent, for 1he reductionn cx-

periment.

RESULTS ANI) DISCUSSION

Conjugation of tine nmelatmimn electronn sys-

tem occurs only svimemm time inidividual inidole
rings are in a molecular plane or wineim time

angle of tuvist of two inmdohe units is small.
Thmis conformatiorm of time molecule most
probably occurs ssinen mehammimn is inn its

higinly associated state; e.g., uvhenn it is dry

or uvhen it is chaniged from its original
higimly solvated, dispersed state by precipi-
tation uvitim acids. Tine black color of timese

pigments probably results from thus large,

extended molecular ir-ehectromn system. Thus

a large number of electrornic tranmsitionms may
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FIG. 3. kinetics of slow oxidation. of DL-dopa

melanin by Fe2’

The sanmple of dry nmelamnin used imi this expeni-

merit, 14.6 nmg, corres�)om1dimng to 1.0 X 10� nu

indole umnits, was suspemided imi 5 ml of 2.38 X 10�2

M Fe(S04) soiumtiomu imn 0.5 mmsulfuric acid (except
for the first mumi, imi which 10 ml were umsed). The

reactiomi mixture was shakemu for 48 inn at 27#{176}
anaerobically. The commsumnpt iomm of the reagemmt in

the sumpermiatamit fluid was detemmimned P0lamO-

graphically. The neagemit wnus themm rej)laced amid

the expeninmemnt was comitimmue(l. The oxidatiomm

irocess is exl)ressed in miumnml)erS of elect.rouis per

imndole umnit
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I

occur witim snnahl differennces iii ennergy. Since

finest’ trammsitionns ttI�(’ observed inn tine regioni

of visible light , I int’ color of time pigmenmt

appears to be black. Moreover, during oxi-

dat iou or reductioni of nmehanniin, time elec-
tronmic tramnsfers are j)resunmablv nuot local-
ized on ninny specific inmdole unit. Instead,

t hnt’:�’ are reflected by chmaniges inn tine entire

ir�elecl ron framework of tine molecule.
Xevertheless, t inc oxidatiomm-reductionn

i)1�ct’55t05 inn ( )uinnonmoid-irydro(1uinmomnoid �.5
tenmms of this nmmacn)nmolecule are based onn time

sanme pm’innciples as t Inose of monnomeric qui-
hones. Inn genmeral botim types of systems are
oxulize(l annd reduced as follouss:

Quinnonme + 2e -4-- 2 H+ � inydroquinnonne

P( )larograpinic st undies of t ime monnomeric
systenm imave beenn carried out iii solutionm

(6). Time slope of tine polarograpimic curve
amn(l of Iner cinaract eristics prove I mat bot in

electromr annd protonn transfer are fast pm’oc-
t’sses, aind tinerefore tine quinnonme-invdroqui-
liOlit’ system nmav be directly titrated (7).
Tine cohhisioin of reagenit or solvent molecules

uvil hr nmolecules of inisoluble melainimm simould
tnls() result inn nn fast electronm anmd proton

trnunsfer.
As simowmn in l”ig. 1, time kimmetics of both

time oxidatiomn north reductionm of nrelaninn by
excess amounnts of time reagemnts imndicates
t \V() distimict processes, one very fast arid

tire oilier slouv; i.e., omme portiomm of time rca-
gennt is connsumed inmstanmtaneously annd tine
otirer portionm is consumed at a measurable
rate. Sinice tine diffusiorn of time reagent
molecinhes fronm tine bulk of the reaction
nmixture to tine surface of the melanminm par-

tides lIi a uvehl-mixed system simould be fast.

enmougim to make time enutire process instan-
tamneous, time rate-deternminuing process for
the slouv electromi excimainge is probably the
diffusiomn of tine reageint into time matrix of
the particle. Tinus, time fast electromn cx-

chmanmge probably occurs on the surface of

time particles, amnd time slouv process inside the
particle. This picture is inn good agreement
uvith result.s of similar oxidation-reduction
studies ummdertakenn uvith synthetic oxida-
tion-reduction polymers such as hydroqui-
nonue oxidationn-reduct.ion polymers (8). Ex-

trapolationi of tine kimuetic curves to zero

TIME, (m�n)

