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I. INTRCDUCTICH

The oxddases are the Satalysts which are direotly concermed with
asrobic ilife., These ennymes are setallo.proteine, among the best-
charscterized of which are the copper.proteins, urisase, ascorbic acld
oxidage, lacouse, and the phenclese comsplex,” whieh s the subjeot of
the pressut dissertation, Tie properties of this snsymo, or engyus Com-
plex, have Leen Lhe subjest of investigatica for over 60 years. The
phenolage coaplex &z dellnud as thatl eopper-sontaining eczyme or encyme
complex whleh oxtalyzes the sercble oxidstion of monow and griho-dinhydris
phenols %o grihg-qulnones. Ihus depending upon the vesstinn sonditions,
the pheneluse eomplex may eatalyze the incorporation of one atom of oxygen
into a solecule of wovophenol, ar the oxidative dehydrepensiion of dlphencls
to gpribg-quincnes,

1) monophenol + 0z = gorthg.quinone + K0

2) 2(grgho-diphensl) + 0, = 2({grtig-gidnons) + 2H,0
is indioated in sguations 1) and 2), that oxygen which is not inoorporated
into a monophenol, iz reduced direstly to water, Ne hyirogen peroxide ie
formed, |
“The phenolrse sonplex hus been given s variely of mames (such sz phenol
oxldses, polyphenol oxidose, tyrosinuse, dopa 'xidsse, eatecholase, cste-
¢holase, oresolase, and phenclaowe) depsnding in pert upem whioch phenolie
subaterate was belng investigated. The torm "phenclizse conplex® is used
throughout this dissertation to emphasise the unsertainty of the ldentily
af the sotive ecenters uhich ostalyse reactions 1) snd 2),



One of the major questions regarding the phenclase complex has been
whether the two activities (equations 1 and 2) are catulysed by separate
enzymes, & single enzyme with separate catalytic cemters, or a single
enzyme with identical catalytic centers. Since mammalian phenoluse com-
plex is relatively specifie for tyrosine and dopa {8 -(3,4-dihydroxyphenyl)-
alanine), a study of optical specificity might be expecied to elueidate
the relation of the two setivities.

IX. REVIEW OF THE LITERATURE

The literature review has been divided inte two sections, the first
of which deals with the general problem of the nature and action of the
phenolage ocomplex, and the second eonsiders the problems which are more
specifically related to mamalian phenolase complex and the melanoeyte.
A. HNature and action of the phemolase gomplex.

Pugh and Raper (1) presented convineing evidemce that g-quinones
may be formed from mono- and g-dihydrie phenols in the presence of pheno.
lase complex (extract from the mealworm, Jenebrio meliter), by isolating
the anilino-g-quinomes and proving their structure by analysis snd syne
thesis. Identical amiline-g.quincnes were formed from the engymic ouida.
tion of phenol and cstechel, and from p-oresol, m-dresol, and homocatechol.
The formation ol g-quinone by the enzymic oxldatiom of eatechol has been
confirmed polaregraphically by Doskoeil (2).

The following eriteris establish the phenclase complex as a copper

enzyme:
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(1) The cepper content of purified preparztions is prosortional to
monophenclase snd to diphenolase setivities (3,4).

(2) Removal of aopper results in a loss of activity which 3s regained
when copper is replaced., Uther metals ere ineffective in resctivating the
engyme (5.8).

fotato phenolase gomplex (6) takes up carbon monoxide in the prosence
of diphenol in the molar ratlo GO/Gu ¥ 0.5, The carbom memoxide complex
is not dissociated by light, but is stolohiometrically dissociated by HOM,
From this it is suggested the enzyme is in the euprie stats in the presence
of alr and absence of redusing sgents, is reduced to the cuprous state by
g-dighenols (6), and that two copper atoms are nsseolsted (9) so that they
Bay comblne with ene moleculs of wygen.

