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1. STATEEENT OF PROBLEM

Any definiticn of life muct imply the existence of
highly ordered, reolatively low eniropy systems. Dven
the simplest orgenicms, tlhoerefore, are thermodynamlcally
improbables. Furthermore, the series of dynamlc chemical
reactions responsible for orpganic function lg not at
equilibriun nor may 1t attaln equilibriunm oxeept through
death {48). Consequently, there is a contliuous converw
sion of freo energy to entropy Just Lo malntaln the
shtatus gquoj free enerpgy rust be sipplied to susbaln 1life.

Han has learned to utilize chemical energy in
various kindg of heat englnes to do work. In a steam
engine the burning fuel suprlics energy to do work and
overcome losces {o entronys. Yel, the process by which
blolorical systens aeéomplish the sane resull, but at
much groater efficieney and under much nilder conditions,

remaing essentially unkuown

it

The living cell i

r&l
3

ot & heat englne but » cherilcal

foe
0

o

engines, Dhergy store g bond energy in the molecular

components of cells snd work le done or lLeet is released
by breaklng or resrranging these bonds. Tnerpy transfer
between two compounds must resulid either from direct
Interaciion or Lfrom indirect interaction through a

corsnon intermediste, Phosphoric ccid Jderivatlives are ro=~

-

lated by comzon equilibria cnd are thus capable of transe



Tering chemical bond energy Shrourh common interriodiates.

5

Riltly~POgily + RYOI = I OP O T, + Rillly

H*GP{3324-ﬂ“ﬁﬁ::R"GPﬁgﬁgﬂ—ﬂlﬁﬁ
Phosphorie acld derivatives ave of ;reat iaportance, in
thile connection, thro.chout the phylogenetic acale,
asince they are Inbtermedistes in nost meiabollc reactions.
Adenogine btriphosphute, ATP, by virtue of its avllisy to
phosphorylate mebtabolites, displaces oquilibris of

metabollic reactlions with & net conservation of energy

and in thiz way, supports all the enorgy . regqulring

A,
Pl
4]

[

procesues upon which 1ile baseds, ATP l1s the najor

"enersy currency" of the cell,

The chemlcal enerpy contalned in ATP meintalng the

£

integrivy of the smallest livins units and eneY sy re=

2,

leased by Lis hydrolysis or by phosphate tranafer, lg

=

used to do osmotlz, electrical and mechanieal work {67).
In 0ddision, this energy 1o used in the synthesis ol
complex chemicels such ag proteins, po veaccharides and
she code of 1life Ltself, deoxyribonuecleic acid, The
ublauitous ATP 1s Tound in overy asystem clessgifisd as live
Ing and should be recognized ss a vitel ingrediont in the
reactlonzs we call 1lifo.

Oxidative phosphorylation it the most mportant

S

fo]

procezs by which the enerpy of foodstulls is trapre

Fad i

n a blelosically useful form, ATP. 9his pPTOCess Con-

$uta

of notabolic omidation~reduction vis teriinal

63
s
£z
{:-!4
2}



electron transport, with a concomitant synthesis of
ATP Irom Inorpanic phospbate and ADP. I% is a particu~-
lexrly efficlent process bocaunse Sthe eueryy liberated by

& i he 4

tho overall roaction is relecsed in small increments

‘}

during passane ol electrons thwourh a serics of sube
|

stances having praded chemical potentials. In this way,
the energy of a high potential chemical reaction, such
ag the oxidetlon of glucose by oxygen, ls dlsitribubted
among 2 serles of low potentlal reactions vhere efflcient
ghiersy conservaslon may occur. Yhe energy release 1n
cach sicp is small, the reactlons are nearly reversible
and maximua free energy productlon is aporoached.

The mechanism of oxidative phosphorylation 1o
unimowns the process does nol oceur In the absence of

|

hirhly ordered moleeular systomsz, such ng are found in
Intect mitochondria (88), Suze mitochondrisl frarnents
:an serform oxidative phosphorylations bul appear to
poacoss the complote sequence of cugymes found in indach:
mitochondria (56, 50). Dlsruption of the opder of thig
eazie sequonce cauzges the loss of oxidablive phogphoryla=-

Glone Jience, this resciion mechanisn hme been Alificuld

bo shudy and reualns one ol the major problems of blow



In model reactions, coritain bilolopleally actlve
phospha te derivatlves are converted %o high transfer
potential phosphates (37, 30). Clrcumstantial ovidonce

