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IRTROLUCTION

The term "exidstion™ hes been used for the process
of combustion from the time of lLevolsier., The liberetion
of emergy by this procese hss been known from encient times,
The mechenism whereby oxidetion leads to the relesse of
useful energy is still unknown. Iiving things, es highly
complex ordered systems, require ¢ comstent energy input
for their meintenance. This they derive from the
universe by en intricate mechanism of step-wise oxidation,
They exist between the order of the cosmor which is giving
0if energy of disintegration and the cheos of oblivion,
in which the enersy of the system is degraded to mexinum
entropy.

Life on this earth derives virtuslly #l1l1 energy from
the sur by radistion. Chlorophyll-containing plsnte trep
the redisted energy snd convert the products of combustion,
carbon dioxide and weter, beck into orgenic compounds
whish ean be uced by osther living thinss. Slowly, by
involved gnd intricete mecheniesws, plents and enimels
bring sbout the recombination of these orgenie compounds
with oxygen to give sgein cerbon dioxide snd weter,
completing the cyecle end extraciing the power of the sun
for the functions of life.

‘ne of the centrasl problems of modern biochemistry
ia the mechenism of biologicsl oxidetion. In order to

gtudy the systems which catelyse biologierl electron



2.
trenafer in tissues, these systems sre isolated and
examined ea moleculsr procezses, One such system ia
the widely distriduted enzyme, tyrosinese, and its sube
strates., It is the study of the mechanism of tyrosinese
ection whieh is the subject of this thesis.

The ensyme tyrosinsee hos been studied for eighty-
five yesrs, but the mechaniem of its sction is still
obacure. Although Xubowits (39) proved that it conteins
copper in the sctive site, the role of ths copper im
the setivity hes not bDeen elucideted.

Tyrosinuse hes some features which sre unique ameng
engymes. It bhes s duel setivity; it suffers s high
degree of reselion insctivation; it is not bBlue sven
though it contalins copper. The purpose of the research
reported herein is to add a little Bit to the secumu~
lating dete coucerning this ensyme so thet ite neture
and funetion in the 1life process may eventually be
understood,



S
CKIDATION AND REDUCTION

Uxidetion hes been defined oy dicheelie (55, es the
removel of clectroms from @ substance and reduction es
the receipt of these electrons by snother substance,
Theee processes plways occeur comcurrently, snd the
eystens in which they occur are oviten designsted as
redox syeteme. In wholly inorgenic syetems euch ss
Fe *_o Fe " in the presence of en oxidizing egent
which is thereby reduced, it is usuelly essy to follow
the oversll path of electron transfer, but not et sll
easy to explein bow or why it tskes plece. &Simple
inorsenic resetions sre often fsr more complex than
their usual chemical equations would indicste. (71)

The tendencies of verious elements to perticipste
in oxidetion-reduction reections have beer messured by
mesns of the potentisls established when the pure
element ig¢ in contect with & solution of its ions st
sx ectivity of one. Hydrogen et one stmosphere in
contect with hydrogen ilons et en sotivity of one hes
been melected es the mtandsrd with sn erbitrery
potentiel of O, Stenderd potentisle for the common
elements sre listed in tebles which sre now en
essential pert of most elementery chemistry textbooks.

Urpenle compounds can slso exist in verious
oxidetlion ststes, elthough we generslly think of the
oxidiged form as being different compound from the

reduced form, e.g. methylene blue snd its leucobsse.



These mesterials can be listed alse in order of the
potentials established when the oxidetion form is in
econtaet with the yeduced form (8).

Redox potentials sre & messure of the "electron
pressure” existing in the reduced form of a material
with respect to the oxidiged form. No actual electron
transfer can take place as long as e¢nergy barriers
exist which prevent the physical movement of these
electrons from the compound in whiech the escaping
tendency is grester to that in which it is less. These
bsrriers may be distance, en impermesble container, a
very high energy lntermediste compound gueh as a free
radicel, the repulsive force of like charges, molecular
shape, or eny other force which tends %o ebsorb, bleock
or divert electrons. These crergy herriers may be
reduced by verious means, such ag: (1) mixing solutioas
of twe resctants together to overcome the barriers of
distance end impermesble walls, (2) by edding s catalyst
to absorb the reactants, bringing them closer together
physically, or changing one or both to a more mective
form, e.g. in hydrogenation by the use of Raney nickel
or platinum, (3) by raising the energy of the resctant
compounds high encugh to overcome en energy barrier,
e.g. a 10° rise in temperature approximstely doubles the
rate of chemicsl resctions, (4) by edditien of salts,
surface~active agents, electricael discharges, or special

catalysts, or selection of solvent to reduce the

4.



repulsion of like charges, #s in the precipitation of
colloide from solution, (5) by selection of a special
catalyst which alters the steric configuration of
reactants so that reaction tekes place more readily.
Probably most enzymes are catalysts of the last type
but also partake 92 the nature of one or more of the
other types,

A resction goes spontaneocusly if 2 thermodynesmile
pressure (negative free energy difference) exists in e
system, provided any energy barriers which also exist
in the system are overcome by one or more of the means
mentioned ebove. The s=imple exemple of the production
of emmonisa by the Haber process illustrates the
principle involved. Since nitrogen and hydrogen do not
react together at room temperature at s practical rate
for smmonias production, a ceatalyst is used slong with
elevated temperature to start the reaction. If then
proceeds spontaneously until the "electron pressure”
difference between reactants and products no longer
existe., The system is then sald to be at equilibrium.
The reasction does continue to take place, but the
reverse reaction, which also begins %o take plsce es
gsoon as products exist to react together, goes st the
same speed at equilibrium and there is no further change
in the components of the system. The energy of the
gystem ie a part of the reaction, and & reaction which

would go one way spontaneously because of the releasse
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of free energy can be forced in the opposite direction
by asllowing it to teke place in an energy-rich environ-
ment. The ammonia synthesis is sctuelly forced in a
direction unfevorsble to the production of smmonia by
increased temperature, although the heat activation is
necessary to get the resction started, This is true

of all "exergonic" reactions, sccording to the

principle of Le Chatelier.

BIOLOGICAL OXIDATION AND REDUCTION

The above principles apply to the more complex
biological systems to be discussed below a8 well as to
the well-known exeamples in inorgenic chemistry mentioned.
The interreletionships between these large and complex
molecules are more complex and some problems of
structure and reactivity apply only to these larger.
aggregates, Proteins end polysaccharides are colloids
end show phernomgna of absorption, light scattering,
ete. peculiar to colleoid structure.

Tebles of the more common eomplex orgaenic msterials
which make up blological redox systems hasve been
compiled (16, pp., 412-41%) and have been very useful
in helping to esteblish the steps in the terminal
respiratory chain of mpmmals. The cytochromes studied first
by Keilin (35) have been shown to participate in the
transfer of electrons from the food meteriasls ingested

by the animsl to oxygen. The order in which these
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cytochromes receive and psss along electrons has been
deduced partly from redox potentisls end partly from

in vitro studies. By no means all the problems aru»

solved in this field, however.

When Michaelis (55) considered the problem of
biological electron transfer, it ocourred %o him thet
most orgenic redox reactions take place with the oversll
transfer of only one or two electrons et the most. It
seemed %o him more probable thet the electrons aye
transferred one at a‘tim&. "Flectrons are transferred
from one molecule to another aihgiyg and sny bivalent
oxidation or reduction can be resakvéd into suceessive
univelent steps." 7The second electron could follow
more or less quickly, even overlapping the transfer of
the first, provided the kinetic energy of the molecules
is sufficient to overcome the activation energy and the
total transfer is within the potential range of the
oxidizing sgent. The resction would then appear as a
two-electron transfer, or even more, except thet it is
not usual for the energy of the system to be gapable of
transfer of more than two electrons. If the sescond
electron followed &lewly'snaugh it should be possible
to isclate or obtain evidence of the ﬁresenee of free
redical intermediates in these reactions,

Free redicals were first positively identified by
Gomberg and then lster by Panéth who genersted them by

heating tetraethyl lead at very low pressure in s stream
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of hydrogen and proved that these very ressctive mole~
cules would remove metallic mirrors from & tube through
which they passed. He correctly deduced that they were
the ethyl (and methyl) radicals which were postulated
by Bunsen, Gay~lussec end other early workers by

analogy between methyl and ethyl chlorides and the
chlorides of metale. (They thought that if metels could
be released from their sslts and exist in the free

state it should be possible to do the same with methyl
and ethyl.)

The resactivity of free radicals can reasonably be
ascribed to the existence of at lesst ome unpaired
electron in their molscules. This, by its very nature,
iz an unsatisfied valence bond. Certain specisl physical
properties conferred upon a2 molecule by virtue of the
existence of an unpeired electiron within it will be
considered later,

liichaelis (55) then considered free radicals to be
normsl constituents of biological redox systems, If
he were right, it would be necessery to take inte aceount
the peculisr resctions of free radicels in the study of
these systems. He thought free radicals more likely
to be set free in the reaction medium if eleciron transe
fer takes plece upon c¢ollision of donor with acceptox
without formetion of an intermediate compound. The
chences of termbleeular collision are sc smsll as %o

make reactions involving non-eguivalent treansfer
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extremely slow.

In enzyme-catalyzed redox reactions fairly stable
intermediete compounds are nearly slways formed.
Michaelis (55) gives the example of the hydrolysis of
sucrose in which an énzyme-sucrose-water complex is
postulated. He states that often ternary complexes
invelving both donor and scceptor groups with the
enzyme are formed. The transfer of electrons in these
cases is intermolecular. The possibility of reaction
ef binary complexes of enzyme and substrate with co-
enzyme or eleciron acceptor is not ruled out, but the
difference between this mechanism and the ternary complex
is not great. Oince enzyme~catalygzed reesctions are
reversible, the direction of overall reaction is
determined by the diseppesrsnce of product by furtheyr
resction with some other system.

The more recent views of Vestheimer (71) take into
account the fact that not even the simplest inorganic
ions exist im egueocus solution without & shell of
coordinsted solvent molecules sround them. These
gsolvent molecules are oriented in thermodynemically
stable errangements for the perticular ions which
attract them (71). A part of the stabilising force
which determines these arrengements is the charge on the
ions. When the charge is changed different arrangements
of solvent molecules mey become more siable. The energy

involved im reorienting these molscules sccounts for a
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part of the sctivation energy of the reaction in which
the charge is chenged. Reorientation of solvent mole~
cules may elso explain why some supposedly very simple
redox yeactions between inorgenic ions take plece very
glowly, for exsmple, the resetion #

o

» R *e ++ ++
Co (an}3 + Qe(ﬁn)§ —3 Co (en)§ T4 Colen),,

Hany inorgenic redox reasctions and moet orgenic ones
are thought to take place through a bridged-complex
intermediete. Instesd of being directly shifted from one
ionic or molecular nucleus to snother, the electron may
be passed through a conducting or semi-conducting
system from one end of the complex to the other. The
acceptance of the molecular orbital theory mskes this
theory very plausible., ZElectrons in pi-type molecular
orbitals are delocalized, having more mobility then
expected from the fixed direction of 2 sigms-type bond.
Systens of conjusated double bonde which do have
electreons in pi~type moleculer orbitesle in ligends
between metal lons should facilitete electron transfer
if this theory is correct. It is also easy to extend
the idea %o overlepping orbitals of resonating systems,
su¢ch as chargs-transfer complsxes.

Charge~transfer complexes were first classified dy
this term by MNulliken (59), whe described os examples
the cclored complexes formed by iodine with arometic

and oxygenated solvents. He explasined the ebsorption

# (en) stands for ethylene diamine
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of light at 4500-4600 and at 4800 angstroms by postu-
lating the pertisl transfer of an electron from a solvent
molecule to iodine. He also supgested thst gimilar come
plexes involving other kinés of molecules could be inter—
mediatee in chemicel reactioms. As evidence he pointed
out the reaction of iodine with water to form hypoidous
seid end eventuslly hydroidie scid. 1In this typical reac-
tion & molecular complex is formed first., Charge separae
tion ococurs within the composite, which is then celled
the "charge trensfer complex". The electronic transi-
tion involved in the charge separation accounts for the
absorption of light. The electroniec orbitals of &the
ecomponente of charge transfer complexss must be such
that the highest filled orbitsl of the donor and the
lowest unfilled orbitel of the aceeptor ¢cen overlap,
thas feeilitsting the electronie transition.

By postulating the formation of 2 feirly long~lived
intermediate in which an atom such as hydrogen iz trens-
ferred from reductant to oxidant, it iz possible to
explein pxidstion by two-electron transfer by the
bridged complex type of mechanism. The movement of
electrons is so very fast with respect to thet of the
atom trensferred, thet the srgument about whether one
or two move et s time in a single molecule is triviel (71).

In electron $ransfer enzymes which poseess metal ions

in their active genters it is not possible to tell without
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testing whether one or two-electron transfer takes place
during redox reactions. If the ion undergoes a change

in velence of one egqulvalent during the course of the
reaction it is possible that the enzyme is @ one-electron
enzyme end thet it will relesse free redicals into the
resction mixture as it scts upon ite substrate,

There are, however, enzymes which contain metal
atoms in which, as yet, anyway, no valence change hes
been found during enszymetic sction, or ss a result of
enzyme action. Xanthine oxidese contains molybdenum,
but no function has been ascribed to the metal., in
attempt (6) to study it by electron spin resonence
gave no conclusive results, ieny enzymes require Mg'*
for activity. Phosphorylating ensymes ere outstanding
examples of these (16, p. 454). Carboxypeptidase
conteins Zn'*, glyeylglycine dipeptidase, catalase, and
the eytochromes give strong evidence of the capability
of one-electron trensfer becsuse of the essse with whieh
ferrous ion is oxidized to ferric ion.

The oytoechrome system is thought to operste in
one~electron steps in the terminal oxidation chein
(12, pp. #20, 359). It is known, however, that cyto-
ehrome oxidese contains copper (%6) sz well as heme.

The function of the copper is not known at present,
but msy be an essential part of the oxidase setivity (25).
It has been difficult to detect velence change in

certain copper enzymes during activity., No evidence
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has been obtained in the cases of eytochrome oxidase and
tyrosinsge. In hemoeyanin (39), ascorbic oxidase (72),
and laccase (60) the copper does function =8 the electron
trensfer center of oxidase sectivity. In laccase (60)
and ascorblc acild oxidese (72) metivity free radieals
are produced frem the substrate.

The oxidsse of dihyiric phenols to quinones is en
éasy reaction %o bring sbout because the energy barrier
that muet be overcome to form the "asctivated intermediste",
in this csse the free radicasl, semiquinone, is compars-
tively iow. A% high pH some semiquinones esre quite stable.
The sterically stasbilized duroquinone end phemanthrg-
quinone~3~sulfonic acid semiguinonez are exsmples of these
(71)., Catechol and hydroquinone oxidations oceur spontan~
eously in slkaline solution in the presence of moleculsr
oxygen &t ordinary temperstures. The enzyme which
incresse the veloeity of these resctions by a free radicel
mechenism ere following the course of the least resistencs,
thermedynsmically spesking. On the other hand, an enzyme
which produces guinone directly from diphenol in one
2-~electron step must be capable of a greater energy trans-
fer. The simple presence of a valence-~changing metal does
not offer an explanstion of the difference in these setivi-
ties. Both kinds of enzymes contain valence-changing metals.
A difference in steric configurstion, or the manper in which

the metal is bound, or the presence of ancillary groups
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in the sctive center might be expected. So far,
tyrosinase is unique among cstechol-oxidizing enzymes
in releasing o~benzoquinone es the first product of
its setion (53).