An interesting phenesmenon, whioh was recognized early, wae the auto.
eatalytie nature of monophenol oxidition: the maxismm rate of monephenol
exidation is preceded by an Andustion period (10) which may be eliminsted
by the addition of small smounts of sn g-diphenol (6,19,11), 1In sttempiing
to explain the autocatalytic mature of momophenol oxidition, Omalow and
Robinson (12) and later Riehter (13) proposed that diphemols are onzyrd.cw
ally oxidised to grtho-quinenes and hydrogen peroxide, which then may
segondarily oxidize monophencls to the corresponding diphenols, Against
this hypothesis were the observations that (a) the catechol-phenolase com-
plex rescticn, followed lodometrically, was not affected by added catalase
or peroxidase (14), (b) p-arescl or phenol could not be non-enzymieally
oxidised by me:ns of gebensoquinone (14), (e) the rate of disappearance
of hydrogen perexids, under nitrogen, was the same in the presence or
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absencs of p-eresol plus phenolase eowplex (ib), and (d4) no trace of
hydrogen peroxide could be detectad poluregraphieally when catechel was
exidized by phenclase somplex and adr (2). Resently, 022° studies bave
provided eonvineing evidemoe that the oxygen atem incorporated into mono-
phenols, in the presence of either purified mushyreom phenolase complex
(15) or a orude mouse melanoms bLres (16), 18 derived szciusively from
mw'w, Adams and Selsea (17) demonstrated that the component
whieh eatalyses monophencl oxidation bas the characteristics of an enaywe,
that is, 4t is heat labile, is inactivated by dilute acids, it does not
pass through a semipermesble membrane, and 3t can be presipitated from
solution by addition of ammonium sulfate. ligwever, in the course of
purifying phenolaes gomplex from the common mushroom, Psaliicts sampestcis.
they were shle to separate fractions which comtainmed a higher ratic of
eresolase/catecholase aetivity (oxidative activity vhem peoresol or
vateghol iz used as substrate) than the starting material, as well as
fraoetions whieh gontained a lower eresclase/eatecholase ratio. They
eoncluded that separate ensymes were responsible for the oxidation of
mono- and diphencls. They were unsble to separate the activities start-
ing with extrscts from the mashroom, Laggtarins piperatus, (of. 18,19)
or the puff ball, Galwutla avatbifopads (17). Keilin snd Mamn (B)
chtained 2 highly parified ensyme preparation frem Psallicta sampestrls
which appeared to becoms highly specifiec for g.diphenols and unable te
oxidise monophencls, They coneluded that swe "additional factor® was
required for ihe oxidation of memophenols. Hubowits (8) commented that
g-diphemels, or other substances which shorten the indwotion peried
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observed in the oxidation of menophenols, were removed during the purie
fiention of the phenolase complex, nnd that Eellin snd Mamm simply
observed a long induetion peried. In an extensive study of the factors
wideh affect monophenol oxidation, lordner and Nelson (14) concluded
that the induction perioed which precedea the maximel rate of oxygen oon-
sumption (determined mancmetrieally) was "a)shortened by redusing agents
such as potassium ferrocyanids, alanine, hydroguinome and hydrogen per
oxide, a1l of which reduee O-quinones; b) prolonged by axidising agents
capable of oxidizing homesatechel to bomoquinone, such as potassimm ferri.
eyanide, a suspension of mangsnese dioxide and laocoase; o) prolonged by
the addition of sodius bensene salfinate; d) shortemed as the solution
becowes mors alkaline,” Therefors Bordmer and Belson {14) suggestod thut
diphencls astivate the enzyme to permit the oxidution of menophenols,
possibly as suggested by Hubowits (6), by nduaing eupric-onzyms to t.u
cuprous form., 7The resction mechaniem illustrated in Plgure 1 was pronosed.
Nelson, Dawson and co.workers (ef. 20) have amessed eonsidersble data
wiich, in comtradietion to earlier woerk (7), they interpret as supporting
the hypothesis of a ¢ingle ensyme oatziyming the oxidstion of both monoe
and diphenels.

When catechol is oxidiszed By the phemoclase complex, the enzyme is
progressively inactivated., This mtiutim is dependent only wpon the
smount of catechol oxidised, und not apen the rats of coddation, Nono-
phenols (p-eresel and hydrecuinome ) protect the enzyme agrinst this

*ﬂmmsﬂe was later showm to be oxddized partislly by the monophenci
mechanism (22) as well as Yy reducing g-guinone,
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"peagtion insetivation,® tut sscorbio neld {8 redueing agent) or Lenzele
aodd {sn inhibitor) affords no protective setiom {21). Hy ewploying
differential adsorption on alusina and ksolim (23), highly purified pre-
| parations of phonolase coaplex hsve been prepared from the common mushe
roon (Fpalliots sampegtrip) which have greatly different ratics of cate.
oholase aetivity (oxldutive zotivity when eatechol is used as substrute)
to oresolase sctivity (rate of exygen uptake in the presence of peeresol),
These have been called high catesholase or high eresclase preparations of
the phenolase couplex, For s serles of purifisd high sresolase preparations
(24), there appeared to be an upper lisdt of erssolase activity when based
on the umount of eateeholave activity, In these pmpamﬁmt. toth sotivie
ties were proportional to the copper content, and the ratio of sotivities
resesbled that in the fresh water extrast of the mushroom (28). For a
series of high onteciolase preparations, phemelase (rate of oxygen uptake
when phemol is the substrate) and eatecholase, but not cresolase activities
were proportlonsl to the copper content (25).

Honophenols snd diphencls are mutual Ainhiblters of caxddation estalysed
by phenolase complex as indieated 4m Table I. This sugeests that the cata-
lytic sites for the oxidation of mono. and grtho-dihydrie phenols are
sinilar, and may be identieal,

Hallette ond Dawseon (26) studied the elsctrophoretic behavior of five
preparations of phemolase complex froa Ppalliots euspestris which possessed
greatly difforent ratios of catecholase/eresclese aotivity and various
degrees of purity, snd concluded that all kvown propertise of the phenolase
somplex sould be explained on the baslis of a single enzyme capable of cata-
iysing the oxidstion of both aono- snd gedilydrie phenols. In order to



TABLE X

Hatual Inkibition of the Phenoluise Complex
by Henow- and Diphenolie Substrates

sopplex LXom Substrate Inhihited Qubstrate

L. Ssmpestris peorseal eatachol
{(in presence of phonal eateshol
ascorbic acdd) .
Beoresol  howsoeatechol
&, S-dimethylphonol &, S.dimethyl
gatechal
L. Sampestris dona tyrosine

or potate

{31,32)
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acoount for preparatiome with various eatechelase/eresolase ratios, 4t

was suggested that, during purifiestion, portions of the entyme were
suocoessively froguemted frem the eriginel molecule, resulting in an
inereased catecholase agtivilty svd o deqreased eresclase agtivity. This
explanation waz oonsidered to be sonsistent with the higher copper content
of high estecholase preparations compared with that of high oreselase pre-
parutions., One high esiechelase preparction was studled in the uitra-
contrifuge. It was esloulated to have a moleoular welght <f sbout 100,000
and four atoms of copper/meles. The vork and imterpretatiens of Nallette
and Dawson have besn discussed by Mason (§), =nd hy Singer and Kearney (27)
whe cite the nesd for suffiolent amsunts of uighly purified phencluse
gouplex to permit electrophoretie, uliracentrifugal, and phase rule stadlise
of the enayme,

It nov sppears certuin that both momephenolase and diphemolase asotivi-
ties aye coppeyr dependent, but the guestion of the structure of the phenow
lsse eouplex, ‘hat is, vhather the catalytic conters are idemticsl or
different and whether they reside on the sane or different proteins, has
not besn resclved. Bordner and Neleon's (I4) proposal that g-diphenols
sotivate the phenolase complex te sutalyse the oxtdation of monophemols
by reduoing cupric-ensyme to cuprous engyme, appears to satisfy the present
data tut eonalusive evidence remains to be obtalned,

B, Ipe melapooyie and sassaldan pReOlAEe CCRDLEX.