5 "o oy, e o Dy &y, P L o T sy o & o S 1]
sugpseste thls functlon is refained in vive (4). The

purpose of ihls resesrch is the aprlicatlion of modern
physleo=chenlcel techniques o a study of the neehnnisn
of ozidative phosphorylaiion in model sysbtews snd in

biological systersa
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In 1007, Young (128) reported ithe formatlon of o
hexose phosphate durlng feraentatlon of sugap by veashe
Subzeguent diseoverles of othor pheossheorylated sugers
ag fermentation intermedimtes (100) made 1t appavent that
phosphorylated compounds were vital to biological function.
The Egpletons showed a phosphorylated substance was
hydrolysed durlng muscle contraction and reconsbitused
while the muscle was a% rest (46). Hoeyerhor (95)
obgerved Lhnt the hydrolysis of this phicevhate, creabtine
phiosphate, was sccompanled by the releato of nueh energye.
Further work indleated that the energy released by

hydrolyais was approzimetely equivalent Lo the work

done by muscle (87)s This was the first recognltion

&

that phosphate esters were capable of gtoring chemleal
eneriEye

Several Liph transfer potential vhosphobes were soon
discoveraed, the most important of which was ATP., In
gtudies of muscle conitraction, Lokman (85) discovered
that AYTP Lydrolysls prececded the deshivaphoryletlion of
croatine phosphates IHis conclusion that ATP was %he
substance directly responsible or enersy storase becane
one of the umjor concopis of the modorn blological

geloneos.
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Engelhardt observed that two vathways for high

ransfler pobtontial phogphate formation were present in
most of the btlasues and tissue extracts studied (47); en
anasrobic process inhiblted by fluoride and an aerocbie
process Inhibited by cyanide but not fluoride. The full
significance ol these obeervations wes flrst reallzed by
Halekar {72). Iie obgerved the phosphorylation of hexose

in an oxyprenwdlepondent system from kidney. Oxldation

progressed in the absence ol phosphorylaetion but not the

0

convorge. lie later showed that addition of metabolie
substances which Inereased oxygen consunption also in-
creascd the incorporation of orthophosphate into phosphate
esters {78). Iils observation %that the moles of shosphate
oster forued oxcecded the number of gram atoms of oOXYyoen
reduced was extremely lmportani. If this oceurred by a
single procecm, 1% elearly distinguished oxidative pPhogm
phorylation from substrate lovel phoaphorylations occure
ring during glycolysise

The quantlitative lnvestigations of Belibzer and Taie
bokawa (2) clearly defined oxidative phosphorylations. They
showed that epproximately two moles of orihophosphate were
eaterified in the high transfer potential form, phosphow
creatine, lor every gran stom of oxygen reducad, In addition,

they pointed out that thelr tlssue extrects also cetalysed
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hydrolysis of phosphate esters. Therefore, probubly the
P:0 ratlo (molos phosphote ssterified: gram atoms oxXyren
reduced) was even gretter than two. The enerzy reloased

the transfer of electrons from substrate %o oxycen
could theoretically produce Lfrom four to £ix phosphorylate
lons, depending on the substrate employod. DBelitper
proposed that oxidabive phosphorylation was a mechanim

]

Tor coupling the eneryy requiring steps of ATP synthesis
to the energy relensing steps of eleciron transport.
Refinements In technique by Ochoa (102) made 1%
rogalble to show that an average Pi0 rotlo of three was
mpximum unless slmltaneous subatrate level phosphoryla=
tlong occurred. Some uncertainty concerning meximum P30
ratios arose with tho observation of Dallem thats Pi0 ratlos
in excess of three could be obialned under certain conw
ditions (43),
Lipmann (83) termed ATP an "enersy rieh™ phosphote
and deseribed how this and oibher "energy rich" compounds,

produced hilgh froe ¢nergles of hydrolysis. ¥He delfined

"energy vich" comounds as those vielding more than 4
keal/mole free enersies of hydrolyesis and laid the founda-
tion for theories explalning why some phosphates ylolded
so mch wore free eneorgy of hydrolysis than did othexns.

it

elekar (74) also developed theories to explain the "energy



rich" character of those compounds. o explained shat
e larce free energies of hydrolysis observed resulbted
from incressged resonance among hydrolysis products and
from the rellefl of static repulslon between components

of the energy rilch: compounds. e furbher describved how

p

;mr

the tranaler of phosphate proupe frazn enersy rich conme
pounds o various uebtabolites resulted in biologleal
synthouis. Cesver (103) later pointed out that the high

-

freo energy of hydrolysis was a function of piH. The free

;.».
et
&
&
Powt
L

energy oif hydrolysis increased w
In 1543, Lelminger found the electron transpors

syaten and ¢ SOCl&%ﬂﬁ oxidatlive phosphorylatlion system

wore located In a pariiculate fractlon, mitochondria,

ol homopenized cells {(30). Hitochondria were comple:

many functioned pertlcles responsible for & me jor portion

of cell cobabolism. Only within the last few years hag

1% becone posslible %o obtain slmpler s sbems still capable

of gynthesizing ATP (56, BO) and these mitochondrial

fragunents appeared to contaln most of ihe enbymes ovipe

inally present in ithe inbmct mitochondrion. 8tudy of any

partieular reaction In such & complex systen necessarily

migt be exceedingly Aifficulte.



de ELECTRON TRAISPORT
The electron transport aysten is composed of a
complexn group of ensymos located 1n wmitochondria where

MR X Fal S - P e @
g the tracafler of electrons fron varlous

fe

its Dunetion
substrates Lo molecular oxygen. The purpose of this
miltiple transfer appears to be energy conservation, which
regults from oxldative phosphorylation intimately

sgoclated with the process (48). ilumerous functions,

m

eh ag AiP-dependent mitochondriel contraction (117),
active accummlation of divelent catlons (31) and aesive

accwmlation of phosphiate (21), are performed LY nliom

chondrla in additlion to oxidation-peduction and oenergy

eongervations. Consequently, 1t iz difliculs Lo velate

2

sxperinental results to any single funcoions

While there is peneral agreecmont on the ovorall
form of the eleotron trausport syatem, a nunber of
pathways and components are still in dispute (107).