The case of oxidation of cresols to &iphenols,
that is, the hydroxylation reaction, ls of an entirely
different nature. This type of resction is sn éxida-
tion by the traditional definition of the term
inherited from levoisier, i.e. combination with oxygen,
more then in the modern (Michselis - 55) sense. The
oxXygen, in combining with the aromatic nucleus, does
certainly gein electrons. It also loses electroms in
equal number. Bven so, we usually think of the carbon
of the aromatic ring as being oxidized, but it is so
in only the most formal sense. The electrens of &
cerbon-hydrogen bond can be thought of as split between
a8 new carbongoxygen bond and a new oxygen-hydrogen
bond, In that sense they are removed further from
their carbon snd hydrogen nuclei, Thiz movement is
partially compensated by the sharing of the new oxygen
electrons. The mechanism of this substitution is
entirely unclear and it remsins to be seen whether
attack on the ring hydrogen is mede by a hydroxyl or
perhydroxyl radicel, or by an ion. It is obvious that
the enzyme must resct by some mechanism which would
reduce tremendously the amount of energy required for

this resction, for hydroxyletion does not oceccur with-
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out rether energetic conditions in the laborstery.

PARAMAGHETISM AND THE e.p.r. SPECTROMETER

- The mechenism of oxidation reactions cen be investl-
gated by mesns of the slectron spin resonsnce spectro~
meter, This instrument was invented by the Russian,
Zavoisky (76) in 1945, It is used to detect paremegnet-
ism in substances and is easier to use end, exeept for
one highly specialized apparstus designed (4, p. 352) %o
méseure triplet state, more sensitive than the Gouey
balance {30, p. 38). Paremagnetism is a charscteristie
property of transition metnl lens and organic fres
redicals, because they contein unpaired electrons. Many
elements show peramegnetism under conditicns in which
their atome are separsted from emeh other. Ceonducting
metals end certein “Qd& molecules” show this pheénomenon.

In ferromagnetic¢ substences, some or all of the
unpaired electrons are permanently oriented in the
erystal structure so thet their spins are parallel, thus
gonferring the properties of & permenent megnet, with
north and south poles according to the orientation of the
electrons, upon the substance. The orientetion is brought
sbout by the application of s sirong megnetic or electriec
field %e a sultably crystallized substence with enough un~
paired electrons to mske it susceptible. BSome crystal
structures are more conducive to magnetic induction
then athsra; special types chasrecteristic of
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certain slloys confer these properties upon the substance
without the spplication of an externsl field, the
internal erystslline field being sufficient (Alnico).

In paramegnetic substances orientation of unpaired
electron sgpins is temporary, brought sbout by the
epplication of & strong megnetic field and dmost
immediately dissipated through vibretion in the crystal
lgttice, or as heat in liguids and geses, when the
magnetic field is removed. In sddition to the
spontaneous orientstion brought about by the magnetie
field, e certein additionsl smount of orientstion can
be induced by the spplicetion of other forms of ENErgy
which have & magnetic component of the right quantun
value.

The magnitude of the magnetic field genersted by
&8 spinning electron depends upon its angulsr momentum
and its charge (30). Its megnetic moment is also
determined by the immediste surrounding field, i.e.
its electric and megnetic environment. The energy of

spin is quantized in terms of the Bohr megneton:

= éh
/A3 4 e

¢ is the electron cherge, h is Planck's constant,
m is the mass of the electron, ¢ is the velocity
of light. /3 equals 0.92731 xlOazo'ergs / gauss of

magnetic field applied.
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Vhen a megnetic field is applied to free spinning
€¢lectrone, they oc€upy omly two definite energy levels =
one represents orientation of the electron moment with
the field of the magnet, and the other ageinst the
field of the megnet. Those oriented with the fipld
could be saeid to be in a lower energy state than those
oriented aghinst the field. The seperation, or splitting,
factor is theoretically exsctly 2 for perfectly free
electrons. Actuelly, due to relativity afiacts, it is
2.0023. For electrons which sre not free, the splitting
factor mey vary greatly from 2. It is designested "g"

and the sepesration in levels is g H.
El Pl
E_as_dmm__<:--.---____ 248 = AR
Eé /oﬁ

The number of electrons in these two energy levels is

not equal, but the distribution ratio is given by %he
laxwell~-Boltzmann expression for the distribution of
particles into two different energy states:

For ﬁb free electrons

ny are in the higher energy state

noare in the lower state

k is the Boltzmann constent

e ] - B
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Using the firet two terms of the lMelsuren's series

epproximation
o 1 5O H
" * A=t
2
ny = N, = 1,
?"j i _glha
O o N5
n, “lw gﬁ%*_
N
n, = 0
2 - 54%3
k
4
nl = Eq@ il %]
£ - H
kT

B « 1
n, -ng = Do BAH

2 k1

Thus we have the extra number of unpaired electrons
out of & totsl of E@ unpaired electrons which will
exiet in the lower energy stste above the number in
the higher level. Paired electrons are not considered
becsuse their moments cancel easch other, Because
their orientation is quentized there coan be no residual

noment .
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All of the electrons in the lower energy level can
absorb energy and chenge to the higher level. Those
in the higher level can be excited so thet they lose
energy and drop down to the lowewr level., The detect-
eble diffsrence in energy absorption comes from the
larger number of electrons in the lower energy state.
The number in the lowexr state is increased by = éecreamé
in temperature.

When energy is supplied as electromagnetic
radistion, hv = gpH, transitions take place. The
magnetic fileld determines the amount of splitting
between the energy levels and, therefore, the quentity
of energy necessary for interconversion. I'xpressed as
nv this energy determines the frequency of the
radiation which will be ebsorbed et any given magnetic
field strength.

The excess number of electrons in the lower energy
level is small., It is possible to supply such en
intense rey of energy at hv that sll the electrons go
up to the higher level end stay there, so that no more
power cen be absorbed. The substance is said to be
saturated. The electrons in the higher level will
dissipate their energy to the crystal lsttice, or to the
surrounding molecules of solvent, etc. and return to
the lower state until the distribution in the two levels
ie normasl for theé temperature, but it takes time for

this to happen, This time is called the relaexation
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time. The relaxstlon time is very short for transition
metal lone Iin erystels for the dissipation of ENETEY
to the lattice is fast, but in the case of free
radicals, where the electron occupies a2 molecular
orbital isolsted from direect bonds which might absorb
the relaxztion energy, the time is lomg and saturstion
oceurs guite easily. It is necessery to keep the
temperature low so thet there will be z tendency for
more electrons to remein in the lower energy levels,

Theoretically, the absorption frequency can be set
at eny convenient value by edjusting the megnetic field
%o & level which will bring absorption in any given
electromagnetie region. Fracticslly, magnets must be
chosen within the limits of homogeneity of field, size,
etc., which are avoileble. Flelds from 3,000 to 13,000
gauss are used. The radistion then falls between 9,000
to 36,000 MeMeec. The most popular is the 9,00& le/sec.,
frequency radistion which has 8 wave length of 3 c¢m.,
and requires the 3,000 gaues magnet. The range extends
from 1 mm, %o 30 em. end is the microwsve region.

Thus, by plescing a ssmple of resction mixture in
a8 meggnetic field end allowing microwave radiztion to
play upon it of the right frequency and of mnot too
great an intensity, we heve only to detect & decrease
in the radistion reflected from or trensmitted through
the semple to determine that the sample contains free
redicals. The power sbesorbed by the szmple is s

neasure of the number of free spins present in the
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semple.

That is, if the excess ele:ctrbns present in the
lower energy level are the only ones whose trensitions
¢an be detected, the number of transitions tsking plsce
in the unit time would be
?xifo &

2
If the megnetic moment of each electron is % g ﬂ s She
total magnetic moment is then

p T 89 E
T

where p is the probability of the trensition

If ) is the sweep frequency of the magnetic field,

the above expression becomes

N £
R

At 4/ which is near &/,

2
1‘7&}? ﬁ‘;} %_Wp[])
2 ki

represents the power absorbed. 4/, is exactly the
resonence absorption.

For eny transiticn &?3——» Mn - 1, the probebility
thet it will teke place is

P, = L 3 P (84 B - uED g (w-y))

from stenderd redietion theory. Then in going from
g £

i _>i‘:3"z = 1 the power sbsorbed is

2
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and combining,

2 g 2 2
2= Ty B N4 s « WIS = M, + 1) g (W)
Yg " 8 k1

Then, for all pmssiﬁl& transitions, the power absorbed

is I’” = 5
PAM ﬁ‘ﬂ _]/ 4'_1 ﬁa/z(/ gW-u)) E (b»ca +S+Mﬁ)
8 kT 5

M = %
2 e
TTH g
E «k P, = 0 .1 ﬂ v, g (W-d,)
M o= % 3 kT
z

% (W-«,) is the entire absorption function which
integrates to unity, so that the total number of un-

peired spins in the sample is

¥ e » P = , cnin ¥ B =
ﬁb SﬁkT . /‘wA¢ 1.02 x 10 = Eﬁd“}
g/ Ilnl ), A P

integrated intensity . T « Gonetant
. z G

The constant includes the gain of the smplifier system
and the units in which intensity is meesured znd is
evaluated by messuring s stenderd ssmple. The

integrated intensity ie equal to the power
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a8 the magnetic field sweeps through resonance at the
wave length fixed by the microwave source of the
apparatus. |

The sbsoxrption of energy by the unpsired electrons
of free radicgles iz not & simple funetion of the
carefully measured mognetic field applied, The electron
is influenced by the other dipoles in the molecule or
crystal of which it is & part. In liquids or emorphous
solids where the molegules are free to turn snd not
limited to short vibrational motions; the megnetie
components essocliated with orlentation of individuel
molecules in & lattice are smeared out and only the
effect of individusl dipoles within the atom or molew-
cule remain., These dipoles arise from spinning atomic
nuclei. As the electron passes near them in its orbit
its immediate magnetic environment ls chenged & little
and it sbsorbs energy at a slightly different wave
length, or at constant wave length but different wvalue
of applied magnetic field. There is an apperent
chenge in gevalus or eplitting fector. The time the
g¢lectron spends in the neighborhood of the nucleus
determines the intensity of the lines that result from
orientetion with or agaeinst the fileld of the nucleus
itself, These lines are always less intense then the
unsplit line. Not all stomie nuclei produce this
effect. Only those which heve & megnetic moment

ggsocieted with their spin bring about this hyperfine
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structure in the electron spin resonance lines.
Hydrogen and nitrogen are the most common megnetic
nuclei found in the free radicals of blologicel systems.
Carbon and oxygen, that is, the ordinary isotopes of
carbon snd oxygen, 4o mnot show any splitting.

For one dipole, say a proton, the energy level

splitting can be represented

My = %
Ifflﬁ = - Y%
agg/g(ﬁ + A H)
My = - %

g - 2

Signsl
Tach of the two electronic energy levels is split ss
shown into two sublevels, depending upén the orientation
of the megnetic moment of the proton., By the selection
rules, only transitions in whieh Mg = O are allowed,
The line g/ H disappears and two new lines half ss
strong appear, g4(B +AH) end g/F(H -AH).

For two protons in & molecule the effect is

compounded and the diagram shows the energy state.
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§=-r—-———

g = 2

Signal

There are then three lines of intensity 1:2:1.
For more protone still more splitting results, with
intensities of the lines following the binomial law,
that is, for three protons, 1:3:3:1, If, however,
nuclei of different magnetic moment intersct, the
number of lines is given by the formule (2n 8 + 1),
where n is the number of nuclei of spin 6., One can
tell something about the structure of 2 free radical

from the hyperfine splitting of the electron spin
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resonence spectrum.

From the foregoing it is seen that detection,
identification and guantitative estimetion of free
radicels by the electron spin resonance spectrometer in
reaction systems could help to elucidate snd formulate
the reesction mechanisms of enszymes which nroduce free
radicals either directly or 2z =& byproduct in their
reasctions with their substrstes, It is slso possible
to determine the valence state of any transition metal
in the enzyme, and to detect free radicals in the body
of the enzyme itself.

There are, of course, limitations to the usefulness
of the electron spin resonsnce spectrometer in the
applications mentioned sbove. If the free electrons
of a biradical are too close together they will interact
to broaden snd smear out the signal, They may then go
undetected, Molecules in the triplet state often fall
into this catagory. There is slso a lower limit to
the concentration of free spins which can be detected.

The theoretical limit is 1011

spins per gram of sub-
stence which is ebout 10 'M free redicsl in ,OlY solute *
in aqueous solutions. The presence of water does
interfere with the method becsuse the water absorbs the
electrical energy of the microwave rsdiation, lowering
the Q velue or capacity of the cavity. Townsend's

flat cell (8) helps to reduce the effect of the water

by meking its thickness in the direction of the

*M stands for molar throughout this paper.
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electric fisld as small as possible. Quartz is
generelly used for sample containers becsuse glass is

likely to heve paramsgnetic impurities.

APPLICATION OF e.p.r. SPECTROMETRY 70 THE STUDY OF
BIOLOGICAL SYSTEMS |

The first application of electron spin resonsnce
methods to the detection of free radicsls in biological
systems wae made by Commoner, Townsend and Pake (14)
of Weshington University, St. Louis in 1954, They
lyophilized a number of plant &nd animsl meterials and
found them to contein en epprecisble content of free
radicals, This work touched off widespreed investiga-
tion of the free radicsl content of all sorts of
biologicsl materials by the electron spin resonance
technique,

Commoner's group continued investigating first,
whole cellular meteriasls, and then mitochondrial
particale end enzyme systems. In 1956 (10) they showed
the induction of persmagnetism in chloroplasts by light.
They concluded thet this property could be associated
with the triplet state supposed to be chsrascteristiec
of sctivated chlorophyll., The following year (9) they
published results showing that living Chlorella eells
produce free radicals during sctive electron-trsneport.
They then showed thet the sleohol dehydrogenase-DPH-

alcohol system gives a free radical intermedlate whieh
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can also be genersted from acetaldehyde-DPllH~enzyme
side. The lactic scid dehydrogensse and glucose—6-
phosphate systems gave similar results, Compareble
experiments with eytochrome reductase, cytochrome ¢

and eytochrome oxidsse with reduced DPN aﬁﬁ oxygen

gave compersble results, In 1958 (13) these studies
vere extended to lactle oxidase decarboxylase,
glyceraldehyde phosphate dehydrogensse, spnd aldolsse.
They found that aldolase, which is not associsted with
glectron trensfer, does not give an e.p.r.signsl when
mixed with 1ts substrate. All the flavoprotein enzymes
studied gave a transient free radicel intermediate when
scting upon their substrates which is similar in g-value
end half-width to the resdical obteined when flavoprotein
enzymes are illumineted in the absence of substrate, and
it was concluded that the free redicsl comes from the
prosthetic group. The steady-state concentration of
this redicel during the resction wes varied by regulating
the rate of enzyme activity.

Commoner's group then (12) proceeded to investigate
the FMN and flavoprotein enzyme free rgdicsls produced
by light. They found that, while the free radicsls
were guite steble in the derk after they had been
formed they were completely destroyed by oxygen and
not regenerated by light until the oxygen was removed.
The g-value and hyperfine structure were the same as
those of free radicals produced by wixing FMN and DPNH

or borohydride. ILippincott, et sl. (42) showed that
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flavine partially reduced by substrate give this same
free radicel, and that it disappesrs in the pressnce of
an electron acceplor such as oxygen.

Commoner and Hollocher (26)(11) published in 1960
the results on thelr work with heart muscle mitochoné~
risl particles, showing that the free radicals which
they observed were attributable %o the sotivity of
succinic dehydrogenesse, and were probebly identified
28 the complex between the flavoprotein and substrate.

Sogo, Pon end Calvin (67) in 1957 studied the
€.per. spectrum of spinach c¢hloroplasts. They concluded
thet becsuse the decay of the radicels is reterded by
cooling it is no%t the triplet that gilves the signal,
but trepped electrons or dissociasted bonds brought
ebout by the action of light., The narrow bend indicated
& pi-type orbital for the unpaired electron, removed
from lattice intersction.