The resction sequence ocourrimg when tyrosine ie¢ ouidized Yo mslanin
precursors was first proposed by Reper (28), who studied ths aserobde
oxddation of tyrosine and dopa in the presence of phencluse complex
(Figure 2) fros the wealworm, Iemekrio molitoy (11,23). Raper desoribed
the reastion as procesding in three distinat steps:



Figure 2

Reaction sequende proposed by Raper (28) for the oxidation
of tyrosine to malanim precursors. See text for dlscussion,
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1) Tyrosine —> red substanee (oxidative, ensymie)

2) red substunoe —» colorless substance (nomecidative, non-enmywde)
3) oolorless substence —> melanin (oxddative, noneenzymis)

¥ and VII (Pigure 2) were isolated from the “solorless substinee” under
neutral conditions and in the presence of aeld, respectively, as sethoxy
derivatives (29). II was ildolated from the "eolorless substanes® (11).
The reastion II—>11I may be reversed by IV (30),(wiich would be simul-
tanecusly oxidized te V) or by other redueing agonts such as sscorbie
acdd (31,32). The presemce of V was spectrophotomstrieally confirmed by
Masen (33). The pelymerization to melsnin has recently been reviewod by
Mason (34,35).

The melenceyte (36) is o melanin-producing dendritie cell (37) frem
the neural orest (38.40) of vertobrate cubryes and, in adult mammale,
logated adjavent to the basal cell layer of the skin (37), in the hsir
bulbs (4143}, the leptomeninges (4k), the uweal traet (U5), and the
retinal pigment layer of the sye {48). HNalignant tumors of this eell are
called melanomas, The aytorlasm of the eells contsins (and apparently
produces) (47,48) granules pizmented with a brown or blask chemicslly
heterogenecus polymer (49-51), melamin., The melenin gramules stain
sindlarly tc sitochendria (52), but are structurally dissimilar {47, 53,
54). The granules appear to develop in specifie pigment-form:tion cemters
(48) from eytoplssmic vesisles by the depesition of comeentric lsyers
of mplanin (47). HMelanin gramules amd melanocytes have bwen studied
extensively by mesns of the sleetron wisroscope (47,53-57). The
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ergistoplasn and mitochondria (47,57) appear to be similar to those of
other oelis. An active phenolase complex has besn demonstrated in melan-
eytes from thorium X (37), or uvitraviolet (58) irradisted adult human
skin, wammalion {41-43) and avien hair bulbs, embryonic mammalian and
avian retinss and uveal tracts and embrionie chicken epiderwis (46).
(A1l of these studies, except that using thorium X, have involved the
use of Fitapatrick end Kukita's autoradiographie histochemical teehnique
with tyrosine-2.0M (41,42), as well as other technigues in the ease of
irradiated adult human skin snd embryonio chieken retinss.) The effects
of popper chelating sgents and sdded metul salts on vertsbrate melanoma
saspensions have Been interpreted as supporting the hypothesis that
vertebrate phemclase complex is copper dependent (7,.2,59). Melanim
granule suspensions have been reperted to contain, in addition to pheno-
lase eomplex, cytochroms o, cytochrome oxidase, and suceinie oxnldase
(60-62), However, the probable econtamination of the gramle suspensions
| with namercus witochondris {(ef.47) and methods of granmule preparation)
renders this interpretstion uneertsin., Rigoreus studies of the enzyme
distribution smong the ¢ell pmrticulates of the melanocyte have nct been
made. In sn esrly work, Hogeboom and Adems (63) demonstrated the pre-
senoe of ihe phenclase complex in erude ﬂaﬁ:_ln‘-?um transplantable
wouse nelsnome preparations, snd reported partial separation of mono-
phenolsse from diphenolase sctivities by means of fracticnal ssmonium
sulfate precipitation. However, Lerner, et zl., (64) were unzble to
show any separation of monephemclase from diphenclasc activity by
Hogeboom snd Adams' ammonium sulfage preeipitation metiod, by frastional
ethanol preeipitation, or by differentisl ecentrifugstion. During the
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fraotionation procedures, the induetion peried found with tyrosine
exidetion progressively incvesssed, but could be shortened in a linear
nanney socording to the logarithe of added dops eonsentration. The
induetion peried is minimal at about pi 6,8, It is ineressed by
inereasing tmsim n&;mntmt ion. The pi optimms for dopa exidation
is within the range of 6.5-7.5 (64,65). The optimal dopa concentration
is about 0,006 ¥ (65). High salt concentration lnhibits the ensysie
oxidati a of dopa (65).

ITI. SYATENENT OF THESIS

The dsmomstration of the relative speoifiolty of msmmalian thenc-
dase guaplex suggested the study of optisal speeificity as & mesns of
gaining iaforwmstion s: to whether the semplex sunsisis of s single active
slte on & single enzyme whieh catslyses the oxidation of both mono-
tud dihydroxypbencls, or whether these aotivities reside in separate
sutive centers. Sinee it has beem shown th-t griho-diphensis setivats
the enzymatie g-hydrexylation of monophencis, the sctivation spesificity
sy be sssumed o Lo the specilleity towerd gediphenocls of the site which
catalyses the oafdation of monophencls. The specificity for the oxidstion
of gediphencls (in the absence of monophenols) way bs assumed €6 be the
specificity of the site whigh catalyses the oxidation of gediphencls,

If the specifisities ave considera.ly different, separste astive sites
are aoot idkely invelved; but if 3he gpecificitier are sisilosr, the
probabliity of a single setive »ite which eatalyses the oxidation of
both mong. and g-d).hydru;rphnnm will be indieated.