-

The dlagram i1lluatrates & formmlotlon of the olectron

srangport gystom. This sequence s buged on oxldation
potentials of the isolated enzvues and complex Inhibltion
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The redox pobtentilals for several system components
are based on twowelectron cridstlonereduction reaciions.
Yot theoretlcal (U7) :0d exporimenital results (52) indle
cate a ongwelectron itranafer 1o more likely, par rGicularly
amongst the sytochromese. Uinee, in fact, biolorleal
glectron iransport entalls cae=slsctron branafer, obher
stmn hat oceupring bebween the eylbochromes, recorded
rodox potenilals ray be incorrect. The H, value for a

two=electron oxldation is eguel to the average of the

two one=clectron E, valaes {30):

1% 3 v oy e B oo . LR SRS Y e - -
vhe ¥y, for removal of the flrst olsctron mmy be

2
B LAY o %, - da i i 3, kK - -3 & . . Lo o
very dliferent fro: bthe B, value sbaerved In remctions
ww

L I . B @ . - - e
involving twe=slectron transfors. One also 8% usep

#ie ik qw i

- e b . it S . - - oo o
in mind %lad thoare ls not oc mr

;..z

il 3 - e e = ¥
ase agrasment o eidher

She soguence or components of the gyslons.
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Posltlons wiere oxldative phospuoryla tlon preswmably

b

oceurs, are shown in the electron traisport scheme ag
uhlined by West and Todd (124). IThese have been detor=-
mined primeyily by Inhibiting or bypassing specif!
rhosphorylation steps nnd observin: oxidatlon sitates of
the electron iransport carricrs (30). In she presence
of substrate and oxygen, carriers prececeding the phosgw
phorylation step ore reduced und shose followln: are
oxidlized. Calculations of available free energy from
& reaction Letween the two carriers bracketiing the
oxidative phosphorylation indicate sufficlent enerss
may be released to synthesize ATP. [owover, these free
energy caleulatlions are based on redox potential accorde
ing %o the familisr equatlon,

AF=nfAE,

£}

for many one-~glectron oxidations

i

Ince AE 1a not known
Inge 1% woy vary in the 1ipid mitochondrial medium
rron that observed in agueous soluticn, derived AF
valuos should be accepied with cautiona

The ecounling of energy releage during bilcolorical
oxida tion, to synthosis of ALP remmins a most mystere
lous procesg. In atitompilng Yo explein thils phenomenon,

&

¥ e oo B e B B
he majority of investi;

e

ators apgree on two points. Flrazt,

sone mewmber of ihe cleetron Iransport gysbten is involved
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dirveetly in energy conservation. Second, the procoss
of energy brappiag ls anclogous to subsirate-level

phosphorylations and utlllizes similar chemleal compoundas.

.
]

number of functional proups capable of perticipating

G rotw - - v o S i - pe R e ¢ | R
in the energy conservation sbepn heve been dlscusged Dy

Iunter (68)e Among these are found quinones, whlch seem

o

&
(%

ood candidates in view of recent developmenta (4, 37,

o]
4.

20, 61) vhich will be further develoved Delows
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4, QUINONES I BLECTHON TRANGPORT AND OXIDATIVE FHOUFIOR=
YLATTON

s

Guinones arce widely distributed in nature, benzo=

%

guinone being found throughout the plant and animnl kinge

doma while nephthoguinones are found in moue plands and

pany microorgonisms (22, 41, 101, 23). As yeb no divect

ovidence for ngphthoguinone cccurrance In mommmels has
been obtained buit the work of (Green (59) suggests its
presence in beef liver. Orgenisms in which quinonos liave
not yet beoh deteeted almost lnvarliedbly are strich
anaeorobes {41).

Agaay of quinone content has shown that the reose~
nirvatory sctiviiy and concentration of quinone are dire
ectly related (41), Purther, yeast grown anserobically
lose thelr gquinone to an appreclable extent, regaining
it when returned to an aseroblc slates This sirongly

sugeests an lmporbtant respiratory funetion for guinone

lizgtlon of guinones within mitochondria of
animals, chloroplazis of plantes and perticles analow
goua oo nitechondris in nicroorpanisms associotes thenm
exclualvely with @esyirat@rg'reéauizﬂu.% Lowering
naphthoguinone concentratlon by growing snimals on &
vitanin K deficient dlet ox by destroying quinone by U.Ve

irradiation, r»esulis in & lowerins ol oxi

;,.,
;2
@
)
5
*"C:'
<

ot

&
=

A+ Fo Trodie, Porsonel Commnication « 108635.
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rylation efficlency«.® Consequently, growilh rate in
nicroorpanisms may be inhibited Ly 1ighit. Irradiated
foeulbative aneernbes provw at characteristic rates on
Termentable substrotes but fall to prov on oxidizable
substrate.

llany blologleal guinones hove boen detected and
isolated {112). Iowever, only a few beonso= and naphthos

-

juinone derivatives have been luplicated deflinitely in
rosplratory processes. Amony these, thore 18 a remarke
able slnilarity of structure {(4l)e Redox poteniials are
of the proper marnitude for their porticipeation in
electron tronsport at levels near the flavins (41).