ﬁeanwﬁile, Bray, lalmstrom and Vanng@rd (6) in
1959 published the results of their work on xenthine
oxidase, a flavoprotein enzyme, from a different point
of view, They studied the changes in the velence of
iron and molybdenum stoms during enzyme activity. They
did get the expected semiquinone from the flévinvadeninew
dinucleotide but did not study it further., They
recorded & resonence which they attributed to a specisal
kind of ferrous irom, or to molybdenum +3 or +5, They

thought Mo +5 most probesble. They considered this
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evidence for the perticipstion of free radicales in enzyme
resciions.

M¥lmetrom, Wosbach and Véanngdrd (46) studied the
copper of fungel lsccase snd found definite evidence of
a chenge in velence from Cu II to Cu I during resciiom,
The pure enzyme showed the typical signal of Cu Il which
was greatly reduced upon the addition of cestechol. UThen
the substrate was exhsuasted the copper signsl relurned,
also the blue color which faeded during enzyme metivity.

The metal ione found in mitochondrisl particles,
succinie and LPNH dehydrogenase were studied by Beinert
and bends (2). "They found some non-heme ferrie iron which
geve g signel at g = 4.% whieh also shows possible
reduction by substrate to en irvon giving & signel at g = 2.
The signal was not posttively ddentified and may not be
iron, In any case the signal &% g = 4.% decreased. The
new signeal was well differentisted from the flavin free
radical signal. In snother publication (65) it was
stated that ¢ytrochrome oxidase gives s copper signal,
end that 8ll the signals mentioned in the previcus paper
are found in beef heart mitochrondie asnd in particles
derived from them.

The work of Gordy (22, 23) wae concerned with the
effect of ionizing redistion upon proteins. He and his
group have studied the nature of free radicals produced
in proteinse end the protective zmction ef sulfur-contein-

ing amino acide and other substances. They proposed
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the ides that proteins cen conduet unpaired electrons
or "holes" along the polypeptide chain for msny sng-
stroms to "traps" where they are stebilimed.

The detection of substrate free radicals in enzyme
systems by Yamsgakl, WMasson and FPiatte (72) geve the
first evidence thet Michaelis (55) and George (22) were
right in speculating thet when enzymes set to producs a
one-electron trensfer, short-lived free resdicels are
set free in the reaction medium, The technique used in
this research was slso new, for instead of freezing
samples at various times during the resction, these
investigetors employed a flow apparatus designed by
Berger whieh eould be used to give a continuous sampling
of the resction mixture at 2 given time, or to introduce
the semple into the cell early in the course of the
reaction, and by stopping the flow, %o observe the
whole course of the reamction., FEver though the free
redicals were very short-lived, they were found to
sccumulste to a measursble steady-state comcentration,
end peroxidese end ascorbic acid oxidase were proved to
act by & free redicsl mechsnism. Imploying the same
technigue with Chence's manuslly operated flow appareatus,
Hakamura (60) found that lsccase also ackes by a fres

redicel mechgnism.
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THE ENZIME TYROSINASE

Tyrosinase is very widely distributed in nature in
both the plant snd snimel kingdoms. It is the enzyme
(50, 51) which cetalyzes the resction between moleculsr
oxygen and certain phenclie substances in tissues to form
colored oxidation products of high molecular weight known
ag melanins. These melanins, when united with the protein
of the tissue, sre the piguwents which determine the colors
of hair, eyes, fur and festhers. Their production
accounts for the browning of fruits end vepetables when
injury exposes the inner tissues to the air, and for the
coloxr of the protective costings of insects. Sguid and
octopus ink are melanoproteins, Melanogenesis couses
the tenning of humen ekin when it 1s exposed to sunlight.

After careful isoletion and purificstion from the
tissues in whieh it occursg in lerge emount, such as
potatoes or mushrooms, tyrosinesse is obtalned as a psle-
yellow protein (75) of moleculer weight 100,00C containe
ing 0.2% copper. Caleulstion shows this to be fouxr
¢opper atoms per molecule. It is electrophoretically
homogeneous. Its sedimentation constend in the ultra=-

centrifuge Frieden (21) reports as 7.3 x 1@“13 with DEQ

= 7.7 % 10“7/em2 sﬁe“l. He leter (31) reports 3 Sved-
berg unites for highly purified tyrosinase in .CCH W
phosphate buffer, pH 8. Frieden (31) gives the
gctivity of his preparstion as 1@4 of his units per ml.

per unit of opltical density st 230 m, The best prepara-
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tions of Yesunobu, Thomson and Mason (75) contain
3200 liiller~Dewson units per mg. dry weight.

The enzyme hes two characteristic esctivities (45)
which have never been completsly sepsrated. These
are the catecholass and cresclase sctivities. The
latter 1s reduced wpon purificaetion of the ensyme.
The catedhdlase activity oxidizes diphenols to gquinones
(%7, 48, 49, 50, 51), which then polymerize %o form
melsnins, according to the following overall equationt

(15} e
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The eresolese activity catelyszes oxidstion of
monophencls to diphenols and then immedistely brings

about their further oxidstion %o guinones:
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The eresolase sctivity of the enzyme never oceurs
without cateahslege activity. VWhen no diphenolic
substrste ie present, the monophenolic sctivity shows a
charscteristic time lag period which cen be sliminsted
by introduction of diphenol at the beginning of the
resciion, by addition of reducing sgents such as

ascorbic scld, or by removel of & msturally cecurring
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it is generslly believed that these two activities are
athributes of the same enzyme protein sné not evidence
that tyrosinsse is e mixture of two different ensymes.
The ecatecholase/cresclase ratio veries with different

preparations and with the degree of purity. Mallette

et a1 (45) report a ratio of 0.5 in the crude mushroom
extracet while Yesunobu et sl (75) observed 230-250 for
their purified preperstion.

Frieden (31) reports thst the Em for his purified
ensyme for catechol is 1 x 1077 4, whereas for the
crude preperation it is 5 x 107°M, With tyrosinese -
2s a substrate the Em for the purified enzyme is
4,8 x 10™°¥ and for the crude 7.7 x 10™°H. Ingrahsm (29)
r@par%m that the Em for oxygen of his prune tyrosinsse
is 1.5% of one atmosphere at low cetechol concentrstion.

Many different methods heve been used for the
isolation and purificetion of tyrosinase. It is usuelly
prepared from either mushrooms (Psalliotta campestris)
or potatoes. WMushrooms are s better source because of
the occurrsnce of globulin-like materials irn potatoes
which make separation diffieult (82), Hammelisn
tyrosinase hes been prepared by Brown end VWaerd (7).

The first reliasble production procedure from
mushrooms was devised by Xeilin esnd ¥enn (37). The
enzyme was extracted from the mushrooms with water by
grinding with sand. It was purified by smmonium
sulfate fractionation, sbsorption on caleium pheosphste

gel, elution with disodium phosphate, and presipitation
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of insctive colored proteins by lead sscetate. ifter
sufficilent repetition with altermetion of the above
progedures, a colorless, very efitive preparation was
obtained in 2.3% yield based on the activity of the
original weter extrsct. The method was tedicus and

exseting and improvement of the yield was ovviously

desirable,

Kubowitz (39, 40) prepared tyrosinmse from potato
peelings obtelning s pure, pile yellow enzyme. He foupd
that dlalyzing i% sgeinst cysnide destroyed its activity,
and that it could net be reasctivatad by dislyzing the
cyenide out ageinst water. Ile proved that the activity
could be restored by the addition of copper salts, znd
that the asctivity of the enzyme is proportional to iss
copper content, He stated thaet copper ls the prosthetiec
group of the enzyme, that lte valence chenge is respons-
ible for the enzyme activity. He showed that it combines
wilh snd is inactivated by esrbon monoxide. He indicated
that it combines with the CO only as it acts upon catechol,
and thaet only half of the copper takes up CCO, or two atoms
of copper bind one CO molecule.

iallette, lewis, Ames, Melson snd Dewson (45)
made an acetone powder of the mushrooms by grinding
them into seetone cocled with dry ice. After collecting
the pulp they extracted it with water. By careful

smmonium sulfste fractionation they obtained two
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preparations which differed from each other in the
catecholase/cresoclase activity retio. They used lesd
and barium acetates to remove colored impurities and
absarptidn of slumine with elution in buffer to further
purify the enzyme. They eventuslly obtained eleciro~-
phoreticslly homogensous proteins, one high in cresolase
activity end the other higher in ¢atecholase activity,
Both preperations hed both asetivities, however.

Kertesz and Zito (34) made their acetone powder by
homogenizing mushrooms in scetone at ~20°C to get &
light-colored material which they extracted gquickly with
50% wctone. Addition of pure actone at -20° brought
down a protein precipitate which wes collected and
dissolved in 2 minimum volume of water, If all these
first steps were carried out in one day the yield wee
meximum., Caleium ascetete wae added to the squeous
solution to precipitate extraneous proteins. Heating
to 46° helped %o sccomplish the same purpose. Ammonium
sulfaete and acetone fractionations led to an electro-
pheretically homogeneous, pale yellow enszyme in 10%
yield.

Frieden and Ottesen (21) modified the method of
Kertesz and Zito by taking the erude enzyme after
treatment with caleium acetate, dielyzing it agsinst
various salts, snd plecing it upon 2 column of DEAF
cellulose according to the method of Brown end Ward,
They eluted the enzyme with 0.08M phosphete buffer,

PH 8, reporting a2 yield of 28% based on the activity
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of the scetone precipitate., They reported very high
purity. Frieden snd Rarkhanis (3%1) have studied e
protein fraction eluted from the column before the

eéngyme with O.O4H phosphate buffer, pH 8, and claimed
that it is the tyrosinase apo-enzyme. They stated that
this inesctive protein can bhe incubated with dilute ﬁuSQ&
for five hours to recomstitute ite tyrosinsse activity.
They slso pointed out the similarity between this protein
and the apo-enzyme of Kubewitz (32).

The study of this enzyme is complicated by the
proliferation of different methods of estimsting eatecho-
lase activity. Manometrie methods which were used at
first, end were found sstisfactory for the cresclase
ectivity, gave such veriable snd ¢confueing resulte that
development of a more relisble technique was mandatory.
The first sattempt made to stznderdize estimstion of
catecholase activity was in 19338 by Keilin end Mann (37)
who defined the purpurogallin number zs the amount of
enzyme which will produce 100 mg. of purpurogsllin
from pyrogallol in © minutes at 20°C, The purpurogallin
wes estimated colorimstricslly in an ether extract of
the reaction mixture. This technique soon proved to
be too insccurate because of resetion insctivation of
the enzyme over the perisd of messuvement to be
satisfsctory.

Miller and Dawson (56, 57, 58) then developed the
"ehronometric method", which has been standard until

recently. The chronometric method eliminstes the
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problems of resction inaciivetion, varieble oxygen
consumption, snd accumulstion of resction products in
the solution. 4 known amount of ascorbic acid is

added to the reaction mixture in the beginning. It
rescts with the o-benzoquinone as it is produced and
aoﬁverﬁs it back to satechol, itself being oxidized %o
dehydroascorbic acid. Tyrosinase does not catalyze the
oxidetion of sscorbic aseid by oxygen (49). When the
sseorbic aclid is sll used, guinone sppears in the
solution. Its presence is detected by & continuous
sampling technique im which it releases 22 from KI in
en sxternsl indicalor solution conteining starch. The
rate of disappearance of ascorbic seid is egqual %o the
rate of quinone production. 7The unit is defined as that
smount of enzyme which will produee 1.49 moles of o=
benzoquinone from catechol per second st optimum
aaﬁeéhal concentration, alr ssturetion, and pH Sel,

Fl Beyoumi end Prieden (18) published a spectro-
photometric modificetion of the sbove method in whiech
they followed the dissppearance of sscorbic seid in the
reaction mixture by noting the decreese in sbsorption
at 265 %}“' They defined the unit as thst améunt of
enzyme which would produce s change of .00l unit of
opticel density per minute. Since the concentrations
of resgents were entirely different, the pH 7 instead
of 5.1 comparison of ectivity units with the Miller~

Dewson unit is guite impossible.



Miller~Dawson El Bayoumi & Frieden
Concentrations Concentrations
ascorbie acid 107y 2 x 107
catechol 5 x 107y 1x 10”78
eéthylenediamine
tetraacetate ) present

The old unit has been caleulated by J. O, Alben (1)
to be approximetely 2.3 times the new one. Frieden
end Eerkhamie (31)(32) have recently published a still
newer unit based on the use of tyrosine instead of
catechol. They seemingly wmeke no distinction between
cresolase and catecholase activities of the enzynme .

The first attempt to explain the mechenism of
tyrozinese action wes made by Onslow end Kobinson, who
postulated the production of hydrogen peroxide by the
enzyme, which wae then the sctusl oxidizing agent,

Since no hydrogen peroxide has ever been found in
tyrosinese resction mixtures and cetalase has no effect
upon the activity of the enzyme, this explenstion has
been discarded (62).

The oversll stoichiometry of the resction was
worked out by Dawson (62), Mason (50) proposed several
pessible mechenisms in his review in 1957, In
accordance with the theories of Michaelis, he proposed
the formetion of a ternsry complex of OXygen, enzyne
and catechol in two bimoleculer steps, whieh subsequently

decomposed %o give gquinone, weter and oxygenated engyme.
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The oxygenated enzyme could then resct with monophenols
to give diphenols, enzyme and water.

This explanation also leaves room for e mechanism
of rezction inectivation involving random cleavage of
the complex at 2 different bond so &3 to densture the
protein. It is thought thst copper is involved in the
binding of substrate and oxygen because the enzyme fs
inactivated when the copper is removed or mtericslly
covered by chelating sgents.

E s 02 et Eﬁg

EO + BH & E + BOH

The enzyme hos an affinity for oxygen. It is poseible,
however, for it to combine with the substrate first, and
then the oxygen. Ainy mechanism must sccount for the
simultaneous catecholase end hydroxylation sctivities.
There are other oxidative enzymes which act upon
their substrates by removing one electron at a time
leaving free radicale to accumulete in the reaction
mixture. These sub&trate free radicals then decompose
or react with other substances sccording to their nsture
and the composition of the resction mixture. The
poseibility of this kind of enzyme sction ie diseussed
by Michselis end wes first proposed for peroxidase by
George (22). It remained for Yemazeki, Mason snd
Piette (72, 73) to obtain the first evidence thet free
radicals wers indeed produced in solution by peroxidase

during peroxids ic oxidetion of hydroquinone and

e -
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| ascorbic acid. The p-benzosemiguinone free radicsl was
identified by ite hyperfine structure (SB} in the
electron spin resonance spectrometer and its appearance
apd accumulation in the reaction mixture was followed
at room %Yemperature by use of & flow technigue whieh
ensbled them %o observe changes in the resction mixture
very soon after mixing. The ascorbic acid free radieal
was likewise identified and the free radical mechanism
for peroxidase was experimentslly confirmed. The same
kind of experimentasl work on sscorbic scid oxidese, a
copper protein, showed its setion %o be of the same
type (7%). Nakamura (61) demomstrated similarly the
fact thet laccasse belongs to the same group.

We have investigeted the possibility that tyrosinase
might also be ome of the oxidstive enzymes that acts
by removing electrons one at a time from substrate
molecules, It is a copper protein, but unlike all
other copper engymes doss not show the blue color
charscteristic of cupric ion at aﬁy time, even during
resctlion. There has been much debate about the velence
of copper in tyrosdinsse, Kertesz (33) has stated thet
the copper of the enzyme is aiways in the cuprous form,
but Krueger (28) insists thet there is both cuprous
and cuprie¢ lon in this enzyme. They both uzed the same
method of estimating cuprous ion, thet of chelestion by
biguinoline at pH 1.9, If the enzyme scts by a free
redical mechsnism, it is hard to see how it would he

poseible without a change in valence of the copper.
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The research which is the subject of this thesis
was underteken with the object of determining whether or
not tyrosinase ascts by a free radicel mechanism. Ve
also wented to find out something about the kinetics of
the resction, the nature of the copper binding in the
enzyme and how the substrste snd oxygen ere held in the
complex if such a complex is formed. We have used the
electron spin resonance spectrometer in the attempt o
detect free radicaels in substrate and enzyme and eupric

ion in the enzyme.
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MATERTALS AND EBQUIPMENT
THE PLECTRON SPIN RESONANCE SPECTROMETER
| The measurement and charascterization of free radicals
in the work %o be described were obtained by the use of =
Varian V-4500 X~band spectrometer. It was equipped with a
Varien P=-8 Flusmeter and g Hewlett-Packard frequency meter.
A flat quarts cell first designed by Pownsend (9) was
placed in the cevity so that its widest dimension was
perpandicular to the feces of the pole pleces of the
magnet, It proved to be about 0.4 mm. thiek, inside
neasurement, but is probably not unifoxm throughout its
length. The flat part is placed in the center of the
cavity so that the magnetic lines of force of the micrp- )
waves meet and pass through the sample in & thin nlrxaw'iﬁ
the genter of the cavity. This cell is used for aqueous
solutions g% room tempersture so that flow systems esn be
used without introducing so much water that the Q of the

cavity is seriously reduced.