Iv. MKETHODS

&,

Suspensions of melanin gr.nales were prepared from Hording-Psssey
mouse melancues by the meti.od desoribed by Hegeboom for the prepsaration
of liver mitochendria (68). Balb/C strain wdee,” which hed been trons-
planted with twmor material 2554 days prior to use. were killed by
neck dislosatien. The tumors (1.2-8.0 grams wet weight/tumer) were
immediately disseoted, stripped of connsotive tisswe, und chilled in
0.25 ¥ aqueons sucrose salation. The firam, “iazek tumor nmitericd was
blotted dry, weighed and Wmoed, in a ¢old room malnteined st 3 29C,

Homogenization: ) gram sliguots of wineed tiesue were suspended
in eold 0.25 ¥ swerose (18 «l./gm. of tissue) ind homogenized for two
minutes in 8 Potter<flvehjem hmnniur.“ Homozonduation was intsy-
rupted every half mimmte to normit Iriuhillint of the bwred in 2 sald walop-
iee buth.

| Fragtionation: 10 ml. of homogenats were carefully layored over
10 ni. of 0.3% ¥ suorose solution spd eentrifuged for 10 winutes st
700xG, acoslerating and deesleruting slowly to winimize mixing of the
lsyers. ¥ith a 1litile eare, the layers readned distinet, vith most of
the granules remaining in the wpper iayer, z few in the lewer lager,
and the muelear m terisl snd eellalar debris forming a soft pellct.
*Purchased from Hoscoe B, Jackson Memordal Leborstoriss, Bar Harbor, Maine.
**Purchased from A, B, Thomea Co., Fhiladelrbis, Pennsylvania.
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The entire supermatent wse plipetted off, care being taken not to include
any pellet muterial. The peliets were disearded.

The combined supernatants were ocentrifuged 10 mimutes zt 5000 g and
the resulting supernatant removed. In the initia) preparations (1 and
2) this supernatent was rewoved by desanting, but in the later ones, it
was pipetted off with & eapillary pipetie, sare being taken to rewove a
minimum awount of sedimented materisl.

The peliet was redispersed by Potter-Elvehjem homogenization im § ml,
of 0.25 ¥ sucrose per gram of tissue, and centrifuged for 10 minutes at
24,000 g. The supernstant, ineluding the poorly sedimented materisl, vas
decanted, The lust washing and cemtrifugation wes repeated onge, The
final psllet, whioh contained the grester portiom of the melanim grm
wnd essentislly no nucled or eeliulur debris (deterwined by mierescopie
exenination), wae redispersed as before, in & few ml, of 0.25 ¥ sneross,
and stored in the refrigerstor until used. Preparations ¥4 an' § were
in addition, stored at all times in an joe-water both, Al)l centrifuge-
tions were performed with a Servall model "3S1" angle-head centrifugs,
er for the high speed centrifugations, with a Spinco model "L" eeatrifuge
in a #40 rotor.

B, Reagenis.

All reagenty were prepared with distilled, deionized w:ter.

a} BPuffer. wmoncpotassium phosphate, reagent grade, Baker and
Adsmson. Fotassium hydroxide, C.7., Poker Anslysed.
0.1C ¥ phosphate, titrated to pli 4.8 with coneentrated
potassium hydroxide.
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b) D« or L.Tyrosine. Dissclved in phosphate buffer. Final
eccnoentration when present in resgtion vessel =
1.84 ¥ (1,00 mg./3.0 ml. of resotion fluld). Ori-
teria of purity are described in jppendix I,

e) D or L.Uopa. Dissoived in phosphate buffer. Final consen.
tration when present in reaction vessel = 1,60 M
(2,00 ng./3.0 ml.of reaction fluid) or 0,160 M
(0,10 wg./3.0 ml. of reaction fluid). Oriteria of
purity are deseribed in Appendix X,

C. Reagtlon Copditions.

Oxygen consumption was wmeasured in a Warburg respirometer. The
required substrates were esrefully pipetted into the reaction vessels
and the reactien mlxtures brought wp to volume with buffer. A filter
paper wiek in the center well of the reaction vessel was saturated with
0.2 wl. of 104 EOH, The total flask volums was about 25 or 3O wlk. The
bath temperature was muintained at 38.0°C, with an average deviation of
£ 0.005° by means of a Sargent wmodel “S" Thersonitor. Hrrors due to
barometrie pressure chan:es were minimized by resding the thermobsrometer
betwesn each palr of reaction readings. Zero time was determined by
tipping the melanin gramule suspension into the main compartment from

the side arm of the resetion vessel.
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V. RXPERIM:NTAL RES!1TS

Ao gotivation sindies.