Thua thelr distributlion, subecellulur location and

chemicel properties imply 2 respirabtory function for

-

¥

these quinones. Inhiblilon of respiration by thelr
reowmoval tends to conilirm this view.

Raphtbogulnone analops possesalns antivitemin X
aetlvity long have been !mown as potent resplratory
inhibitors (0L,120)., In 1954, lUartius showed thas the
eytochwone pipments, cybochronos By ¢, and g, weore
apidly reduced by naphthohydroguinene (88)s In the
pregence ol reduced nlcotinamnlde dimicleotide (IADN)
reductlon of cybochroes ¢ au

v Ay o Lodlie, Peorsoncl Jomrminlication = 19063
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groupe. In addition,

Inhibitore of electron

Another ongymne
lay propertles (126).
to be relatively none-

bul only certalin mons

An onzyme, isolated

muelly transferred clectrons from UATH (o coonsyuio Qp &
bensoguinone {64). DReports of this reduction in vive

also have been nublished (57).

I% was with respect
that the groatest
the electron transport
thyee onide
posliionsg

whore quinones wve

invercest cenborod on guly
gchome, positions

ey, 3 o n\»« e 2 e -
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»

nrtive observed thwt the efflciency ol phoge

]

L,

phorylation was lower in niltochondria ifron vitanmin X

ETER

n thogse frown conbrel animals (90).

s

Jeficlient chicks then

hleg result could be reversed by the addition of

vitamin K, Wessels outlined e wmechanlsm by which vita-

nin K participated dirvectly in oxidative plhosphorylation

while undergolingz & cyclie oxidation=-reductlion. (123) .
ensinued interess has been shown In the effects

of quinone depletion on oxidative nhosphorylation and

P

regnlratlion. Considerable evidonce hog accunmulated

that relotes ozidative phosphorylatlon, electron tranaw
nort oud guinones in pluants ond microorganisms.® In
chiclkens or rats, the evidence is a great deal more
cireunstantial. Jlowever, it sceme unlikely that a
proceas as fundeuontel as onldative phosphorylation
would differ in 1w jor respects anong plants and
animels. One is reminded o she quote by Gallleso,

"ature doth nobt thet by many things which 1wy Le done

by fewe"

# Ae Fo Brodie, Personal Commnlcatlon. 1960,
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Ssveral investimobors have obgerved the formntlon
hich irensfor votential phosphates or the transfer

of phosphate proups during oxidation of synihetle quinol

monoph {3, 4, 87, 58, 128} and have dlseussed
the theoretliecal femsibllity of such 2 reactlon in blolow

prienl oxildative phosphorylotion. Recently Drodie observe
ed the biological synbtheels of ATF by lephlel extrachs

and a phosphorylated derivative of' vitemin XK, (4) while
Lieland observed ATF formatlon from the hydroguinone
nonophoaphate of goenzyie @ in rat heart uisochondria (61),
duringe oxidative nhosphorylation.

0PO H2 OPQ Ha

CH
c cH cuacuzcucu )
3

G=chromanyl phoaphate Hydroguinone monophos«=
of '*;‘L‘Lamiu X phate of Coengye G

;..J

A gerious dlsedvantage in consldering gquinones fop
an active part in oxidatlive phosphorylation iz the feile
ure Lo observe the required quinone in nitochondria

£BLF R w D e % ., . B g o oy omn Doy g, A2 & 5 " .y
ifficulty in explaining how the quinols vecome

o
1
% 2y
o

.
O
~
T“’

sponbancously phosphorylosed. liowvever, 1t hag been pro-

i

posed thet the aective form of vitauin X in anlmels is
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the cyclised chromancl form (33}, Iroedic has observed
that the chromanol form of vitamin ¥ is a requirenent of

nxidao

N

ive phoaphoryletion 1n hls biologicol syuion.
) have shown tha’ the chromanol form

Others (75, 65, 14

T

of bensoquinones ilg of possible fmporitance. Doyer hag

' e PO w7y st ] T gy e 8 oy B A ” g o Sy,
ghown that OG~chromniol derlivavives nay underpo Lwo

¥
L

electron oxidetbtiong to form & netasbable cowpound, Locow-

&)

sheroxide, which doesz not heve the characteristic spectrum
of & aquinone (15). This substence may be reduced to the

chromanol form oraine Tocophoroxlde was shown by Hartiuns

O

{(21) %o be a hemiscetal of tocopheryl guinone.
Q

Hg CH,

H CH,
CH,(CH, CH, CHCH >I4
3

Tocophoroxide

e _ P 4 4 s~ Lo - P o T oy sy A
t is possible therefore, to have an aollive Zorm of

desd

tarnin N wilthin tisso ez which undergoes cyelic oxidaw

K

tlon~reduction without producling a substance recornizable
as a guinonae

The problem of the mechwmnicm by which guinones may
be phosphorylated Lo yleold quinel phosphates bhas not been