THE GAS-DRIVEN FLOW SYSTEM

The quarts cell was fitted with a lucite 4-jet
mixing chamber® by means of the shortest possible conmec~
tion (Fig. ITI)., The volume of solution between the
center of the ¢ell and the miwing jets was 0.2 ml, The
two inlets to the mixing chamber were comnected through

*Kindly loened to us by Varian Associctes
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solenocidzvalves to bcttlw containing the solutions used
in the resctions studied. The flow system was similar
to that designed by Berger. The bottles were fitted
with rubber doppers which could be wired down splidly
when gas pressure was epplied. Gas was introduced into
the tops of the bottles from & nitrogen tank equipped
with & reserveir bottle and menometer, Pressure wss
built up in the system mecording to the flow rate
desired. The solenoids were controlled by a gingle
switeh so that flow could be steried or stopped immedi-
ately. The top of the guartz eell was connected to
rubber tubing to carry off the spent resction mixture.
This waste line carried a thermocouple. The flow rate
wes measured by timing the collection of & kmown volume
of fluid from the waste line.
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Pigure I The microwave bridge and frequency meter of
the electron spin resonance spectrometer.
The klystron tube is enclosed im the cabinet
end the microwaves arvre conducted by means
of s waveguide to the cavity where the
semple is located. The frequency meter
containe snother cavity with s crystel det~
ector. When its dimensions are changed by
means of the blaeck ring on top, perfect
tuning is indicated by e dip in power trans-
miseion and the frequency is read directly
from the gradustions on the cavity esdjust-
ment., The meter bes been calibrsted ageinst
the standerd redie frequency broadcast by
the Bureau of Stendards.
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Figure II
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The gas~driven flow system. In use, the
bottle on the left i1s filled with catechol
solution saturated with nitrogen. The bottle
on the right contains the enzyme solution
saturated with oxygen. In the center is the
solenoid switch which controls the two ’
valves leading %o the mixing shamber. 4
nenometer sids in regulating the nitrogen

pressure on the reserveirs.
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Pigure III The flet guarts cell, siailar to that of
Townsend, with mixing ehamber for the flow
apperatus stteched. The four-jet mixing
chamber ig ih the circuler part of the
lusite piece just above the quartz portion

of the sssenbly.
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Figure III
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Pigure IV The recirculetion spparstus. Here the bress
cavity of the spectrometer is shown between
the pole~pieces of the water~cooled megnet.
The wave-guide leading down from the micro-
wave bridge is seen at the top of the
pieture. The quertz cell is in position
in the esvity snd the connection on top leads
to the fiigme pump in the foreground. The
tube from the bottom of the cell leads into
2 beaker %o which the recirculsted resetion
nixture slso returns from the pump. 4
fritted glass filter stick delivers gas in
gmall bubbles tv the solution from the tenk
in lower right,
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Figure V
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4 gloge-up view of the ¢avity and gas-
exchenge reservoir. Between the eaviiy and
the right pole-pi¢ce of the magnet is the
orobe of the flumeter., The fluxmeter
measures the magnetic field. Zhe probe
contains a standard sample of .25 i
gedolinium ehleride in water whieh gives a
characteristic nuclear megnetic resonance
at Enown values of frequency and magneiie
field. When resonance shows on en
oseilloscope which is connected to the
prove, but not in the picture, and the
frequency is measured by the frequenecy
meter, the magnetic field cen be caleoulated.
4 frequency meter on the probe would nmake
this apparatus sccurate to four dscimal
pleces in determinstion of the g-value

of s signal.
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Pigure VI The cavity end gas-exchange reservoir from
the reverse side., This view showe the wave
gulde as it enters the cevity and the
electric cord leading from the sweep colls
to the elesgtronic control system. The
standard-containing tip of the mesgnetic
probe is clearly visible. The capillsyy
intske from the reservoir to the cell snd
the efficient ges~bubbler sre shown in

pesition.
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Figure VII The flat quarts cell with intake capillary

for the recirculation appesretus atteched.



Flgure VII
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FPigure VIII The recirculation apparetus in the Cary
recording spectrophotometer, The cover %o
the semple compartment is replaced with =
black wooden pilece with 2 hole in the
center. The opening =dmits the intske end
delivery tubes of the 3igma pump, the gas
bubbler, and the fine plastle capillary
attached to the enzyme delivery syringe.
"he syringe is taped %o the cover in such
& way that when the assembly is covered
with a black cloth to keep light ocut of
the sample compartment the plunger cen be
depressed quiekly without disturbing the

set-up.



Flgure VIII
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Figure IX Viewed horizontally, this figure shows the
insgide of the sample compartment of the
spectrophotometer with the guarts cell
mounted perpendicularly in the light path
end £till connected to the ressrvoir and

recirculating systenm.
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RECIRCULATION AND GAS FXCHANGE SYSTEM

The quartz cell described ahove was fitted with a
plestic capillaery tube on the lower end which dipped into
a reservolr. The volume of solubtion from the end of the
capillary %o the middle of the cell was 0.2 ml, Buffer
and catechol were mixed in the reservoir and engyme
added &t mero time. The mixture was circuleted by means
of & Sigme pump st 1.4 ml. per second. Gas was bubbled
rapidly into the resexrvoir through a fritted gless dise.
A smell amount of DuPont anti-foem wes added to keep the
reaction mixture from frothing. After esch run the
system was washed outl thoroughly with deionized water

and buffer. The hold-up in the pumping system was 4 ml,

OPTICLL MFASURFHENTS

The quinone concentration in the system was followed
with a Cary recording spectrophotometer, Model 14, set
at 390 m . The guartz cell was fixed in the sample
compartment by mesns of shim blocks and tape so that it
wae held firmly in the light psth and not moved when
semples were changed, ete. The seme recirculation

get-up was used ss for the e¢.p.r. experiments.

ENZYME PREPARATION

The preparative procedure used was & modified version
of thet published by Frieden and Ottesen (21). They
adopted the first portion of the method of Kertessz and



64 .
Zito (34), edding the DFAE-¢ellulose column of Brown end
Werd (7). We used commercislly grown mushrooms supplisd
by Pioneer Fruit Company who usually received them from
the grower late in the day, shipping them to us the
following morning. Ve immedizately placed them in the
freeger at -72°C end stored them there for varying
periods of time, We found that after z week or more
their tyrovsinsse activity gradually began to drop. We
did not obtein any high activity preparations from
mushrooms stored a month or more. Theose stored on the
bottom of the freeger where}they were not disturbed or
exposed to the sir kepi betle r then those near lhe lop.
In time they became quite dark in e¢olor.

The mushrooms, two pounds azt & time, were mede into
en acetore powder in 2 VWaring blendor with approximetely
two liters acetone which wee at w??g. The acetone was
removed on a large Buchner funnel while the filter cake
wee kept cold by dry ice placed on the rubber dental
dem used %o Heep air away from the cake. The process
wes repeated, grinding more finely the second time,

The filter cake wes returned to the blendor and homogen-
ized at low speed for 2 or 5 minutes with twe liters

30% ascetone whiech had been cooled to 0%. This mixture
wae divided into centrifuge bottles and centrifuged at
-3%C for 10 minutes st 7000-8000 r.p.m. Allowing time
for the centrifuge to attmin this speed at this losad,

end then slow down, this step tekes about an hour. It
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should be sceomplished as guickly as possible. The
supernatent wes messured and placed in the freezer.

Two volumes of freezer temperature acetone were added
quickly with stirring. The precipitate wae sllowed to
settle for an hour or two, no longef; in the freezer.

It was then collected in a Szent-Gyorgyi-Blum continu~
ous flow, 8-tube, centrifuge epperstus at -20°C, The
feed reservoir wes pleced in an outer container of dry
ice until the solution was all drawn into the centrifuge.
Internsl cooling with dry ice cennot be used with a
giphon feed system. The precipitate wes washed with
cold 75% acetone end then dissclved in the least amount
of water. Ten ml. per tube, with 2 10 ml. washes poured
from tube to tube, made ebout 100 ml., of solution and was
usually found to be sufficient. The protelin solution
may be stored frozen st this poeint.

The above solution was mede 1% in Calclum sceteate
by addition of ceold 10X solution with stirring. It was
frozen overnight, thawed and centrifuged. The precipitate
was discarded. The colution was then made 60% saturated
in emmonium sulfate by the sdditiom of s5lid material.

It was sllowed to stend in the refrigerstor an hour or
two and centrifuged. The precipitated protein wes
disselved in the least volume of deilonized water. Cold,
satursted ammonium sulfate solution was sdded %o 20%
saturation. JAny precipitste which formed at this point
was centrifuged off and tested for setivity., If it

wae active it wes Lfurther fractionsted with smmonium
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sulfate, if not, it was discerded. The main portion of

the solution wes then made 50% satursted in smmonium
sulfete. The precipitate contained the bulk of ihe
activity. It was centrifuged, washed twice with 50%
saturated {ﬁﬁa}23$4 and dissolved imn the lesst volume
of deionized weter. It was dislzyed overmight egainst
2 liters of .0l ¥ phosphate buffer, pH 3,

About 50 g. of standerd grade (Peterson snd Sober)
DEAE cellulose (64) wes washed with delonized weter and
0.1 M EDTA solution. It wes then stirred with .01 M
phosphate buffer, pH 8, esnd packed quite tightly, taking
daré to avoid air bubbles, into & 2.5 cm. eolumn %o a
height of about 30 em. The ¢olumn was eguilibrated with
»01 M. phosphete buffer, pH 8, and set up on a fraction-
ator in the cold room. The flow rate should be about
2 ml./minute. The dialyzed, sssayed enzyme solution
described above was pleced on the column with care, to
be sure that the colored meteriasl did not go ferther
down than 1/3 of its length. Additionsl buffer wes used
to distribute the materiel properly and make sure the
column wae not overlosded and that the effluent was
eolorless. The flow rate was reduced somewhst by the
colored meterisl,

Elution of en inactive protein as desecribed by
Frieden end Ottesen (21) and Frieden snd Kerkhenis (31)
was brought sbout by washing with .04 ¥ phosphate buffer,
pH 8, V¥hen the opticel density at 280 m of the
effluvent was below 0.1, the elution of the enzyme with
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.08 ¥ phosphete buffer was carried out., Additionsl
sctivity was eluted with 0.1 ¥ buffer. It is possible
thet the sfficliency of the elution of the enzyme could
be increased by a gradient elution technique.

The %tyroeinsse activity obtained st this point wss
up to 25% of that found in the first scetone precipitste.
If the protein was determined by ebsorption st 280 m
scgording to the method used by Frieden, and the
activity by liller~Dawson teehnigue, the specific
activity wae 1000 units/mg.

THis preparstion wee used directly in the kinetie
experiments.

S8ince a very large quantity of tyrosinsse was
needed for these snd further experiments, s modificstion
of the preparstive procedure wes sttempted for the
purpose of incressing output. 300 pounds of mushrooms
were mede into scetone powdeér and stored in the freezer
for one to four months. The powder wzs then extracted
with 30% acetone in large batches. After precipitation
with scetone and collection of the precipitate as
described above, the asgueous solution wae trested with
caleium scetete snd dielyzed as described by Frieden
and Uttesen, It wes carried through the other steps as
described sbove,

It wes diseovered that:

1. The scetone powder turns dark on standing in the

Fér

freezer. The oldest batches were very dark,
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Fxtraction with 320% acetone gives a dark brown
solution.

The ecetone precipitete is dark brown and
sctually liquid in the bottom of the centrifuge
tubes.

The metivity of the agueous solution is wery low.
IExtended dislysis produces a great dezl of color
both inside and outside the dislysis begs.

The more color in the preparation, the larger
the column needed %o teke it out and the lower
the enzyme yield from the column.

is best to order mushrooms ia 25 pound batehes,

eontinuous process technique to obtain lerge

quantities over = short period of time. As Kertesz (34)

suggests, the entire scstone treatment should be

completed in one day. Fven the concentrsted, purified

enzyme stored at ~72°C is not stable indefinitely but

will lose half ite eectivity in sbout six months.

ENGIME ACTIVITY DETERMINATIONS

The procedure of Miller snd Dawson (56, 14) was

used for the assay of enzyme activity. An aettempt was

mede to modify the method to exectly simulate the

eonditions in the e.p.r. cell. In 0.1 ¥ phosphate

buffer,

et pH 7.6, the endpoint was difficult to see,

but the activity wes little different from that deter-

mined at the usual pH 5.1, However, when 507 and 100%
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oxygen were bubbled through the solution instesd of air,

the oxidetion rstes increased by fectore of 1.4 and 1.6,

respectively.

CHEMICALS

Water:

Buffers:

All the water used in this work was distilled
snd then deionigzed,

mixed from stock solutions as described in
"Methods in Fnzymology" (vol. I, p. 143),
The buffer used in the Miller-Dawson esssay
procedure was lcIlvaine's citrate-phosphate,
PpH 5.1, Por the sxperiment in which
tyrosinase and peroxidase were ¢ompared at
pH 5.3, acetate-acetic acid buffer wes used.
A1l buffers were checked sgainst Beckman
standard buffer pH 7 on & Zerometic pH

meter,

Catechol: The catechol was resublimed under vacuum,

m.p. 103°

h-lethyleatechol was recrystallized from
benzene, m.p. 65~65.5°

5y 4-dihydroxyphenylacetic acid cyclohexy-
lsmine salt obtained from California Corp-
oration for Biochemicasl Research, started
to dscompose at 1850, melted at 195-195,5°
4-isopropylecatechol, end 3, S5-diisopropyl

catechol were obtained from Aldrich Chemical

The buffers at pH 7 end sbove were phosphate
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Compsny and, although impure, were tested
qualitetively as free-radicel producing
substrates for tyrosinace.

Peroxidase: Crystaline HRP kindly furnished by Dr.
Yamazaki R.Z, = 3,0

O-nitrophenol: Fastman m.p. 45-45,5°
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EXPERINENTAL

FLOW EXPERIMINTS

In these experiments 1 liter of buffer, pH 7.6, was
plsced in each bottle of the flow apparatus. Nitrogen
weg bubbled inte the left-~hand bottle and oxygen into
the right-hend bottle for sm hour. Meanwhile, the e.p.r.
spectrometer was warmed up and tuned to the cavity with
the cell filled with buffer solution. Catechol, 2.2 g,
was mixed into the left~hand bottle. To the right-hand
bottle, enzyme was added and the stoppers of both bottles
were quickly and tightly wired down. The pressure was
increesed & little and the flow started slowly, while the
magnetic field wes scanned to find end identify the
signel. When the signel was located, the scan was
Btopped and the field adjusted to the highest pesk of
the derivative curve. The flow was then stopped. When
e constant base line had been obtained, i.e. the free
radical hed decayed to such a smell value that the
signel wes down in the noise and undetectable, the
pressure was adjusted to the first of three predetermined
levels and the flow started. The flow was then stopped
suddenly end the course of the reesction recorded azs a
trace of free radicsl accumulatian and decey. The runs
were repesated at each carefully measured flow rate
several times. Z¥nzyme and catechol concentrations were
varied and the findings sre described in the "results®

gection. The above experimental work was repeated with
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peroxidase as the enzyme instead of tyrosinsse., The
work wes again repeated in 0.1 U acetate buffer st

PH 5.5 with both enzymes. This work was published in
Mareh, 1961 (53).