The rstes of oxygen consusption in the presence of D. or L.dopa,
i-tyrosine, or Letyrosine plus catalytic amounts of D- or L-dopa, osta
lyeed by ihe phevelsse cosplex aotivity of mamsaiisn melanin gremules,
wore messured simmlteneously in separate resotion vessels. (A1l rese-
tion vessels were run in duplisate, snd sverage vslues are reported
aere,) Iedepa is oxidized sbout four times faster than Dedopa, by
Hawding-Fassey wolanin gravules (twelve complete experiments from six
granule preperations) (Pigure 3), and l.dopa astivotes the engymio
exidation of l.tyrosine to a greater extemt tham Dudope (Figures 3 and
5). Thus s relstive optical specifioity for L.dopa is observed st the
site of diphenclass sotivity and st the site of activation of monopheno-
lnge sctivity, Faotors wileh affeet the diphenolase seotivity, affect
the rete of activation ss indioated in Figure &4, Table TT demonstrates
the ingrense in diphemolass sctivity whieh ocours vhen granule prepira-
tions are stored =t 09C, Every change in diphenclase aetivity is
reflected by a change im the rate of setivation of monophenclase activity,
as indicated 4n Figure S, The rate of notivation of ensymatie mﬁnam
of I.tyrosine appears to be a function of the rate at whieh i~dopa may
be ensymically oxidised., This suggests thal the two funotions sre clossly
related,



Figure 3

Representative rates of oxygen oonsumption 1llustiating
the relation of subetrate optiecal speeificity to activationm
opticsl speocifieity. Oxygen consumpition was wmeasured in the
Jarbupg respiromster. Each vessel contained 0.18 ml of
melsandn gramile suspesnsion (Preparatiom 3{1), specific asetivity =
£.1 dopa units/mg H). Substrates: <urve 1, 1.00 ag IL~dopa;
ourve 2, 1.00 ag Dedopa; ouwsrwe 3, 1.00 mg Letyrosine pilue 0.10
ug I-dopa; curve 4, 1,00 mg L-tyrosine plus 0,10 mg Dudopa;
eurve 5, 1.00 mg lL-tyrosine. Heactdom conditions are des-
oribed in "Hethode,"
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Figure &

Inorease in engymie notivity of the melanin gramules
with storage at 09Q. Al vescels gontained 0.18 nl of
melanin gramule suspension (Preparation k) which hsd been
stored continuounsly st 0, Specific sotivities: ourves
3. 5.9 dopa units/mg N; curves 1, 8,1 dopa unite/mg ¥.
Hquilibration time = 19 minutes, Zero time was 27 hours
{curves 3, closed symbols) ond 101 2/3 hours (ourves 1,
open symbols) after saerificing the first anlmal for tumor
material, Substrates: ourves 4, 1.00 mg L-dopa; ocurves B,
1.00 mg lLetyrosine plus 0,10 sy L.dops; curves ¢, 1,00 ng
Iutyrosine plus 0,10 ag Dudopa, Reastion conditions are

dogeribed in "Hethods,®
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TABIE 1T

Change in Snzymie actdvity wlith Otorage
at Zewo Degrees, lentigrads

Diphenclase aotivity:
ulk Oz oonsumed per mimute

Hours after
sagrifies Exeparation & ~Lxepergtion $
27 1.76
;‘;-3 N ﬂ g‘c@?
36,5 : 2.1
775 2.20
101,7 2.45

161.9 2.35

Inoresse in diphemolase activity of 0,18 al aliquots of melanin gramuls
sugpension during storage at 09C. The time alspsed betuesn ssorifieing
the first animal for temor saterial wnd the “"sero time® of each axperi.
ment is compared with the rate of axygen ¢onsumed during the first twenty
sirmutes of eagh experiment when 1.00 ug of ldopa is the substrate,
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b Ireparation of soluble phenolage gomplex fresm Hapding-Pasgey melsuin
Arannles.

The ineresse in emsymic anctivity of the melsmin gramle suspension
(Table II amd Pigure &) during storsge st 0°C, sugpeeted that the granules
mway slowly beoums disrupted under these eonditions with pouib‘ln elution
of the phonolase scuplex, Sinee solubilisation of 2 protelnm is a pre-
requisite to purifiecstion, it was desireable to know whether mammaliawn
phenolase complex eonid be solubilized by 2 veletively simple tLechnigwe,
such as soniec disintegration «f the gramles.

Harding-Passey melmmin granules were prepared from 43,9 grass of
tumor which had been stored for 2-3 weeks st -h0®, as described in "Netiods.®
The finel melamin granuls pellet was redispersed in suffleient distilled
vater to meke a total vilume of 20 wl. The centrifuge tubes were rinsed
vith 6 ul, of distilled water, The 20 wl, portion was sonorated for 20
simutes in « Raytheon l0ke, 200 watt magmetostrietion oseillator. The
resulting aclution absorbed light intensely, and was optically clesr whem
viewed with the light micressope. The € ml, portion was sonorated §
sinutes and added to the 20 »l. portion. The coubined solutions were
eentrifuged as indicated inm the flow sheet (Figure €). The finsl super.
natant was divided inte three portions: |
1. The upper half of the supornatent, designated "Top Supermetent,” was
earefully pipetted off with a minleus of mixing, and was = elesy, light
golden color, sxoept for s smsll smount of lipid.

2. The "ilddle Supsrnatant” hed a color gradient fr a top to bettom of
1ight yellow to reddish black, 2nd was remeved se sbove,



Figurs 6

Fiou sheet desoribing the preparation and assay of
goluble mummulian phenolare oomplex., Centrifugution tises
ard relative centrifugi forees are listed,



harding-Passey melonin
gramile pellst

kedispersed | in
distilled | Ha0 to 20 ul.
Sonorated: | 20 min,
6 ml rinse: | Sonorated S min,
Freetions | oombined

10 =min. | 23,000g

60 mAn, | 5%,000g
Pellet Supernatant
i
70 Dopa units
2.1 units/ng ¥ .
€0 sdn, | 100,000g
120 min. | 100,000
Fellet Supernatant
ﬁg Dapa t;utta
units/mg ¥
- e 180 win, | 200,000g
Fellet Supsranstant
| | |
10 Dops units *"Middle Sepernatant® “Top Supernatant
18 wnits/mg W inaetive %5 Dopa unite