£y

solved. cranam (69) oroposed & reduction of guinone in
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very clogse proximity o the phosphorus of a phosphate

proupe The hydroquinone anion formed & phosphate ester

P " s Vo L4 pra st e ¢ gy e B
by mcleophilic subatitutlioles

Chmlelewska (82) provozed that a cyelization of the
phytyl side chuins of vitanin K during reductlon led to
& chromancl derivatlves. Phosphorylation followed by
reduction produced a chromanyl phosphites

. &> 0PO3

0
& 0 cu OH { -~
3 ity ~CHy | . _CHy
QI — QI e QUX ™22 O
CH, 5
O/é;H 0 ®)
4 A Ny Y
R R R R R R R
Dallan {42) proposed a simliler mechunism in which she
chropan ring was opened by phosphorolysis alter reductlon.
Loderer {(118) proposed phosphorylation of the gulnonoid
methylene proup followed by phosphate transier to the

it

i i i 1y - o b k- o 5l *e & - 37 »
oxyren. This was then reduced and the caroman ring



cloaved. ?~

0 Ho = 9 0POZ 0PO; OPO5

/
R R R R R
Other neclianisms for phosphorylating quinone derivatives
have been proposed by Boyer (17), Cohen (40}, Clark (36),

ond Drodie (24).
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LECHANINNS OF OXIDATIVE PHOLPHORYIATION

Hitochondriel siruchture an

50 play an Important

Hr g vz L
systens by

repentedly (78).

difficuls
have been pr
results in terms of
hogphoryla

mechanlsn they dif

rylasion and atieupt

g 1Y R an o g q gy A
ronoving wmrelats

on blelopleal oxidative phosphorylation are

explaln particular

Fal

Had

o

T B %
hidd

Lo mos

ks

z« 5

ol theae

o aimplify

d engymes
Consequently, exXperinents
conplex and
te Interpret concl pively. Several mechanismae
xrerimental

nore familicr substrate level

ceneral

Ter on very lmportant

data nor arstl

wnlsn of blolopicael energy

leially claassify its

in hypotheticnl mechanisns males

chouit theo asctuanl

rvetlions For this
reascn one cannot afford %o overlook any experimental

lmportances

A general meclianism for oxidative phosphorylation

firat provosed by Livman in 1946(84)., This

1lizing phosphoenolpyruvate.

ocess lg outlined bolow.

ME;“"X+P:’£=A+;~;E‘2 - P

The symbols A, Aﬁg, B anad

moclheanisn

[

1s analopous o Gthe subsirate level plhosphorylating aysten

modern voersion of this

hn reprezsent the oxidized



educed forms reavccetively of reaviratory curriors.

b
[
G

s

Orthophosphate is represcnted LY Pr. Attermpts 5o explain

the resulis obtalned with guinone derlvaitlives rmab in-
volve nedified fovme of thls nechanisme

Another peneral mechanlism was proposed by Slater in
1955 (110), analogous Lo the substrete level phesphorylas
Gion Involving oxldatlon of glyceraldehyde =3« phosphate.

AEQ‘\"E"‘X = A~X zmi:

AnvE+P: = A+E~T

XvP+ADP = X+ ATP

Lehninrer used this mechanism to explein resulis
of some of his PY% gxehance exporiments (77). Variations
of it arve stlll favored and seom Ho have gained general
accopbace.

Chance (29) showed that Lehninger!s exehanpe oXporle
ments could be interpreted In still enother fasbilon,s lo
proposed a general mechanism based on resulis of inhibltion
studies In which energy congervatlon was & reductive
NTOCest e

B+I =BIL

BE+AL, = B, ~I+4A

Big~I+X = B, xevi

ANvI+P; =X~P+I

ANVP +ADP = ATP + X

Energy conservation by o reductive step 1z not impossible.



llowever, analogous aeroble reactions have not

soTVel .
Boyer (16) pugpested {hreoe peneralized mechanigms

for oxidative nhosphorylatione. le veasonsd that AUP
could be forued Zrom ADP and orthophosphate (?i) ¢iroct-
1y, from ADP by a nucleophilic attack on a phosphate
cater o [rom orthophosohrite by o nucleophiillc attack on
ant ADP ester.

(1) ADP+P; = ATP + 1,0

[

!
P oo YH+ADP = AP+ + EIEO
{(3) ADPH+Y=ATP -~ ¥

AP w Y P 3,=—. AP+ Y *"jg
Hitehell (397) oroposed a wnigus mechoniam for

oxidabtive phosphorylation, Oxidasion of subsirate was
’ g T . .+
belleved $o couse an increcase in internitochondrial I
concontration,
& p— i ™ q{r"'
A.“.:‘g =A +2e + i

Oxygen was reduced with the conconitant Tormmtion of i~
ocutside the mitochondrial nombrarc.