RECIRCULATION EXPERINENTS

The gas exchange apperatus was connected to the

quartz e¢.p.r. cell as deseribed in the Apperstus section.

- The cell was filled with buffer and the epectrometer

tuned. 4 solution of catechol wes placed in the reser-
voir and the pump wes started. Upon the sddition of
ensyme from s syringe, the zcen weos sterted to search
for the signel. The signal of o-benzosemiguinone has
three pesks, well separated from each other and the over-
all signesl is quite broad for a free rasdical (3).
Sigoals for melaenin have been reported as s eingle
narrow line at g=2 (14, 52). Since there was & poss-
ibility that the semiguinone signal could dscay into a
melanin signal, end that the contribution of the melanin
signal could not be separstely distinguished, especislly
if the semiguinone signel were very wesk becsuse of low
concentration of free radicel, the megnetic field was
adjusted to show the deflection in one of the derivstive
peaks of the higher g side peak. This, of course,

gives lower sensitivity to concentrstion chenges, but

it eliminates the possibility of confusion with melanin
signals. When the pesk was found esnd the field adjusted

for maximum deflection of the pen at thst poeint, the
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experiment was sterted,

To 10 ml. of 02 U catechol solution in the gas
exchange reserveir was added 10 ml. of buffer, less the
velume of enzyme solution. After gas, pump snd recorder
were on, the snzyme was sdded from a syringe as gquickly
88 possible. The free radical at constant oxyszen pressure
was then traced ss it accumuleted snd decsyed. For tha
50% and 100% oxygen rumns both buffer end catechol solu=-
tions were equilibreted with these gases for =t least an
hour before the stert of the experiment. Catechol
decomposition was prevented in the case of the 100% oxygen
by adding the molid to the oxygen setursted buffer just
before the start of the experiment, snd in the case of
the 50/ run dissolving it in nitrogen saturated buffer,
using diluting buffer saturated with 100% oxygen. Fnzyme
end catechel concentrations were veried, with the results

to be reported in the next section.

ATTEUPT 90 FIND CUPRIC ION IN TYROSINASE

The tyrosinase from the ealﬁmn a8 used in the previwus
experiments was further purified by fraetionation with
ammonium sulfate and dislysis of the concentrsted agueous
golution egeinst 0.005 M disodium phosphate overnight.

The protein concentration was 10 mg./ml., the mctivity
10,900 M~D units/ml., meking the specific aectivity 1090
units/mwg., and the molar concentration of enzyme

(m,we. 100,000) 5 x 1@”5. If there are four copper atons

Lo the enzyme molecule, the copper ion was 2 x 1074 M.
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4 small smount wes pleced in & lum. quartz e.p.r. tube
and frozen with liguid nitrogen. 4 special Dewar flask
was placed in the cavity of the e.p.r. spectrometer and
filled with liquid mnitrogen. The tube of frozen tyrosin-
ase wes placed in the Dewar and the magnetiec field scenned
8 number of times with negetive results. Ve slso added
gbout 1/5 of its volume of 1mM. HEO to the tyrosinsse
solution, frozen asc before, und looked sgain for a copper
sigpal, but found none. In & previous experiment we hed
found that very impure tyrosinsse does give a copper
signal which does not chenge upon addition of catechol.
The resull is inconelusive and further work ewesits the

production of large emounte of pure enzyme.

PREE RADICALS FROM OTHIR SUBSTRATES

Tyrosinsse i$ known %to use meny dihydric phenols as
substrates. In order to facilitete study of the kinetics
ef tyrosinase-catalyzed reactions, the free radicals of
some of these compounds were produced by alkeline
oxidetion and their absorption patterns traced on the
€.p.r. They 2ll show cherscteristic hyperfine structure,
Esch substance was made into 0.01 M. solution in
NaZHPOQ-NaOH buffer, pH 11, end mixed with an equai
volume of 0,01 M. potassium ferricyanide. 4 syringe was
used to £iil the flat guartz e¢ell from the bottom. The
free radicels were stable for ten miputes to hslf an

hour, giving smple time to observe and record the signal,
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The electron spin ressunence sbsoxpileon
derivative trace for o-benzosenigquinone
obtained by slkaline ferricyanide oxidaw
tion., The hyperfine sbructure shows the
effect af two major egulvalent protons and
two minor ones, The g-velue, or specird~
seopic splitting fector iz 2. This surve

is the pame 28 thet ohtained by ﬁgakins (27)
upon slksline cutoxidetion of eetechol.
Heobhine settings:

¥odulation smplitude 25

Feavonge time 2 = 0,8 gec,
Gain 500
fean speed selting 10 peuss/min. or

1.1 geusa/cm,

Fregquency 9.495 EKmc.
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Figure X1 Comparison of the e.p.r. signal of peroxy-
lemine disulfonate, which wes used %o
ptenderdiss the instrument, with that of
o~bensoseniguinons. The arees under the
gbsorptisn eurves are proportisnal %o the
concentraetions of free redicals in the
solutions., 7he o~benzosemiguinons signel
recorded in this figure was obtailned by
the oxidetion of catechel caltalysed by
tyrosinase gt pi 7.6. Catechol concen~
trationt: .OL M ensyme: 15 units/ml.;
buffer: 0.1 ¥ phosphate
Copcentration of peroxylamine disulfonste:
284 x 1077
Mechine settings:

Moduletion smplitude 25

“eaponse time C.8 360,
Gain SO0 fer owvensi~
gsemiquinone

2.5 for stondarzd

Fa

seen gpeed setiing 10 weuse/ min. o
1.1 geuss/ cm.

The srrow shows direction of increesing
mopnetic field. The g-values of the two

signals are rnot the same.
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In comparing unknown and standard signals for
determination of free radical concentration (28), it is
necessary to maeke sure of the following conditions:

l. The filling factors for the two ssmples must be

identical. The samples should both be either
"line” or "point" samples, not one of eaech, The
golvente should be the same, meterisls of high
dielectric constant distort the rf field pattern.

2. The cavity muet be matched to the klystron

fregquency to the same degree for ezch sample.

3+ The crystal leaksge must be adjusted to the same

level.

4, The emplifier gain zettings wust be known.

5+ The modulstion amplitude should be the zeme for

both samples.

The sbove gqualifications were met by using the same
quartz cell for the standard as for the unknown, the same
solvent, water, the same tuning procedure with the same
gaweﬁ rode end figure on the oscilloscope for both,
the crystel leskage set to a stendard nunber, 300 micro-
amps8, the smplifier gainse were recorded. It was found
by Drs. Yamezeki and Narni that the varistion of signal
area is directly snd lineerly proportional to the gain
getting. The moduletion emplitude was 25 for both

standard and sample.



Pigure XII The electron spln resonance ebasorption
derivative trece for .01 M 4-isopropyl
cetechol oxidised by .01 ¥ potessium ferri-
eyanide at pH 11, The mainm splitting gives
g doublet which is further split inte
triplets. This indicates the influence of
one mein proten with two less imporisat
ones.

Upehine settingst
¥oduletion smplitude 25
Response time 0.8 sec.
Gein 500

Sean speed setting 1.1° gausa/vsm,
Klystron frequency 9.495 Kmc.
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Figure XIII The signsl for the enzyme-generated free
radical of 4~igopropyl estechol. The sub-
strate wege Ol M in 0.1 ¥ phosphete buffer,
pH 7.6.

Machine settings:
Modulation amplitude 50
Regponse time 0.8 sec.
Gain 500

Scan speed setting 2 gauss/cm.
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Pigure XIV The electron spin resonance derivative
trece of .01 ¥ 3, S5-diiscpropyl catechol
oxidized by .0l M potessium ferricyenide
at pd 11. The three main lines have un-
resolved finer structure. This indicates
the influence of two main proltons with
gsome contribution from the isopropyl side
ehgins.
imchine settings:

Modulation emplitude 25
Response time C.8 sec.
Gein 500

Scan speed setting 1.1 geussionm.

Klystron freguency 9,495 Kme.
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Figure IV

The seme signal as Figure XIV genersted
from 3, S5-diisopropyl eatechol by tyrosinsse
at pH 7.6.

Machine settings:

Modulation emplitude 25

Response time 0.8 seoc.

Gain - 1000

Sean speed setting l.1 gauss/em
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Pigure XVI

The electron spin resonsnce derivative
curve for the semiguinone of Ol ¥ &-methyl
cetechol., The Iree rsdicel is genersted by
glkaline oxidetion. The hyperfine structure
shows four main lines, indicsting three
equivalent protons., These are further
split imto triplets, whiéh would indicate
twe protons of lese influwence. It iz herd
to retionelise thie signsl in terms of the
structure of the radical. The insert ashows
the ssme signsl, slthough wesk, genersted
by oxidastion in the presence of tyrosinsse
at pH 7.6,
Concentrstions of reegents:

Senethyl cstechol: 01 ¥

snzyme 7 units/ml,

phosphste buffer 0.1 M
¥sehine settingas:

Modulstion emplitude &5

Hesponse time Q.8 Bag,

Gain 200

Scen speed setting 1.1 geuss/om,
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Pigure XVI




FPigurs XVII

1418

fhe eleotron zpin resonsnce derivelive
curve for .01 ¥ 3, 4~dihydroxyphenylacetic
seid, in the form of the ecye¢lohexylemine
salt. The sigesl was obtained by
alkaline oxidetion. There are four mein
lines, indicating the influence of three
protons. The splitting into dJdoublets
would point to the effect of a single
proton.
Moghine settinge:

Ho@ulstion emplitude 50

Eesponse time 0.8 sec.,

Gain | 800

Sean speed setting 1.1 geuss/om.
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Figure XVIII Inzyme generated free radical of
%, 4-dihydroxyphenylacstic scid,
cyclohexylamine salt,
¥achine settln e ap An Figere VI,
exe0pt for sean speed which was
2 gauss/on,

Klystron frequensy  8.500 Lao.
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4.
These pignels were slso genersted by oxideation of the
catechols in the presence of tyrosinsse in the flow
apparatug. The signals are compared in Figures X to

XVIITI.

SPECTROPHOLOMIIRIC EXPERTIMENTS

The ges exchsange apparstus waos set up in the
sample compertment of the spectrophotometer as des-~
eribed above. It was first necesssry to determine the
length of the optical path of the guaertez eé.p.r. cell.
This was done by measuring the optical density of o
solution at kmown concentration of s pure compound of
known molecular extinction coefficlent. Since the e.p.r.
cell wes not made for optical measurements it is
neither opticselly flat mor uniform. O-nitrophencl
wae selected because it sbscrbe feirly near the wave
length cheracteristic of o-benzogquinone, because the
pure compound wag avalleble, beceuse it is mtable in
gsolution and because its molecular extinction
coefficient is given (66) at 345.7 g/t. The ratio
C/D = 4,42 is given to simplify celculation, where ¢
is the concentration in mg./100 ml., end D is the optical
density. ©&Since these figures are for & path length
of 1 em, it ie only necegsary to take account of
the inverse ratic between peth length and optieal
density to determine the average psth length through
the part of the cell traversed by the beam of light.



Thus, the quartz cell wes balanced against a lem. ﬁuaxtz
spectrophotometer cell, both celle filled with alaeohol.
The sleoholic solution of 44.2 mg. o-nitrophenol per

100 ml., was then pumped into the flat cell znd the
optical density determined. The measurement wae ré-
peated several times %o make sure that it was reproduc-
ible.

The reference cell was filled with buifer, pH 7.6
and the recirculstion system cleaned and filled with
buffer. The zero adjustment wes made at 390 T and
the buffer in the reservoir discarded. The szme kind of
catechol solutions at different oxygen pressures verse
used asz in the e.p.r. studies., This time the spectro~
photometer was turned on and the enzyme introduced from
a syringe which was fitted with a long, fine plastie
tube dipping into the reservolr, but could be controlled
from the outside of the sample compartment without
permitting light to eanter. The increese in optical
density at 390 §¢bwas recorded as a function of time.

When some doubt erose as to whether the incresse
in optical density at 390 % was entirely due %o the
sccumulation of o~bensoguinone the experiments were
repeated with the spectrophotometer scanning back end

forth from 360 to 480 §u/ gt the rate of 10 gﬁb/aec.

95.



RESULTS 9.

FIOW EXPERIMERTS

The results of the flow experiments are illustreted by
the e.p.r. treace of Figure XIX, The free radical concen~
tration in the center of the cell is determined by the
time after mixing thet it tekes the solution to travel that
far from the reserveoir. Ths pen deflection rises quickly
to the position corresponding to that free rsdicasl concen~
tration. T% remains constant until the flow is stopped.
The free radical then sccumulates in the resction mixture
in the cell as the oxldetion progresseés and begins to
decay as the oxygen concentration drope. If the overall
reaection rate is of the order of 2 x 10“*m/aee. the
oxygen is theoretically all used at 5.5 seconds beesuse
¢ach mol of catechol oxidized rsguires % mol Og. The
time course of the reaction must not be lineer after the
oxygen concentration is reduced below the level ¢orres-~
ponding to twice the 2 Xm for oxygen at thet catechol cone
centration about 10% at C.01 i for prune ensyme, The
oxidation does not stop suddenly, and free ré&ical‘an&
quinone deeay take over graduslly rather than sharply at a
cextain peoint in the resction. The shape of the curve and
the velue of the maximum is certeinly affected by the ex-
haustion of oxygen end it ig difficult to assevs the
effect of enzyme substrate concentraetion upon the free
raedical concentration under these conditions. '

We found that enzyme concentration has little effect



3

37
upon the maximum free rsdiocsl observed if the enszyme

wore sbove 25 units/ml., and that substrete concentra-
tion hed 2z profound effect upon the maximun even though
it was fexr sbove the Micheelis concentretion for
cetechol.

Lissitzky et al (41) reported spectrophotometric
evidence ol free radical formstion in tyrosinase
catelyzed oxidetion of catechpl, They esdded tyrominese
to slecholic cetechol sclutions at -10 to »2&96* froze
the mixture in ligquid nitrogen to o gless, snd scanned
its nltrevielet zbsorption spectrum. They found en
absorption peek et 288 mp whieh they ettributed to
o~benzosemiquinone, because it wse the ssme ez that
obtained for irredisted cetechol under dmiler conditions
ant it diseppesred upon werming to room tempersture.
They dicd not speeify pH. These conditions are so
unusual for enzyme regcetions that it iz herd to meke
comperisons betweer thie pnd other work.