20 urdts/mg ¥



h
3. The pellet was resuspended in the lower supermatant, which was very
black, Specific activitiss sre listed in the flev sheet as dops wnits/mg M,
One dopa unit is that smount of ensymic sotivity required to cstilyse the
eonsunption of ave mierciiter of ouygem per mimete (eslculeted for the
initlal 20 mimutes) in the presemce (initislly) of 1.00 mg. of L.dops in
s total resetion volume of 3,0 =l, The maximuw specific activity found
wae that for the "Top Supernatant” (20 dops units/sg ¥), whiech ie regarded
by the author as being a soluble ensyme,

The optical substrate specifioity of the *Top Supernotant" may be
sonpared with that of a previous melanin gramele preparation in Figure 7.
The tine seale for the “Yop Supernatant® hus been shoriened to facllitate
comparison, The substrates were De o Ledops or De or L-tyrosine. The
relative ;l:l.-u rates of exidation of the four substrates are siailaer
for the melenin granules snd the "Top Supermatant,® It therefore appears
that the snzymie activity whioh eatalyees these oxidations is sinilay for
the twe preparations.

C. Isselectric nE of the melandn cramle.

‘uinones coubine readily with basic substances sueh ax prisuwry amine
and sulfhydril groups (35,51). Since melamin is = guinonoid polymer, it
appesred reasonzble me proteing of the melarin gramule would be bound
%o this quinonold substanos through the terminsl emins groups. This would
reeult in = more acld isoelectrie pi, HMelanin gravules frow the Bl
transplantadle mouse aslencas were chosen for this study, since they appesr
to be more hesvily melanised then Harding.Cassey gremsles’ and therefore
might be expeated to heve a more aoid lsoslectrie pii than thoe latier.

IO S

*Footnote page 26,



Figure 7

Optiezl substrate specificity. Fhenolase complex preparse
tione: Open symbols (curves i) = melanin gramule Preparztiom 6
{5.0 dopa units/reaction veseel); elosed sywbols (ourves B) =
"Top Supernatant® (3.2 dopa units/resction vessel). Substrates:
curves 1, 1.00 mg l-dopa; curves 2, 1,00 mg Dedopa; curves §,
1.00 mg L-tyresine; curves 6, 1.00 mg Detyrosine. The tize seale
for the "Top Supernstant" is shortened by one halfl to faelilitate
cospurison of the emiyme preparations, Reastion conditions are
described in "letheds,”
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Helanin grammiess fros the Belfd transplanteble mouse welanoma wers
prepayed in 0,25 ¥ suerose solution, as deseribed previusly fer the
Harding-Possey melanin gramules. The microeleetrophoresis oell used
was that deseribed by Abramson, et al, (69) (ses Appendix I1). It con-
sisted of o flat guarts ¢sll of reetangular oross section, with sultable
inlet and outlet openings sueh that the sell oould be flushed withoui
disturbing the electrode tompurtsonts, The eell war wsed in conjumction
with 2 mlercesope so the -uopended melanin gramles in the cell sould
be sesn. A 29% eeular and a 21X dry objestive lens were used for all
opsrations. The direet curremt power supply was oapsble of producing
50 milliamperes at 1000 volts. The minimun power necsssary to osuse
migration of the gramules was ordinarily used. The palardiy was frequently
reverased to mini:ize polarizatica of the electredes., Oramule migratiom
vas observed at the surfoce of the sall, st the theoretical level of rere
endosmosis™™, and at the center of the vell, for'allideterminstisns:” The
aell width was 17,0 3m., the osll depth, 0,438 mm., :nd &, $1.6 mierons
from the upper surface. indoanotis offects were nogligable at most pi
o o
*B-16 mouse molonemn tumers appwar mmeh blnoker then Harding-Passey tumors,
and bave a lower specifie phenolase complex activity (1.2 dopa unite/mg 3
and S«11 dopan urits/mg ¥, respectively),

**Komagata equatioms , _ ) 2 /31 _ 2 vhere a is the

theoretical lovel of sero endesmosds, and k is the ratio of cell width/
oell dapth.



TAHLE IXIT
Fleotrephoretic Migration of BE.1€ Helauin Orammles

Flgration toward positive
or negative electyode at:

Charge on
el surfage Za°  Mddle grarmles
4,01 * - * -

383 + ¥ * -
3.60 * 4 @ -
3,60 . . e -t

S 32 Yo - - -
3«58 ten i e _—
N b - «{2) -t
3.53 o4) e8] #{e) odle:
.52 «(044) (4] {4} +{)
3.5 «{0s4)  wl4) (4} +{)
3.49 «(0,4]  «{2)  «{0,+) +{~}
Tabil - «{0y4) =44} +{«)
3ttt -~{0) {4} «l#) (=}
333 - - - &

Direction of electrophoretic migration of Bulf melanin gramles st verious
hy rogen don corcentratioms. Mirenthetic symbols represent wigration
direetion of miner coumponent. See text for cmditions,
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values. The baffer systes was 0.01 ¥ potessiux monochlorasetate in
0.2% ¥ aguecus pucrose soluticn, titrated to the deelred pH with RE1,
4 drop of the smelanin gramule suspension wap flushed into the eell with
excess buffered sucrose, The direstion of algration was determined,
the granules were flushed out, and the pH of the suspension deternined,
with a Csmbridge Yodel R pR meter. The results are listed in Table III,

The major component of the melanin gramule suspension was iao&luMb
at the pl range of 3,53+3.60. The total isoelectric range was about pil
V45,6, The suspended materisl agglutinated readily in the isceledtric
ronge, but wot in unbufiered sucrose solution wor in HGl.suorose solution
of pil 2.08 o 1,77,