Og+4e + B0 =4 cu”

z@i

Combination of these ions wes prevented by ithe semi
nermeable nembrane and a large notentlal pradient develw

opeds I lons within the mitochondrion, combined wish
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O™ produced shroush the formation of ALP and constli-

uted the dpivin; force o' the reactlon.

The two peneral mechanisme of Lipmann and Slater

- 2. T B _ S a2 -~ - . EN 5N s P
seen bo best asaiisfly requirementa of the natural oxidae-

o

-

tlve phosphorylation process bub there 1s yet Insufliciw
ent cvidence to allow an assl nment of precedonce botween
the Swo {(107).

A number of mechanisms for oxidative phosphorylation
were proposcd Iin whieh speciflle compounds, known Lo be
Intinmgtely associated with the naturel proceas, wvere
involved. In general, these wore based on s

of structure between olectron transmort substances and

those invoelved in the analogous reactions of substrale

level phosphorylation. For obvious reasong compounds
having carbonyl groups were iven speclal consideratlons
George (51) proposed o mechenism, similar o that of
Orgel (104), in whieh a group stvongly bound 5o a he s=-iron
in Gthe roduced stabte became weakly bound in the oxidized
state and thus, eagily transferable. The frec energy of
oxliation was congerved by the formation of this hirh
nafer potoentlal conpounds. A mechanism proposed by
Byring (118) also involves electron iranspors thraush

complex hene compounds
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i
bas

In 1989, Lindborg ob al.{82) proposed o meohanism

L M
) ey 20 ProveEe. B ey g S 2 & . e 9y s - 4 % 3w 3 & o )
vhereby phosphaie wag locorporated inlo reduced flavin dupe-
£ - -
[ PP b | T qH 2 ——— o e o B o - md sk -
ing & reductive stepe. This was promoted o & high trange

fer potentlal phoesphate by reoxnildetlon. A more specific

g da - M e L4 k] L Sr— 1 iy 8 2 il - 7 -
presentotion of Thils nwehonism wag published by Orvabe in
- - Lo

A

1960 {58)s Glahn and Hielson (53) explored the possibiw

E & £ x o B ¥ m L % < hie g oyt K Y e o Boym T
lltles of forming high transfer potentinl compounds through

fud

-

wldatlonereduction of flaving, pyridine nucleosides and

»

hemesze PRecently a hich transfor potentisl phosphote dew

5

Ivative ol HAD was reported (60). Such a cormpound was

= . % e

propesed as en lavermediate of onidative phosphorylation

3

1S

by Lelminger in 1084 (76).

Lemninger (79) proposed another mechanism invelving

jainones but noi requiring the parsicipation of nhiosphate

or phosphorylated compounds in electron transport.

=
3

(1) quinoleX = quinonc~X
(8) aquinone~X+35 = quinone+ E~X
(o) BAoX+P, = BE~P+X

(4) TV~PHADP = AP + 1

v

among speeulailive mechenising proposed, shose of

Boyer (17), Cohen (40), Slater (111), Dallan (44) and

b |

Chidelowske (52) sugrested direct particivetion of

o

phogphorylated qulnone derivatives In oxidaitive phoge

4

PO Fo 3 [0 T " :\‘“f o o - e > o
phorylation, Other mechanisms, similar to these ond
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based on that of Clark, have been reported. The SLhenme
of these papers dealt primarily with phosphorylation of
quinols and thevefore, they have bsen previously G-

ugsed under that heading.
Wessela firat proposed 8 mechsnism for oxldative
phosphoryle sion involving the oxidatlion of 2 hydro=

quinone phosphate (123).

o p CH
—0g” = _ADP
@O (;:;tjl e f‘*i P“a‘%‘ A
0PO3 0PO3

A wmodel oxmidative phosphorglation system wug
reported by Clark ¢i al (34, 37), who btosted Wessels' meche
anlsme Phosphate derivatives of various reduced quinones
were oxidized to yield the parent quinone and high
sransfer potentlal phosphates. Conbrol experiments
showed that no sipgnificant ngﬁ?olfsis ol these phogw=

phates ocecurred ln the absence of oxldation. Upo

=

exldation, as hipgh as 50% of the phosphete could be
rccovgrea In high energy forms asccompanied by hirh ylelds
of %he quinone., Adenosine diphosphate (ADP) was synshe=
silced from adenosine monophosphate (ANP) by this method

In & later experiment (35, 33). A4 mechanism Por the



reactlon was proposed (37) similer in some rvespects o

that supggested earlier by ?;';rs&oltw (123).