The above experiments ot pH 7.6 do not show ﬁhtﬁhﬁf
the free redicsl is the firet produet of the tyrosinsse-
catealyzed oxidation of estechol or not. T7f, however,
the helght of the constant section sbove the basze line
of the sbove curvees obisined during flow st various
rates iz corefully measured end plotied es free radical
congentretion againest time after mixing, 2 smpoth curve
is obteined which represente the varistion of Iree rad-

ical concentration with time during the very early



FPigure XIX 4 typical e.p.r. specirometer recording

from the flow experiments. The firet sharp
dip on the left shows the start of the fiow
of resction mixture through the cell in the
cavity. The level of free radicel dstected
yises and remsins constsnt until flow is
stopped at the next shearp dip. The resction
is followed through & meximum and a period
of decay ss® shown and the sharp spike on
the right marks the end of the experiment.
The catechol concentration wes .01 M,
ensyme concentralion, 1.9 units/ml. in
0.1 M phesphate buffer, pH 7.6. The flow
rate is 8 ml./seec. The spectrometer is
set on one of the high middle pesks of the
o~bengoseniquinone signal. Fach paper
division represents 3 ses.
Mpechine settings:

Modulation amplitude 50

Pime constant 0.8 sec.
Gain 500
Sean apeed 5 gauss/em,

The enzyme in this case isg tyrosinase.
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100.

of the reaction, before the oxygen concentration has
been much depleted by the reaction. The catechol -
concentration is also virtuslly econstant and typical
free radicel kinetics should describe the course of

the remction if free radicals sre the first product snd
are produced faster than equilibrium by disproportione
ation cen govern their concentretion. The faet thet
the curve wss smosth, not at sll like the typical free
radical curve indiceated thet either the free radicals
were not produced fast enough to cutrun the equilibrium
concentration in which case enzyme concentration could
be incressed until this effect was produced, or that
they were produced from the reverse resciion of gquinone
with catechol. In the latier case, o=-benzoguinone
would be the first product of the resctiocn. In order
to decide bthis issue, it wee necesasry to produce
a~bengm$amiquinene at @ rate compersble to the oversll
resction rate cetalyzed by tyrosinase to see if
equilibrium is established so quickly that the free
radical concentration could never exceed the eguili-

brium value.
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- In order to cheek this point, Dr. Isao Yamegaki
kindly donated crystalline horsersdish peroxidase.
The same experiment, under the ssme conditioms ss with
the tyrosinese, with the results plotted in the same
way, completes the graph of Figure XXIsghowing the two
o-benzosemiquinone curves of peroxidsse, compared with
the eguilibrium eurve of tyrosinese during the esrly
stages of the oxidstion at pH 7.6,

When peroxidsse and hydrogen peroxide were per-
mitted to oxidize catechol at pH 5.3, at & rate of 2.3
X EG"QMfsec., & steedy state concentration of semi-
quinone at 0.4 x 10™°N was built up which decsyed when
ﬁhﬁ reaction velocity decreased. Tyrosinsse, under
the seme conditions, scting at nesrly the ssme overasll
rate, 2.6 x 10"&E/sec., produced no detectable (i.e.
lese than 1077, the lower limit for our inmstrument)

free radical et pH 5.3.



162,

Figure XX A typical e.p.r. spectrometer recording
from the flow experiments with peroxidese
et pH 7.6, The base line is shown at the
left. At the first mark flow is started.
It is stopped at the second mark and the

increase and decsy of o-beangosemiguinone
in the resetion mixture is reecorded as
gshown. XA second experiment is shown in
the same picture., The instrument settings
are the seme as in Figure XIX.The cetechol
concentration is .0l M, the peroxidase
1.68 x 10™2M, hydrogen peroxide 1.2 x 107 K.
The flow rate is 2 ml./smec.
Mschine setiings:

Hodulation amplitude 350

Time constant 0.8

Gain 250

Scan speed 5 gauss/em,
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Figure XX
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Figure XXI gomparison of o-benzosemiquinone generation
by peroxidase and tyrosinase st pH 7.6,
0.1 M phosphate buifer, 0.01 ¥ catechol,
at 21°,
A: peroxidase (v = 3.2 x 107 'M/sec.)
C: peroxidase (v = 0.8 x 10.4E/“¢0)

, il
B: tyrosipese (v = 2.2 x 107 i/see.)

104,
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Figure X1l The e.p.r. spectrometer recording of the
experiment with peroxidese at pH 5.3, The
rate of flow is high in thie case end the
level of free radical during flow, showm at
the left edge of the trace, is hardly above
the noise of the ipstrument. Vhen the flow

is stopped the fres radical concentration

rises to & steady stale, which shows decay
only when the hydrogen peroxide becomes
limited.

Catechol concentretion, .01 li; enzyme c¢on=-

gentration, 1l.25 x 10“1%; hydrogen peroxide,

1.2 x 107 M; 0.1 K scetate buifer.

Instrument settings the ssme as in previous

figures:
Modulation amplitude 50
Time constsent 0.8
Gain 1000

Scan speed 5 geusas/em.
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108.

RECIRCULATION FEXPERIMENTS

In these experiments the oxygen concentration was
held constent by recirculetion of the resction mixture
through a gas exchanger. Thus the time course of the
oxidation of catechol %o quinome should be reflected by
the concentration of free radiecal produced in the system.
1% should be possible to determine the equilibrium
constant of the dismutetion resction if the quinone
concentration could be determined independently. The
free radicel curves obteined sre illustrated in Figures
XXIIT and XXIV. The meximum free radical concentration
wag determined by the oxyger end the catechol concen-
trations, and, at hizh oxysen concentration, the enzyme
concentrstion also, The rate of free radical product-—
ion wes proportional to the engyme, oxygen and catechol
concentratione also, When guinone concentration was
followed spectrophotometrically under the same conditions,
it was found thst its rate of scoumulation was greatly
incressed by incressed oxygen concentration at constant
enzyme end substrste concentretion (Fig. XXV). Chenge
in catechol concentration should not heve changed the
rate of the reaction, but it does show en effect upon
guinone sccumulation. Inereaze in enzyﬁe concentration
at constant oxygen and cstechol concentrastion hes
little effect upon the rate of guinone sccumulation
except at 1O0% oxygen saturstion (see Fig., XXVI),

Under air ssturation conditions, it was found

that the rete of quinone acoumulation doubled when the



Figure XXITI The free radical curve as traced by the
electron spin resonsnce spectrometer. The
solid line represents the dats obtained with
28.8 units of enzyme/ml, The line with long
and ghort dashes represents 14.4 units/ml.
The dsshed line shows 7.2 units/ml. The
ordinete is calibrated in terms of molar
free yadical nanésntzatian by the ceslcula~
tion mentioned in the text,

4: 20% oxygen, .00855 M eateechol
B: 20% oxygen, .0167 M eatechol
Cs 50% oxygen, .00835 M catechol
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Pigure IXIV Continuation of Figure XIITI.
D shows free radicsl at 50% oxygen, .0167 M
eatechol
E: 100% oxygen, 00835 M catechol
F: 100% oxygen, .0167 M eatechol
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catechol concentration doubled (Fig. XXVI ). TFnazyme
concentration et constasnt catechol concentration has
little effect. When the reaction mixture was ssturated
with 507 oxygen~50% nitrogen mixture, at 00835 M
catechol, the quinonme mccumulstion rste nearly doubled
wheén the enzyme concentration was doubled from 7.2
units/ml. to 14.4 units/ml. However, when the enzyme
concentration was doubled agein, to 23.8 units/ml.
there wes no fuvther change in vate. When the catechol
concentration was increamsed to .Ol67 W, the rate for
7.2 units of enzyme/ml. was doubled over its value
for half the catechol concentration, but doubling the
enzyme conceniration st this cestechol concentrstion
produced only a 25% increase in rste and then doubling
the enzyme again produced only a small (4%) rise in
guinone sccumuletion rate. When the resction mixture
was kept seturated with 100% oxygen, the rate for
7.2 units/ml. of enzyme wes more then double that for
50% oxygen. Doubling the enzyme concentrastion st
constant cetechol concentretion incressed the rate
about 60% end doubling the enzyme agein brought about
another 10% incresse (Fig. ZXVY ). Doubling the
catechol concentration gave & somewhsi lower rate at
4.4 units/ml. of enzyme, butl &t 28.8 units/mi. the
rate wee increassed again sbout 30%.

Flotting the free¢ radical deata upon the same scale
as the guinone accumulstion data permits compsrison of

the chenges in these components with enzyme, OXygen



Figure XAV

Veloeity of quincne accumulation
plotted against enzyme concentration
at different oxygen concentrations,
A: 00835 ¥ catechol

B: .0167 M catechol

1t 20% oxygen

2: 50% oxygen

%t 100% oxymen concentraztion

114.
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Pigure XXV.

1les

Comparison of guinone accumulation

rete and maximum free radical concen-
trations at different oxygen concentra-
tions.

Ar LCO835 M eatechol

0167 ¥ eatechol

-

e
.

-
: 7.6 units/ml. tyrocsinase

14.4 units/ml. tyrosinese

-

WO

23.8 units/ml. tyrosinase



11%

7, NI NOILVHINIDONOD NIDAXO Zo NI NOILYHLNIDONOD NIOAXO

2,001 205 %0z o %00l %0s Xoz o
I i I i 1 I
4261 1 1!

5 3
dege & J-0
SE -4 848

3> <0
LT 1€ ch

O Lo
—0oLL mw ..vH_..m_

aies o
Heg6mZ 1529

& C =T

) ..._W NO
estim 49 2
Han_ WI:
s s Py
“reis i 1 @5
zm NnZ
Hrs) x 4o x ™
< %
421 1 @
Lz Jo

Pigure XXVI




118.

and catechol concentretions., Figure XiIV shows the
dets for 20 oxygen saturetion eonditions., From
these data the egquilibrium constant ie caleuleted.
“he celouletions ere summerized in Teble I.

Hepeatel scans from S00RE40 mM  show thet the
absorption et 390 %ﬂ wes msinly ettributsble %o the
amount of o-bensoguinone in the mizture., Ihere was no
epprecisble shift in the weve-lengih of the pesk ss
would be expected if some of the shsorption were due
to & new compound dbeing formed of slightly different
absorption charseteristice., Lhere wes ne grest rise
in sbsorption on either side of the pesk to indicete &
mesking by sn increese in genersel sbsorption from
socumunleting melenin, 4 streight line can be drawn
through the mexime to eonfirm the streight line dste of
the previous work.

The castechol concentration st any time wos estimated
from the setivity of the enzyme determined by the
Niller~iswson provedure. Ilesch unit cetelyzes the
oxidetion of 1.49 x 1075 cstechol/ pec, when air is
eontinuslly bubbled into the resction mivture during
the determinstion, In this procedure the ¢stechol
concentretion is kept constent end npo guinone
scgunulates in the syatem becsuse of the nresence of
ascorbie ecid. "hen 500 oxygen wse used the rate of
oxidetion of & glven enzyme preparstion wes 1.8 times
what it wes ot 207 oxygen, ent st 1007 oxygen the ratio
to that at 207 oxygen was 1.6. These dete are collated

in Yeble 11,



FigurexXVII

119.

4 comparison of guinome ‘snd free radical
concentrations ss a function of time. The
time sesle is expended so ss to demonsirate
both varistions on the same coordinates., The
lines show the quinone accumulation snd the
¢urves show free radicel accumulation end
decay. 4! 14.4 upits/ml. enzyme, .00835 M

catechol
B: 16,8 units/ml. ensyme, 0167 M
catechol
G: 28.8 units/ml., ensyme, .00835 M
eateshol
D: 28.8 units/ml. enzyme, 0167 M
ecateshol
411 these data are for air-satursted condi-~

tions.
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TABLE I
SUMMARY OF DATA ON REACTION RATES & QUINONE FORMATION

121,

initial
overall Rste of
o ST s A ot
sure chol units/ Y 59%: l.atifg Ratio
# % atm., ocome. M ml, x 10 = 10 4Q/4C  Ave.
1 20 + 00835 4.4 2.14 1.38 0644
2 L0267 2.14 2.84  .1325
3 00835 28.8 4.28 1.70 0397
4 0167 4.28 2.8 L0668 ,076
] 50 00835 7.2 1.5 1.8 .123%
6 .0167 1.5 2.98 1985
7 .00835 14 .4 5.0 2.8 ,09%
8 0167 3.0 5.69 .123%0
9 . 00835 28.8 6.0 2.70 0450
10 .0167 6.0 3.85 L0638 .109
11 1100 00835 7.2 i1.71 5.98 2320
12 « 00835 14 .4 5.42 .82 .1990
13 «0167 B2 5.96 1740
14 «-00835 28.8 6.54 7.8% L1140
15 .0167 6.54 9.94 L1450 ,17%
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TABLE II

OVERALL REACTION RATE BY THE MILIFR-~DAWSON METHOD

) Time to oxidize time in air
# % 0y 3 mg. sscorbic acid time in O,
1118 20 48 seec.
1.4
— | 50 32 sec.
1123 20 44 sec,
1.6

iC0C 28 see.



DISCUSSION AND CALCULATIONS

Yamezaki (73), in his work with llason snd Piette,
hsag worked out the kinetics of the oxidstion of
ascorbic scid by hydrogen peroxide in the presence »f
horseradish peroxidase. Ascorbic scid free radical
wes not stable under the conditions of their experie
ments, and lts decay was described as & bimolecular
process, e¢ither disproportionstion, dimerizetion, or
both, At steady stete the rate of generation of the
radicsl is equal to the rste of decsy, &nd the steady
state concentration of free radical cen be expressed by

the equation:
AH E
e8] g AW
t’z[hﬁ“aJJ T ]

where AH, ig the sseorbic ecid concentrastion,
Lo

kd is the decay constant of the free rsdical,
F is the totel peroxidese concentration,
ky the veloclty constant for the combination of
peroxidase with Egoﬁ and |
kB the veloecity constent for the combination of
compound II with asscorbic a2cid.
Since the hydrogen peroxide coneentration is very much
higher thon the ascorble acid concentration, it has
little effect upen the free radical concentration,

which can then be expressed by the sguation:
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VL

This eguetion shows that the free radical concentration at
steady state is propertiomsl to the square root of the
engyme and substraste concentrations.

If tyrosinsse should set by & free redical mechanism,
and the catechol and oxygen concentrstions were kept sbove
the gxh values for both, the resotion rate would be inde-
pendent of catechol coneentrstion. If oxygen were slso
non-limiting throughout the reactiom (acscording to Ingra-
ham (29) it should be sbove 10% of an atmosphere at 01 M
catechol if mushroom tyrosinsse is like the prune enzyme)
the resction would be zero order with respect to oxXygen,
too. In sueh a case, the initial resction veloecity, which
would remein constent for at lesst a short peried, could
be written v = k;s. where k; is the dissociation constant
for & catechol~oxygen-tyrosinase complex (or a veloecity
constant for the resmction batween a éate@helntyrosinasﬁ
complex and oxygen) and P is the enzyme concentration.

If kﬁ is a second orxder decsy constent for o~benzosemi-
quinone, including disproportiomation and dimeriszation,
then the concentration of e-benzosemiquinone can be
written, at steady state, ass
[BQ ']a 'V_Ez" | |
where v is the veloeity of free radicel formstion.

In thls csse, ai the seme overall resction velocity, the



125
tyxaﬁina&ﬁ should give rise to the same type of free
redical concentration vs. time curve as peroxidase at
the same pH temperature. Actuslly, at pH 55,
peréxidaae showed the typical steady state behavior
in the oxidetion of cstechol, while tyrosinsse yroduced
less than 1 x 10"?m/see. free radical et the sene
reaction velocity. From the zbove velccity it is seen
thet the reaction velocity is proportional to the
gguare of the Iree radical concentration. Thus the
ratic of resction velouecities of tyrosinsse oxidetion
to peroxidatic oxidation being 2.6 x 107% / 2.3 x 107%,
the ratio ol the squeres of the free radical concentra-

tions should be 1 . 2. It wes actually 1 x 10'14

16 x 1072F

or 0.0625 which is 5.2/% of the expected velue or less.
This mesns thet less than 6% of the product of
tyrosingese sctivity can give rise to semiquinone
Girectly.

4t pll 7.6 both peroxidese and tyrosinese give rise
to free redicels. At the same oversll veloeity the
grosg czhape of the reaction curves is slike and the
meximum free rasdicsl concentration is the same.
ilowever, a close look at the initisl course of the
reactions, ag displayed in figure XXI , discloses @
fundemental difference. The peroxidase curve shows
thet the initial production of semiquinone is so
fast &het it is not at first at equilibrium with the

quinone snd catechol in the system, but is at a
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steady state condition, but is governed isn fres
radical output by the egquilibrium restriction from the
beginning.

(ambanzasamiquinnne)g = Kg (o-benzoguinone)(catechol)
If o~benzoquinone were stable at this pH, and the only
decomposition of the semiquinone were by disproportion,
the free radical concentration as & function of time

would obey the rule.