VI. DISCUSEION

4. Mechaniss of moncohemol oxidation
Tt has been seen in the introduetion that momephemol oxidation most

likely coours by mesns q'x‘ direct ensymie gutalysis, and that moleoular
axygen iz incerporated into the gribo-dihydrie structure, Several
possible mechanisus have been propowed, vhieh depend on separate, separate
but sssoclated, or a single active center for the oatalysis of mono. und
dihydrie phenol oxidation., against the bhypothesls of ssparate nzyuss

for the two sotivities is the faet that no encyme has been Tound which
will cstalyse the oxidetisn of momeph nols but not diphenols. The copper
aontent of purdified high oresclase preparations is proportional to both
eresclase and eatechalsse activities (2B}, and the copper content of high

satecholase preparatisas is proportionsl to both phencluse snd eatecholuse
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sotivitier (25). Thue » single enzyms with wonophomolase snd diphenolase

sctivitior seens moet probable. Kendal proposed that the pherelasecomplex
gunsists of a single sneyme which hus separate estalytie centers for the
twe activities., In sttempting to explain the apperent requirement of
diphenol oxddation concomitant wit: monophemol oxidation, Malletts (70)
proposed that a ternsry cowplex of ensyme, mongphemel and diphewol be
foymed, Aetually this scheme would require the formation of a ¢quarternary
complex, singe oaygen is nleo lnvolved. Thils aystem appears possible,
but unlikely besause of the incressed tise necessary to form a quarternary
complex, and the neeeesity for resoninoe over a considerable portioe of
the protsin backbone to perwit aotivatlon of the monophenolase site. The
mutual inhibition of monophenols and diphenols (see Table II) suggosts
that the protein configuration ut the two sotive siies is simdlar or
perhaps, identiesl. The data presented in this paper are entirely con-
sistant with the hypothesia of = single setive site which may catalyse

the oxidation of either monophenols or diphenols. Mammallsn melenin
gremules are relatively specific for the L.gonfiguratiom, in the oxidation
of dopo and in the activation by dopa of tyrosine oxddation., Faocters
which alter the rate of ensymic dopa oxidatlion slter the rate of aetiva.
tion (induotion peried) and the mwximum rate of oxygen consuaption in

the presence of L-iymas.mm The rate of sotivation appears to be s
function of the rate at whish dops may be enzywlieally oxidized,

If it 4s assumed that the phenolase complex consists of u single
ensyse in whieh the eatalytic cemters of oxidation of mono- and g-dihydroxy
phenols are ldentienl, them, as suggerted by Hason (9), a single step
oxidation of momophemol to grihgequinone appears most probable. It
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would appear very wnlikely that a moiecule of momophenol would complex

with on astive cemter on the snuyme, dissoociats as an griho.diphenol,
veaomplex with the gume agtive genter, and fimally dissociate as grtho-
gquinone. Mason (D) proposed the follewing sequemce of svente for the
ensyeic oxidation of monophanols:
1) Aetivatiom: [Protein-Cu®', ¢ g-diphenel = Protein-Cu’z + g
guinone + Hg0
2} Op eomplex formation: Frotein-Cu*,; ¢+ 0, = Frotein-Oug-0,
9) Momophenol oxidation: FroteinOup-0; + Honeophemol = Protein.Ou’p
+ Q-quineme + 0
fiscently. Ingraham (71) preseated kinetic studies of the phenolase 0o~
plex, g~diphemol, and oxygen, which are songistent with the hypothesis
that the engyme cosbines with oxygen before it dosa with the hydrogen
donor., HMason {9) proposed that the sctive center of the phemtlase ooui.
plex consists of two neighboring copper atoms which are attached to the
protein, and may complex with an oxygen melecule in sush a mannmer that
ene of the oxygen atoss is co-ordinated with both copper otoms, This
proposed structure for the active center suggested a possilble detailed
meohanisn {or reaction 3 (see Figure 2), The following struotural con-
siderations wre suggested:
1) The bond angles of the couprous copper are tetrahedral, similar %o
sisple cuprous complexes (72). Two tetrshedral bonds of euch copper
atom are bound to basie groupe on the protein. The remsining tetrahedral
bonde may complex with oxygenm, mubstrats, or water,
2) The data of Kubowits (6) suggests that the ensyms may complex with
oarbon wonoxide to form a protein.Cuyll structure snalogous to formsl-



Figure 8

Propossd detailed wechenisa by which tyrosine may be
directly exidised to dopa quinome. '
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FIGURE 8
OXIDATION OF L-TYROSINE TO L-DOPA QUINONE
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dehyde, in which the hydrogens sre replaced by copper. OSuch a structure
would be plamar with respect to Oupl0, with the CuuluCs bond angle greater
then the HeColl bond angle of formaldehyde (118° & 29) (73) due to the
relatively large sige of copper, Since Eubowite demonstrated that the
ensymo-esrbonyl cosplex formation is reversible in e presence of lmert
geses and that Cu is not displaced from the ensyme (6), 4t is scoumed thst
the complex formation dose mot sigmificantly alter the enzyme, and that
the protein-Cuzl, eoaplex is strusturally sisdlar to the enzymewcarbonyl
couplex. Thus the Dugly complex 1o assumed to be plunar, and the Cuwl=Cu
bond sngle is assumed to be greater tham 1189, If the Ouef bonds are assumed
to be equal, the Cu0-0 bond mngle would be less than 121°,

3) The grthp-diphencl strusture is planar, snd interseocts with the plame
of the OCuplp oomplex st the iine of centars of the grilo-oxygen atems.

