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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



16.

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



36,

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.






65,
RECIRCULATION AND GAS FXCHANGE SYSTEM

The quartz cell described ahove was fitted with a
plestic capill<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>