R = VEG(5,B8) (0, - k,88)

The time course of the resctioan would then be deseribed

by & parabolz until oxygen or catechol were depleted

below the 2K concentration, when the reaction veloeity

would @mcresse. In such & case the maximum free rediecal

concentration would be reached st 'CD - &, Tta value
T

would be R .. = VK, G4 » independent of enzyme econ=

centration, dependent only on initisl substrate concen-
tration, and the expected ecurves for constant catechol
concentration would be & series of paraboles with the
same mexima but with different length of latus rectum.
For &bubdeuble catechol concentrestion, the height of
the maxima should be doubled, but the latus rectum of
each parabols sbould be the seme as that for the same
emount of senzyme st the lower ecatechol concentration.
The reletionship would cease to follow this law as soon

&3 the cstechol concentration fell low enough %o
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decrease the reaction veloecity, but more than three
guarters of the curve should have been traced before this
occurred. In the flow experimentz the oxygen concentra-
tion becones rate-limiting so vexry soon that it im
impossible to test the above rslationehip by the data
obteined, Imn the recirculation experiments there is
enough oxygen becsuse it is bubbled constantly through
the c¢irculating resétion mixture and eatechol, theore
'ﬁﬁieally, to show the entire cuxrve.

It iz easily szen from the curves obtained by the
recirculation experiments (Figs. IXIV and XYIT) thet the
reaction products are not stsble, even fox the first
few seconds of the experiment. It is, of course, obvious
from the accumulation of melanin ir the resction
mixtures that further reection, either oxidation ox
polyzxerizatior or both have tsken place. The sbove
theoretical equetion should then be corrected to allow
for decomposition of the quinone or free radiesl or both.

Neither the guinone nor the free redical arve
stable in alksline solution, 3ide reactions, that is,
besides the dismutstion equilibriunm, of all possible
erderr car take plece., The bimolecular processes seem
most probable as first steps in polymerization, more
probveble in dilute solutien then reactions of higher or
lower order, ¥eking this sssumption, snd if, as seems

true with tyrcsirnase, o-quinoms is the first produet of
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resction, its decomposition is most importsnt becsuse its
totel effect is lsrgest

2

where k, 1ls the bimolecular cbﬂ?ﬁgﬁt for the gquinone

1 [ s % | b
t = = 111

-~

- Q

|
Q?’
ad
W
i
F‘W b
(=3 B o
= w}%ﬁ

Then, if equilibrium obtains

22

’ = == . ‘gKE
V?E (2% Yegis® g5 [Gﬂmk?)Etj]

Simplifying, R .‘/ ‘/ (ia‘a"k kdk& -1)(C, kfém”
'kek +1)
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t‘gg R“Q

A_ ”
R kB ¢
vlﬁz " 'V Ea * Yo

At end of reaction, k§Et =C,y, R=0

(2t VEE _ 1y
(2% Vegks® , 4

Rmax. <i: V3§3' fg—

Bince

Simplification by Maclaurin's series expansion (not %oo

aceurate an spproximation)

2t YEska B 4 o 2% Vigk,E + terms of higher order

R uy | KgkgBt(Cy ~ kyEY)

1+ % dek5E

Thie equation, then, gives the free radical concentrstion

formed by reverse dismutstion from o-quinone and
catechol during tyrosinsse~catalyzed oxidation of
catechol, assuming bimolecular decay of o-quinone and
o-semiquinone. Then the free radical concentration is
dependent upon the'1]E; » the initiel catechol concen-
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tretion, the enzyms concentration and the time,.

This sguation, however, is inconsistent with the
lineer scoumuletion of guinone found by spectrophotometric
meapurenents. It is also true that the sccumulstion of
quinone is from 4% to 20% as fest ms the diseppesrence
of catechol, If the diseppesrance of catechol iﬁ
ssguned to be lipesr until the cstechol concentration
falls below 22&, end if the eceumulstion of quinone ie
linear, o8 appeers to be the ceme, it followse thet the
decay of guinone mey be zero order with respect %o
guinone concentration. If the essumptions are correct,
this indicetes thst either the formetion of melanin does
not depend upon the size of the guinone pool in the
resction mixture or thet the spectrophotometer is not
measuring gquinone only. This fect can be expressed
methemeticelly es follows:

k& is 0% to 0,20

It ip possible that the semiquinone re¢scts with oxygen,
competing with the ensymatic oxidetion for the oxygen in

solution.
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CALOULATION CF FREE R4DICAL CONCFHIHATION

In elsctron spin resonance gpectiroscopy, it hes
been found that the integrsted intensity of the 2DEOPDw
tion curve is proportione) to the free rsdicsl concentras
tion. The theoreticsl expression for the relation
between the povwer sbsorbed esnd the number of spins is

given by the squetion which hes been derived on page 22¢

Ny = 1,02 x 10°1 Zguer sbaorbed 4
0w, glw-wy)

3

In setuel preetice, howewver, it hos Beon found io be
more setisfectory to use & stendlard in which the number
of epins csn be estimsted by some other means and o
proportionality feeltor worked out thet takes secount of
the peculiarities of the equipment, such ss the
sensitivity of the recorder, certain charscteristice of
the oryetel and the gein of the amplifier system, ete.
Verions stendurds have been employed, such as cherved
e2uger, ground coel, irrsdisted sslt orystels, erystsls
in which e small number of peremsgnetic ions are dis-
persed in the lsttice, diphenylpierylhydrezyl, esnd
solutions of free redicals which een be titrsted for
their free radicel content. We used peroxylemine
disulfonste, psepered and stenderdized titrimetricelly
by r, Nerni. Fe snd Dr. Yemegzaki pleced varions

concentretions of this meteriasl in the cell used for



Figure XXVIIT Ares moment of the o-~benzosemiguinone
signal plotted ageinst the height of
the derivetive pesk chosen a8 s messure
of free radicel conceéntration. The
dete teken from the four identification
curves mentioned in the text, one of

which ig illustrated in Figure II.
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TABLE III
EQUILIBRIUM CONSTANT CAICULATIONS
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G@

# from 5 3 6
Teble I Time, sec. 9 x 100 C x 10 R x 10 KE x 1
1 1 1.h8 8,14 2.70 547
3 &01}% ?671 60?‘@ 1-4’2
2 | 2. 54 18.5 6.3 «859
3 8.52 i6.1 730 588
3 i 1.70 7.92 7.12 3.76
- 5.16 706 7.89 1.72
4 1 284 18,3 7.7 1.28
5 8.52 15.4 .24 +H4G
5 1 1.85 8.2 %.08 625
3 5.55 7.9 5.77 . 760
6 1 2,98  16.5 548 204
3 8.94 16.3 6.82 .52
3 8.52 745 12.9 2.62
8 1 3.69 16,4 1.92 .06
S 1 2.70 7,92 8.66 5J41
‘ 3 8.10 6.55 15.2 4,36
10 1 %.8%  16.3 15 .4 3.79
» 11.5 14.9 19.86 2.25%
11 i %.98 8.18 2.89 22
12 i 6.82 8,01 6.74 .83
1% 1 7.81 767 6.35 87
14 1 5.96 16.4 6.74 )
3 17.9 1%.7 11.2 e
15 1 Q.94 16.0 770 237
5 29.8 14,7 18.9 .81

KE average for 20% oxygen = 1.34 x 10”4
K, average for 50% oxygen = 1.99 x 10“4

Q = quinone concentration

¢ = pcetechol concentration

R = p=semiquinone concentration

z)ﬁ = ?ng)
buffer = 0.1 phosphate
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the experiments described in this paper and recorded the
derivative %race of the absorption curve at Lhe same
gettings of modulation emplitude, time constent, end
gscan speed used in the experimentis.

The ares under the absorption curve wae calculated

by the use of the sree moment equation:

o4 oo
‘ﬁ £ft(x)dx = ﬂ(x)d:x

-0 ~o0
Three different derivative curves were integrated by
the ebove formule giving 133 X 104, 138 = 104 and
139 x 104 squares of coordinate paper/unit gain/mole/
liter, respectively, with an average of 157 x 1&4.
At 500 gain this nuuber becomes 685 x 10° sg./M

(4 = mols./liter). This is, then % X la“éﬁfsq. of

area. The factor is multiplied by 130 on page 136

to obtain the new factor 1.89 x 10”7 by which the pen
deflection in the recirculation experiments was
multiplied to obtain free radical cencentration.

Four different derivative tracings of the
gbsorption curve of o-bensosemiquinone were ebtained
from identification runs from the enzyme experiments.
The three well sepasrated lines of each derivative
curve were integrated separately by the method of area

moments, and the resulting three areas added to give
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the ares under the total sbserption eurve, This pro-
cedure corrects 1p pexi for vsrietion in bese line
occurring when such sz broad signel is treced. The srecs
obteined from the four sepersts signels were plotied
ageinst the heights of the derivative pesks selected for
the ipdex of free radicsl concentrstion in the experi-
ments, 4 streight line drewn through the pointe (Fig.XXVIII)
showed ressonsble regulsrity in this reletionship, snd
the slope, 130, wan teken sz the conversion fector from
peak height to srea, The feotor, 1.89 % 15“7, ig used to
convert the pen deflection in the experimentes to free

radicel concentretion. ©See page O4.

CATQULATION OF QUINONEF CONCFNIRATION
Prom the reletion (66) C/D 2 4,42, vwhere i, the
length of the cell, i3 1 om., the prepartiﬁn.ﬁllllﬁl

= Gzlgfﬂz w 4,42 gives 12={3.ﬂ2)(QH58§)/43.2 « 0385,
The extinction cosfficient for o~benzoguinone in weter
47) is log = 3,262, The p-benzoguinone concentra-

tion in the ~olution is then 3390/.Q§3§{1325} ¥,

e 1,42 x 107°D (See Table I).

CALOUTATION OF CATFCHOI CONCENIRATION

Sinoe the consumption of ¢stechol is givern by the
expression k§F% end is proportionsl under the conditions
of the experiment to the ensyme concentretion only, the

enzyme concentretion in units/ml. is multiplied by
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1.49 x 10™° to get mols. catechol per liter oxidized.
At 50% oxygen this number is multiplieé by l.4 and at
100% oxygen by 1.6 es calculated from the dats of
Teble 1I,
THF EQUILIBEIUM CONSTANT

The equilibrium constent is determined by the
reletion |

Ky = B2/Q0
The date so cnlculated are summsrized in Teble IIT.

The systematic errors inherent in the determinstion
of the concentration of free radicsls in a sample by
electron spin resonance are!

1. Pen drag @s the absorption curve is scanned,

due to friection

2. Hysteresis of the magnet. The slower the saan;

the less the effect of thie error

3. Too long or too short @ response time in the

pen c¢irculit. ‘Too short s response time
magnlfies the noise because of the increcased
sensitivity but too long a response time tends
to "iron out" or fletlen the peaks in the
hyperfine structure

4., Frrore in integratiomn. If the ren trascing were

pexrfect, with no noise gpikes, this error could
be the most important one, ag slight errore in

neasurement of the squares &t any point on the
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curve are greetly megnified in integration,
especially on the edges of the curve. Integra-
tion error could easily be minimized by use of =
planimeter, or by the stendard methods of
graphic integration, such as by weighing secctions of
cargfully drewn curve on paper of uniform thichk-
ness, It is possible fo megnify such curves
with sny desired degree of securacy. DNone of
these methods avail in increasing accuracy unless
the curve is accurately drswn in the first place.

5. Drifting bese line. This is one of the worst
errors in a broad absorption ¢urve as it causes
the largest deviations on the edges of the curve
where they count the most because they have the
lergest "x" or field component in their moments.

6, Modulation amplitude. Too grest a modulastion
emplitude ceuses "modulstion brosdening"
smesring out hyperfine structure. About helf
the line width in geauss is recommended., For the
workdeseribed in this paper the setting 25 on
the machine was used,

7. Chart speed. The time scele must be spread out
enough to show the full shape of the curve.

The resultsnt of the above fsctors is an error of
20% in the estimetion of free radical concentration upon

our machine, using double integration, according to
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the method of moments, of the derivative curves.
Duplieate runs by Dr. Nerni on stendsrd samples with our
gpectrometer show g deviation of 20% in spin concentra-
tion celeulstions which is elso the experimmee of Dr.
Piette on his meschine in Pslo Alto, Celifornis. This
error is compounded when the machine is set on & single
"peak” to fcllow the resction curve., It is hard to be
sure the mschipé hes remained in perfect adjustment
throughout the experiment, as the sdjustment cannot be
checked during the run. The spectrometer must be set on
the same "pesk" ezch time ae the variation of the heights
of the different peaks with curve ares varistion is
different.

It iz hard to know the exact mesning of the "pesk"
height recorded, for the height of the peak during
gcanning mey well be lese than the height when the
mechine is held directly on the peek velue. Hysteresis
in the msgnet, pen time response and mechanical lag are
all important in determining peak height during scenning,
but do not sffect peak height at constent free radical
goncentration when the megnetle fileld is held constant.
Pen time response is important when the free radical
concentration is changing and must be fast enough to
keep up with the rate of that change.

In order that the flow data should be reproducible

the rate of flow during the rum must be measured.
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This was done by a coarse regulation of pressure in the
flow epperatus snd 2 messurement of the volume of
liquid discherged in & glven time for each run. The
volume of the cell from the mixipg chember o halfway up
the flat part wos messured end the time after mixing

ealovlatedifrom the relation:

yol. of coll x time _ yyme after mixing when

ml. flow reaction mixture reeches
center of cell

In fact, the calculstion of equilibrium constant
which is not wvery constsnt shows that the system may not
be at egquilibrium, although oxygen concentraztion is kept
relatively constant by continuous bubbling snd cetechol
concentretion is well gbove the EKm given for catechol,
during the firet 30 seconds of the resction., Frieden
reports the Km for catechol ss 1 x 1072, 4t & constant
utilization rate of 2 x.lO'4MJsec. the .01l ceatechol
would be half gone, or at 5 x 10724 at 20 seconds and
down to 2 x 1077 only sfter 45 sgconds or more. If
catechol ls reformed by the resection of guinone with
reduced polymer its concentration would decrease more
slowly. The net effect upon the eguilibrium ¢onstent
would be to make it seem larger then it sctually is;
but the reletive varialion in catechol econcentration
brought sbout by such an effect is smell as long as
the catechol is above 5 x 10”3m. Varistion in guinone

concentration has much more effect upon the equilibrium
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constant because the totel guinone concentration is
small.

Ingreham (29) points out that the Km values for
substrates of enzymes with two substrates are independ-
ent, and thet in the case of prune polyphenol oxidase
the Im of oxygzen veries with the catechol concentzotion
up to about 2% mM in cetechol: His Km for the catechol
¢oncentration was sbout 5% of an stmosphere. He
restricted the further oxidetion of the quinome first
formed and any extranecus cstalytic sction of the
oxidese upon the reaction products, by using sscorbie
acid %0 keep the gquinone reduced and the catechol
constant, His pH was 5.3, =0 that he 4id not have
epprecliable radicel in the system either. He concluded
that the enzyme combines with oxygen first beczuse the
limiting Km at low concentration for 02 iz the seme for
2ll subsirates regardless of structure,

From the grsph of Figure XXV it is seen that
inereasing enzyme concentration does not increase
quinone accumulation, satechol remaining constant at
50% oxygen or less. Increasing catechol concentration
seens to exert en inhibiting effect at lower enzyme
concentration and high oxygen. Posgibly this is
further indiecation that the enzyme combines with oxygen
first; and thet further oxidation of resction products
competes with the enzyme for the oxygen in the system.

When the enzyme present is fully oxygeneted there seems
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to be smome inuibition by high cetechol concentrations.
(Pige XXVI)

in the reeirculstion experisments of Pige. XXITI
and XXTV the initisl rise and meximum value -f free
redical concentretion desoribed by the curves may he low
bsesuse the response time of the recorder pen may not be
short enough Yo keep up with the chenges taking plsce in
the gavidty of the instrument. It is posmsgible that the
true pesk of free rsdicel concentretion comes within the
firat second of the reaction, in which ceze the pen
could not respond fully. Zhere is slso & time lspse
between the sddition of enzyme to the solution snd
complete mixing, plus the 0.2 seconds it tekes for the
solution to reach the center of the cell., If the
measured fres rsdical concentration ie lower then the
actuel concentretion, the equilibrium constent will be
low, In the 1000 oxygen experiments the pen deflection
ie much grestex then in the 207 oxygen runs. The pesk
also comes esrlier. The much lower equilibrium constent
caloulated from the 100. omygen dete indicetes thet the
ebove factore sre operative.