FIG. 4. Reoxidation of ,‘e(lu(’ed form. of Dn4-dopa

melanin b!J air

A 10-nil aliqumot of nielamnimi suspemisiomi imi dis-

tilled water, comnespondimig to 37.86 �g of pigmemut

amid equmivalemnt to 2.59 X 10-i mmimidoie umiit.s, was

redumced imn 20 nil (.)f 0.1 mmsodiumnm oxalate amid 1.0 mm
sumlfunic aci(1 solution witim 5 mmmlof 7.64 X 102 M

TiCl3 in dilute sulfuric acid (1 : 10 by volume) . The
comicemitnatiomi changes of the reagent were deter-

mimie(I polarographically (curve d). The reactiomu

mixture was themi imicumbated for 120 miii, arid the

reduced nmelamni mu was sepamat ed by cemitmi fugation,
washed with dihmte sulfimnic acid amid water umndem

N2, and suspemnded imi distilled water. Aim was

bubbled into this suspemisiomi for 30 mm. 3ielammimu

was isolated by cemmtnifumgatiomn, amid the reductiomm

step was repeated (curve e). Points D amid E, ob-
t.ai mmd graphically by extrapolation , correspomid
to the comisumptiomi of the meagemit at. zero time.

The ratio of the values of D amid E (30: 144) immdi-

cmites that omilv about 20�’�. of the sumrface imrdole

was reoxidized by air imi 30 miiimu.

time yields values correspomndinug to the
number of exchannged electroins per indole
ummit of time macromolecule (points A and
B). Time value is 0.02 electronn/indole unit
for the oxidatiomn process annd 0.48 electron/
inmdole unit for time reductionn process. These
values clearly show that melanin exists
mainly inn time oxidized form and that tine
ratio bet.uveen the number of indole units in
quinnonoid and hydroquinnommoid form is 25:1.

Time sum of the oxidation and reduction
processes gives the total capacity of the

melanin inn the fast electronm processes. From
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tine data shnownn inn I”ig. 1, this value is 0.5.
Iii additionm, time mnumber of electronns re-

1unired to reduce tire quimnonoid form of line
ili(lole umnits ti)mn tire surface of time melamninm

particles was estinmated by adding increas-
ung amouints of ‘fjm+ As simouvmm in II’1ig. 2,
I ime titrationi curve is bipinasic, time irnitial

h)�t1’t of time curve beinrg hinnear annd tine seconnd
part being curved. Inntersectionm of these tsso

pinases gave a value of 0.5 electron,/imndole
omit, uvhnicln closely approximates time value
of 0.48 eiectromm/inndohe unmit obtainned inn

I”ig. 1. Sinnce 2 electromns are required to
reduce I iie t1uirmoiroid forni of time imndole
umnit, timese fimndinngs inmdicate that omnly about
25 �:‘� of the total Imumber of immdole unnits imi

I ire melanninn I)articles are readily accessible
to timese processes.

The grnmphm iii I”ig. :3 nepresemmts tine shosv

oxidatiomm process of melanninm witim I’ei+. Tine

curve approaches arm asymptote of 2 dcc-

ronns/inndole unit. Sinnce nnelanminn exists pre-

domirnanntly in time quinnonroid oxidized form,

imis extrenmely slow oxidation of melanin by

Fei+ is riot related to time oxidationm-reduc-

mom processes us-itmini time quinnomme-inydro-

()uinonme oxidat ionn-reduct iomn system, but.
rmmav represent. cross-linmkinng. Tine removal of

2 electronns/inndole ummit suggests a deinydro-

gennation process in wimicim 2 hmydrogenm atonis

are removed. Since the formationn of a new

o� bonnd betuveenn tsvo nreighborinmg indole

units requires time removal of 1 electronm for

each inndole unit, tire data suggest. time for-
matiomu of two g bonmds per indole unnit.

I”igure 4 shnosss time results of ann experi-
menmt inn uvinicin the melalninm sample was first

partially reduced by treatmenmt witim excess

Ti3� for 2 hr and timen reoxidized by bub-
blinmg air unto time sus))enmsionm for approxi-
match’ 30 mum. �I)nhv about 20� of time par-

tiallv reduced inndole unnits onm time sunrface of
the melanimm uvere commverted to I ineir originrah

state, whicim suggests tinat. tine reoxidatiomm of
tine reduced form of mehammimn is rallier slow.
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