The intersecting planes avs required to satisfy the bond angle, OueOeU,
The resulting Cu0e0 bond smgle disparity would tend to dlsssolste Lhe Cu0
btond and thus inorease the veloeity of the resotion. The sssumed apprexi-
mate bond angles are: C-0.Cu, 109° {water); 0-CuD, 108° fmnm}s
C-C=0, 120° (regular hemagon),

&) The intersecting plane configuration would persdt the copper atoms :nd
the slanyl side chain of tyrosine or dopa o complex wiith the same pro-
tein baeckbone,

5} Inhibltor sund substrate specificity (66,74) sugghst that L.tyrosine
complexes with the omxyme at (at lesst) the follewing polnts: a) glpha~
amine group, b) sarboxyl group, e) pehydroxy M' The binding of the
aAlpha-swino and earboxyl groups is required for optical speeificity,
Inhibitor studies indisate the importanse of the p.hydroxy group (74).
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6) 1t is ciffienlt to visualige how the adjacent gupric ions eould be
spevifically redussd by dopa {equatiom 1), Af dopa must somplex with the
engyms ondy at & specifisd angle, unless the copper ntoms are bound to
the srotein in such o memmer that resomunoe ie possible betwean them,

In presenting this detailed wechaniss, it is hoped that it will be
direetly tested, and the understanding of the structure and sotion of the
phenclase camplex thereby furthered.

B, Belation of mammalian shenclase somplex %o the melangayte.

Ihe current views concerning the strusture of the melauin granule and
its relation Y the mslanocyfe have been ciscussed in the litersture revisw,
The rslation of the phemolase cosplex to the aelanooyte is less olear,

The phenolase conplex appears to be rather loosely brund to s oytoplessic
particulate (61,64) (presumebly to the melsnin gramule). It has recently
been prepared, in seluble form, fyras welanin gramule suspensioms {indepen.
dently) by Ward and Brown {75), =nd by the avthor. It appears likely that
the inoresse in encymic setivity of gramules stored ot 0°C. (see Table IX)
was due %o partisl breakdown of the gramules and elution of the ensyme,
Rebertson et z=l. {76) report phenelase anctivity in all of their sentri.
fugally lsolated cellulay fractions froa Harding.lassey mouse welanoms,
Again, partial elution of the wnayme appesrs to be the most probable ex-
planation.

The Lleowlectyrie pil of the k.16 melanin gramule (3.4-3.£) iz consider
sbly lowes tham that reported for liver mitechondria (8.2+4,3) (77). This
may be due to a relative sbuence of free asime groups on the surfaee of
the gramuie, or to the acld properties of selanin,



VII. OSUMMARY

1, 7The eptical substrats and sctivation speeificity of mammallan
phienolase caomplex hes been determinsd, and interpreted as favoring the
hypothesis of a siogke type of satslytic site on u »nl gle enwyme, éapcble
of catalysing the oxidation of both wono~ and gedihydric phenols.

2. 4 soluble mammalian phenolase complex has been prepored, and its
opticel substrate specificlty determined,

3. The spproxisate isoeleotric pl of the Belé melanin gremle has been
deternined,

&, The mechanism of enzymlo oxidation of moh has been disoussed,
and 2n hypothesis presented.
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Appendix I
PURITY OF AMINO ACID SUBSTRATES

A. Amino acids used in experiments with melanin gramule preparations l-5.

I-Tyrosine. Purchased from Eastman Kodak Company Researeh Laboratory,
Rochester, H, T, v

L-liopa. Purchased from California Foundation for Biochemical Re.
search, lLos Angeles, Calif, CfP grade, Specific rotation
= +12,2%, e = 1, in ¥ HCL.

D Dopa. Purchased from California Foundation for Biochemical Re-
gearch, Los ingeles, Calif. Purified grade. Specific
rotation = +11.7°,

B. Auino acids nged in experiments with melanin grapule preparation §

and "Tap Superpatant” Purchased from Mann Research Laboratories,

Hew York, N. ¥,

Tyrosine,
Hann Assay of Tyrosine Specific rotation
L-igomer D-igomer Theoreiical AnlBHCL ____  Isomer
¢ = 59.7% 59,76 59.657% «10.2° to «20.7°  L(-)
H = 6,108 6.10% 6.120% +10,2% to 420,72  D(+)
N o= 7,748 7.74% 7.731%

Dopa, |
Mann Assay of Dopa Specilfic rotation
L=dsomer D-igomer Iheorstical in 4% HC] Igomer
¢ = 5h.8% 54.86 54, 820% -12,7° (-}
H= 5,620 5.62% 5.623% +12,7° D{+)

W= 7,108 7.10% 71044
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Paper Chromatography of Mann Research Amino idcids,
Solvents: organic phase of Butanoliacetic acidswater (5:1:4).
Forty micrograms of amino acid applied per spot.

Re determined by means of:

Amipo Acid Hiphydrin Ultra-viplet licht

L.Tyrosine 0.363 none

DeTyrogine 0.356 none

L-Dopa 0.215 0.4161 {very faint); 0.0608 (white

fluorescent spot)
D-Dopa 0.299 0.4087 (very faint)j 0.0666 (white
flvorescent spot)

The lmpurities found in D- and L-dopa appear to be similar in Rg,
color of fluoreseence, and quantity presenmt. The amounts of impurity
were sssumed to be small, and the amino acids were used without Turther
parification. No difference in experimentel results due to the use of

Mann Research Loboratories! amino aeids, was observed,



Appendix IX
MICROELECTROPHORESIS CELL
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Graphie description of the miere.electrophoresis cell which
was used to determine the iscelectric pH range of B.lé mouse
melanoma granules., Reporduced from Abramson et sl, (69), p. 45.



The flat, horizontal electrophoresis cell made of one piece of glass and a
supporting frame

Side View

L. 2"
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Working drawing of the flat horizontal electrophoresis cell made of one
piece of glass