The esrly Gecay of the free¢ redicel indicetes thst
it does not remsin et equilibrium with the quinone and
catechol in the system, bul thet it decays independ-
ently by other nechanisms than disproportionstion.

The equiiibrlum constant from the 207 oxygen data tends
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towsrds & frirly steesdy value for the first three
geconde of resction, indicating thet the free radlcal is
nearly at equilibrium with quinone and catechol.
Caloulatione based on dsta taken leter in the reaction
give erratic results, showing thst the equilibrium 1s
being upset by subsequent resetions, either of gulnone
or semicuinone. Since the quinone hss been shown only
to incresse at a steady rate for g period of two minutes
or more (Fig. XXVII ), it is doubtful if the equilibrium
is upset by that factor in the resection. The cstechol
may not be decreasing steadily et the theorstical over-
2ll rate because in this system it can be reformed from
quinone by resction of guinone with reduced polymer %o
give catechol end oxidized polymer. Because the
catechel conceatration ig high relative to that of the
nther components of the mixture, smell changes due teo
the oxidotion effect should not haeve much eflect upon
the equilibrium constant. Free radlesl decsy is nok
expleined by decrease In guinome or cstechol. concentra=
tions, #ince quinome imcrcases and the decrease in
catechcl concentratisn is not sufficient to account for
it, If the free rsdical wexe formed from quinons snd
catechol to begin with and not directly by enzyue sctlion,
it is highly improbable thit the free rsdicel concentra-
tion could heve exceeded its eguilibrium value 2zt sny
time, so thut its disappearance is not a maiter of dis-

mutation.
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Forsyth snu Juesnel (19) have studied the oxidetion
products of catechol im the presence of tyrosinase as well
a8 in the pressnce of certain inorpanic exidieging agents
such as sllver nitrstc and iodetes., They found three
isomeric i< irrhydroxy-diphenols and diphenylenedioxide
2, 3—§uinanﬁ among the recsction products when the catew
¢hol concentration was 5 x 1G”§W or grecter, ldentifying
them by peper chromatogrephy. They used MeIlvaine's
buffer at pl 5.1, bubbling eir slowly through the
golution, curing the reaetion. These products point to
the possibility of a free radicsl mechsnism of some type,
but not necessaerily e semiquinone intermediste, although
a semiquinone intermediete is not logleslly impossible.
It is deduced Trom the hyperfine structure in the
electron spin resonence spectrum of o-benzosemigquinone
(54 ) thset the free electron is not entirely limited
to the vicinity of the oxygen atoms of the rasdiecel
indicated by the siructurzl formuls, but svends some
time near the hydrogen atoms all sround the benzene
ring with which it is in rezonance. This indicstes
thet it is in communicetion with the resonating pi-
orbital systenm and there is s finite probebility that
it would be localized et & given instent in time on
any one of the carbon atoms of the ring. It is seen
from the giructure of this particular resonsnce that

two of the carbon atoms are favored osver the other two
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in probability. MWMichselis (55) has clearly demonstrated
meny examples of semiquinone production by inorganic
oxidetion and it is ssfe to state that the inorganic
oxldation ¢en produce the above diphenyl compounds by the
free redical mechenism. The free radical may abstract
hydrogen from esnother molecule, being reduced to catechol
and creating a new free redical with the electron more
highly localized on the ring for an instant. Two of
these new radicsls could then dimerize to the diphenyl
compound. Or, two semiquineone rsdicals with temporarily
high electron densities on ring cerbons could dimerize,
expelling the protons present on the ring, whiech would
then be picked up by the electron pair resonsting to

the oxygen. Insteed of dimerizing oEygen %o oxygen

a8 one might expect for some types of free radicals,
dimeric semiquinones with pera positions unsubstituted
¢an rearrange to the more steble diphenylenedioxide
configuration.

The products found by Forsyth and Quesnel (19)
could elso have been formed from o-benzoguinone by
non~free radical polymerization catalyzed by scid or
base. In the presence of hydrogen iops the resonating

guinene could react as follows:
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The positive cherge on the ring would be distributed
among the four resonsting positions because they are all
either ortho or parea to an oxygen atom. Then the

condensation would take place:

HO o) HO 0
LD T L

All possible isomers sre logical results of this
mechanism. The mechasnism of bese catslysis is similer:

0 0
G v

e ) /-———4/ i
.</ >=D ‘!'QH: & —_— t"_ , O +ﬂ29
e 0 L)
5 Q0 0
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If secid or base cetslysis were dominant in
accounting for the disappearsnce of guinone from an
enzyme system, the menner of formation of melanin could
be envisioned as a non-enzymatic polpmerization of
gquinone, starting with the products of Forsyth and

Quesnel, as follew&:
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The diphenyl compound could then condense with snother
mnolecule of quinome to form & trimer, conbtipuing in the
same way to form the higher polymers, or it could resect
with ¢ molecule of quinone to form catechol snd e Fully
oxidized gquinonoid dimer. Similar ozxidstions could
take place et sny astege of the polymerisetion and
mixed types of polymers would no doubt exist in the
melsnin, sccording to the following eguations:

2 ﬂ&rﬂﬁo g am

é‘w? ? @
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If the ecosumption is made thet kpa - N S km @ kpn

{se is done is the trestament of free redicel chein

resctions by Velling (€3)) and that k_

lmvﬁk:a wermets  JT

xo %n
where k_., kpi’ ete, are polymerization eamtems et the

oXy ' kmﬁg

the rete constsnts for oxidetion by gquinone st the verious

various stages of the yeection end k sy 8te. are

stages o8 indiceted above, kl? ey be used to designate
the polymerigstion constent and k»ox the oxidstion
constant foxr the syastem. Then the oversll rate of

disappeerence of gquinone would be:
v klgz + k _Q [udmea pclym«r:[ + Kk Q [polme::[
ee e , P"

“he rete ol whieh guinone would scoumulste in the system
when genversted by the enzyme st the constant rote k§E*
is:

-ﬂ-é— = kBE - kl-&z - kwa [re&ueté x:alymm]
- kgéi [palym&rl

1f polymerizetion stopped sponteneously when the mple~
cules reached & certein sisze and k, is the chein termine-
tion rote constant, the chenge in polymer concentration

can be written:

J.L.Hlﬂi’.l_ - kiigg -k, [polmrl

at
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At ebendy ptate

k1Q? « k, [ polymez]

[polymer] = kiqa

t

a [reducaﬁ walymer]
4t

" kl*? « &3 [palrn&r]

- *nxi [Eaduo&ﬁ polyner]
At atepdy stote

Kox® [zeduﬁeé ;:aimvzf] = "1‘%3 + “p 3 [ ?Glyi’ntsr]

Then

Sk -2 k, 3" - ﬁkrkl“ﬁ
kg

The shove eguetion does not integrete to & linesr
reletionship between quinone end time.

Two genersl types of mechsnism mey explein our
observetions: one in which the engyme ie sosuned to
catelyse polymerizstion, snd the other sccording to
which the sctivity of tha enzyme is restricted to
o~quinoens formmtion the other charscteristics of the
system erising from the reletionships between cateschol,
o-quinone end their non-ensymie repctions.

dccording to the first mechesniem, if the senme
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products are formed by ensymatic oxidation se are formed

by sn imorgenic fLree redicel oxidation mechaniasm, it is
only logical to suppose that the snsyme scts by free
redical mschenism,

The resulte of our work show that et low pX mot
more than 6f of the oxidetion could go by this route,
It iz pospible, hovever, to conceive sn enzymatic
mechanisn which would produce the substances found
without the presence of assmiquinone in the system. If
the enzyme combines with oxygen firat, and the siteck
upon the substrete takes plece through the oxygen by
zunﬂfti of & hydrogen atom to the dody of the enayme,
and if two of these moleoules were being sttacked st
the same time ot spots close together om the snayme, it
seens likely thet the uwnpeired electrons on the
substrate resldues would pair et the ensyme surfece,
producing the dimer immedistely. If the substrste
molecule were held st two placdes omn the surfsce of the
ensyme, the sscond place could be relsssed simultaneously
with dimerigstion. The dihydvoxy diphenyls are
substrotes for the enayme elsdo end further oxidation
would teke place readily. (19) |

The appesrence of guinome in the systen at fevoresbls
pH iz scoounted for also in the sbove explanstion. Vhen
the quinome is stedble, the intremnleculay resonance
permits some of it to break awsy from the enzyme without
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dimerization. The probedility of this event is incressed
in preportion to the stability of the guinons nnd semie
quinons. The semiquinmone is produced from the guineme,
Under reducing conditioms, se in the presence of sscorbic
ssid, quinons ooulé be removed from the ensyme by
reaction with the assecorbic seld, but under oxidising
copditions, es at pH 7.6 in the presence of excess oxygen,
moatly pelymer would appesr in the solution. Thie
hypotheais would also sccount for the lower smount of
oversll sotivity end lower rete of guinone scowmlation
at lower uxygen pressures. Thers ars sctuslly two
resctions competing for the oxygzen on the enayme ss
well g8 free redical soavengimg the oxygen in the
solution,.

It sust be sssumed in such & case that She ocuprous
ion i bound to the enzyme protein by & conjusmsted
reducing systenm with 2 well~developsd pie~orbital system
sinmilar to the oxyhemoglebin e‘mlex. This ides is
compatible with the fa¢t thet copper cen be remeved
from tyrosinsse by dieclysis egeinst cyanide spd that the
ensyme ls insctiveted by copper shsleting sgents. It
is also sompetible with the observetion of Zubowits (39)
that the ensyme conbines with 0O only as it is reduced
by catechol. Although the spescificity of tyrosinsse
is not at ell msyrow, including meny dihydric phenols
and encompassing twe altogether different types of
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activity, certain limitations of its activity peint to @
ﬂtrw pattern which might place two of the coppers pex
molecule relatively clese together, pessibly in & oree
vice in the melecule which conld conisin sneillsry
groups for completing electron trunsfer to the substrate.

If the enzyme combines with oxygen fivet, the
reastien rete depends upon the oxygen to ensyme ratio
until the ensyme is seturated with oxygen, l.e. until
oxygen ig at equilibrium with the totel nuaber of oxygen-
binding sites on the enzyme moleocule. In the csse of
tyrosinses that mumber is unkmown. Xrueger (32)
rsesntly reported several tyrosinsses seperable by
eolusn chromatogrephy contsining differsent eopper
eontents, If, however, thsre srs 4 Cu per enayme mole~
cule (upon which several other investigetors have agreed)
end each Cu ¢sm bind an oxygen moleculs, it is to be
expected thst 4 exygen molecules could be bound to one
ensyune molecule. I is likely, however, that nmot all
the sites wonld be occupied st equilibrium. Whether
the number of sites ocoupied is effected by the snayme
concentration or physicel state iz & matter of conjecture.

Assuming the sbove premises corrsct, at low
oxyges pressures {(eir) and low ensyme conpentretions
the velocity of the ensyme reasction could be proportionsl
to the enzyme concentrstion. It is. 7The MillerwDawson
asspy techanique is founded upon this principle. The
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reaction velocity dves increese with imcreased ouygen
pressure and the effect is less at low ensyme concentra~
tions than st high ones, as expected.

The Kﬁ for sstechol is & msasure of the ensyme's
capacity for holding cstechol and obviously depends wupon
the Irsction of the enzyme thet is sctivated by binding
oxygen. The epperent ensyme concentration is mot the
true velue., It is slso true thet st high cetechol
concentration, after the resctionm has been going loag
enough te build up some of the products found by
Porayth snd Guesnel (19) these products cen cempete
with the estechol, imhibiting the resction end using

up ORFZERn.

¥

. |
B(Op)y + ARy, _2 B(0p)g., (0) + H0 + A

ky

or
lf§
ﬁ(@z)? + 2 .I.Ha —— E(GQ)?ml (0) « ﬁaﬂ * CAB)z
Kt
&

where aﬁa gignifies cateshol.
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Aegording to the gecond general mechanism, in whish
ensyme plays oaly the role of generating o-quinone Tren
gatechol, the observed rates of fre¢ redical formetion
and decay and o-quinone scocumulation can be explsined
only by escinowledging eeversl uncertainties in the deter~-
minstion of enzyme sctivity end cateshol and o-quinsne
concentrations during the procedures we have employed.

Dewson (82) stated thet tyrosinese is very
sensitive to surface inactivetion. The vielent bubbling
necessaxry to kesp the oxygen concemirstion ss high snd
conatant as possible during the reaction wonld lesd to
an sarly dropping off of catechol oxidstion rete due
to enzyme inectivetion.

The regenerstion of eatechol in the polymeriszing
systen would mlier the catechol concentrstion. Catechol
coneentration ¢ould not be neasured in these experiments.
The ultraviolet absorption pesk of catechol is soon
masked by the general melonin sbzorption when the
reaction bBegina. Another method of estimsting cstschel
eoncentretion must be devised. If the enzyme could be
"killed" 2t timed interwals during the resction snd the
catechol gquentitetively sxtrected from the resctien
mixtore, it could be nmeéseured., Fven g2, the osverall
setechol comsentration dose not chenge very such in
the firat two minutes of the resction. The above effeet
would only tend to prolong the perisd in which the
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veloolity of the recction is constont by slowing down the
diganpesronce of catechol.

Feeciion inscetivetion ¢aused by bubbling should heave
a random effect uwpon the overall remciion rete, snd
indirecily upon the guinone secunmulatlion rrte. The
guinone acecumuletion rate is very stsedy for the first
two minutes and guite reproducidbla.

ilthough the epectrophotometer was sturted befors
the Baginning of the reaction zsch time, its pem hss a
time constant of 1 second, There wee r mixing time and
C.2 second for the solution to irevel to the center of
the cell. IThe cturse of the reeclion iz uncertsin for
the firet eegcond at least. If the quircme scoumnlation
were netl lineer during this perlod the overall quinone
acoumnlation might not be. In this gass, & different
interpretetion of the resulte of these smperiments
would be negessmsry. Further work with repld flow

teohniouwes iz indiceted,



SUMBARY 4RD CORCLUBICHS

i1, Tyromimmse is 2 "two-elestron" trensfer enzyme.
The first product of the oxidation of ecstechol cutalysed
by tyrosinase is o~bensoquinone. Any seniquinons which
occurs in the system at favoresble pH iz formed by the
resction of the guinome with catechol.

2. The o=bensoquinone formed by snsymstic oxidae
tion is fairly steble at pM 7.6 snd sgoumuletes linearly
in the system. The consentration of free redicel et any
time does not indleate that it 18 2t equilibrium with
the gquinone present. The equilibrium comstant is st
least 1.5 x 107,

B» There is some evidence to confirm Ingraham's
statenent that the oxygen combines with the ensyme first.
It alsb confirms his observetion that the £, Tor catechol
depends upon the oxygen concentration, snd the xi‘ter
oxygen upon the cetechol concentration,

4. Although o-bensoguinsne is relessed by the
ensymé into the resction mixture rether than o-benso-
semiguinone, it is pot the msin product of enzyme ection
under the conditions of these experiments, Probebly
some pelymerization takes ploce on the ensyme surface,
¢oineident with gquinomne formetion., The polymers would
be quinonold end oxidime sEcorbic seid,

Thees conclusions ore supported by date from the
electron spin resonsnce spectrometer, which measuves
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free radicel concentration directly, in flow emd resir-
culetlon experiments, from the Cary recording speetxoe
photpmeter which messures quinome concentretion by its
sbsexrption st 390 BR and from other smeillery dste

in trsditiomsl experimerts. Tyrosinase hes Deen
prepered from mushrooms by u-méthéd improved in our
lsboretory and sdapted to our equipment for large-

sesle production.
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