OPO3 07 ’3_ 0

-2¢ SO, | B |

OH | er 0

1) o oo 3.8 e Py e e k- & i o
'he primary phosphorylating agent was belleved to

be the hypothetical monomeric metaphosphate (POF). This
subgtance has never been detected in & chemleal :::*aacﬁ:ion
although Westhelner (25) Jencks (71) and Todd (113)
supnort 1ts presence s an intermediate on klnetic

igland and Patdermann (125} porformed cxperiments

- i R R

aimilar to those of Clark. (lhey oxidized a guinol phos-

phate with lodine in ethenol and reported the formatlon

of ethyl phoephate. It was concluded that & high transt or

potential phosphate compound wasz formed &s an inter-

medintes Thlz experiment showed a hirh offficlency transfle
" i o Wy, — - - by om g b ¥y e Hm
o phoasphate from guinel to ethanol durlng oxidation bud

did not show the formation of a high transfler potentlal

o

The obseorved transfer ls eneprgotlcally favore
ableo even in the absence ol oxidat They proposed 2

mechanism for Lo reactlon zimllar to that of Clari,

PSS G LR & L ]
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The formation of a high energy intermediste in
these reactions L1z usually expluined in terms of a twoe
electron oxidaitlon mechanlsme. In 1988, lerrison published
arpuments In favor of & one=slectron mechenism leading

to the formatlion of 2 high energy interediasts (63),

0PO3 o 0PO; 0~
—a = l -

OH O e
L _
I¥ vas arpgued that the intermediate, semiquinone phogw
phate, would have a hiph transfer potential by virtue of
the increased resonance gained upon dissociation into a
smmebrical semiquinone anion.
Hason observed that the benzo=l,4~ semlquinone

anion was not probtonated abt pil 2,8 (127) while Yamagalis#
obzerved thai lts five line ISR spectrum changed neay pll 3
ag a result of protonation. Yamagaki concluded that this
senlguinone wes approximately ag strong an acid as sceotiec
acide. By analogy, cemiguinone phwsphote should have &
free enerpgy of hydrolysils compareble o that of acebyl-
phosphate. This evidence coniirmed larrison's postulabe
councerning tke high energy propertlies of & semiquinone
phosphate, lason¥# obscrved the oxidation of quinel

I, Tamazekl, Personal Commnication, 1963
s 8 Mason, Personal Comsmnication, 1983
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phosphates by hydrogen peroxide and horse-radish peroxi-
dase, & gystem known to cuialyze only one=electron oxiw
dations (20). dome of the oxidizing agents employoed by
Clerk's group (37}, such ag seric sulfate, alsc preclude
all except one=clectron oxidations and a high transfer
potenticl semlquinone phosphate 1s a probable reactlon
internediate.

Biolopleal oxlidative phosphorylatlon and electron
sransport through the cybochrome systen are intimately
linked., Oytochromes alternete bebween the ferrous and
ferric oxidatlon states of the iron while flavins asscelat-
ed with electron transport form flavin gemiquinones (8).
Both processes require univaelent changes. It Lo such
evidenco that maltes the formstlon of radical intermedlates
during oxidative phosphorylatlon highly eredible.

One objectlon to these proposed mechanisme ls thaet
they were not supported by experiment in most insltances.
Thoge for which experimentel evidence was gathered do
not necessarily deacribe blologlcal systeme since only
sinmple in vitro reactlions were studied,.

In 1962 Brodie (4) studied the elffocts of Vitanin I
on oxidative phosphorylation in extrects of ll.phlel., In
thils system, Lt appeared viitamin Ky was reduced, cyclized
to & chromenol derivative, phospherylated and the phos=

nhate group transferred to ADP during oxidation. his
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vas the firat conclusive proof that guinone devivaiives
were functional In blolorical oxidative phosphorylatiocn.
- Tls proposed mechanism was based on that of Clari.

Lelond (61} recently reporied thadt rat lheart mitow
chondria ozxldized the hydroquinone monophosphate of co=
engyne Q( ;) with the concomdtant formation of ATP. PY% 2
labeled hydrogulnone phosphate transferred the phosphate
group to ADP in this reaction withoui dilubion by added
inorganie phosphates Of three related hydroguinone
monophosphateos tested, only tho coensmyme O derivative
wes active with these mitochondric.

Recently, & mumber of high iransfer potential com=
pounds copable of converhting ADP end orihophosphate to
ATP in vivo, were reported {80, 16, 119, 106). There
was 1litile doubt that these compounds couplod eneres

ongervatlon to the synthesls of ATP but whebther tiey
Tunetioned as primary or seecondary coupling arents

could not be debermiined,



G« FRODUCIION Al DUTECTION OF FREE RADICALS
A muaber of techmlgues have been devised for brapping
shortelived radical intermedistes in organic reacilons (G).
Such radical intermediates muy be detenbed or identifled,
without dlsturdbing the reactlimm gyoten,by elactron abin
resonence speeiroscopy (70). By this technique, ilare
rlsong' hypothesils, that semiquinone phosphate iz
intermediate in the modcel resetlon, should be Lested
easlilye. This semiquinone phosphate may also be sought
in actively phosphorylating nlbochondria. Uhe appear=
ance of this radical in mitochondrls would be very good
evidencs that ihe model reaction represented tha biolonl-
cal renchlofe.

Substances known os free readiecals are nob found In
approclable congcentrations except under umisucl sondltlons.
They are usually very reactive, combining readily with

other yadleal aposcies to form more steble non-radieal
compoundss A Iroe radiecal hae en unpaired clectPons
From & sbtable molecule having only pailred slecirons, a
rediscal may be produced by adding an electiron ag in re=
duction or by removing an clectron as in oxidation.
Reduetlve synthesils is the method of choles beecause of
controlled, ezsentially quantitative conversion (94, 2).

Oxlildation resctlons are lese eaclly conirolled and
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frequently some degree of decomposibtion ovccurse. iowever,
some experiments require oxidotlion and in these lnstances,
it is necessary Ho seek conditlons producing the Lleact
decomposlitione

Oric chenical substance will oxidlge anotier naving o
lover reductlon potential but the rate of reactlon may
be negligible. DBeceuse radicels are reactive and have short
halfelives, 1t le necessary o have & high generation
rate for detectable quantities to be obtained. Lhis rate
may very with lonie sirength, bteuporaiure, complexing
agents or pH {51). The prineiple of equivalent change
also plays an importent role in the rates of some chemle
cal reactions Slow raves due to incompatibiliity of
oxidant and reductant may usually be overcome by choosing
a different oxidant or by employing o mediabtor.
edinting substances, othervwise known as catalysts,
react readily with both oxidant and reductants The
activation energy for a particulsr reaction i lowered
so that the reacilon rate Lg increagsed and reaction
character iz modifled. sSuch a catalyst is the enzyme,
horse-radlash veroxldase., It medisates the reomction beow
tween hydroquinone and hydrogen peroxide yielding almosth

guantitative amounts of guinone by a fast reaction.
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Without thiz catalyst, the resction rate 1z slow and the
product is 2 mixture of epoxyquinones, quinone and
polymer. An luportant property of peroxidese is 1its
abllity to oxldize substrates by si:pgle-clectron (range
fer (23) to yiald.free radicels exclusively.

An inert electrode of the proper potential may serve
ag an oxidizing or rodueing agent as effectively as
cheonical reagentes Rlectirolytlie reductlions in both
aqueous and nonagueouns solution have been studied (2).
These reduetions are easily controlled and usually lesd
to gquantitative recovery of preduct.

On the other hand, clectrolytic oxidatlions have been
studied bul results have been Inconsisbonts As yet, they

are itreated emplrically and the mod like

o
O
-y
3
L
(<4
oo
<
=
-

that for wost of the chemical oxi
understoods

Heective radicals produced by any of the neans
deserlbed muust be trapped in a non-reactive form 1f they
are 0 be sbtudleds lost comuonly, the reactlon solutlon
is frozen, trapping radicals in an lee matriz where they

i,

may not interact (19, 6). In obther kinde of solublon,
the radicals may be frapped in a glass or plastic. In
additlion, some radicals may be converted to & stable
form by manipulation of pil (96).

Freoe radicals are paramagnetic species and these reach
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to an applied magnetic field by belng attracted Lo 1%,
Hagnetlc susceptiblllity measurements determine the muuber
of' unpaired clectirona; conseguently the concentration of
radicals nay be determined.

Michaells (96) detected radical specles by observing
the redox potentlals asz a functlion of percentage oxidation
and by cbserving their intense optical absorpilon spectra.
Both methods are more sengltlive than magnetie susceptibie
1izy measurenments but neither will identify a radical
specles. Xlectron spin resonence spoctroscopy (BSR) posse
psses Lhe seansitivity of opileal spectroscopy and the
capraclty to make & posltlve identificatlion of radlcal
specles. Techinlgues have been Luproved for handling highly
reactive radicals and for detecting extremely low con=
centrationa of them (116) making ESR a superior instrue-

ment for studying radleal reactions.



7. PRIUCIFLES OF ELRCIRCN SPIN RESOHAICE
Llec trons possess both ecleoctric charge and an ins
trinsic angu’lsr momentum called spine 4 magnetlc moment,
Ms Lo gosoclated with the eleciron and ls related Lo ths
angular momentunm end ela?tric charge by the eXpresslon,
el
A =0 441 e

€ 1z the veloclty of light; h, Plank's constant; e, the

electric charge; m, the nass of the electron and g, &

: 0

conabant measuring the contribubtion of spin and orbital

. " = : eh
motion Yo the angular momenitume “he guantity, ey

usually dencted by B , is & constant called %he Dohr
magnoton (70).

An applied magnetic fleld, I, may orient mby inters
actine with 1t. Only tuo orientetions are gllovwed, howw
ever, characterized by the spin quantum mumbers, U ,=7* &,
She energy of interactlion between u and I ls given by the
exXpression, B = U M3, This ls more comuonly written,

o= 5k

E=liy £B He

In the abzence of an applied magnetic fleld, both
spin states, corresponding to the two orlentations in a
field, arc of equal energy: that les, they are doubly
degenerate in spin (26). Vhen placed in a magnetic Iflsld,
the %wo spln states lose thelr degeneracy. Ilectrons

whose nagnetic moments oppose the applled field, are sald
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o A0 w
to be antiparallel oriented and have higher energy than

those whose raghetle moments complement the leld.

Li"

-1

hese latter are said to be oriented parallel to the
The difference between two enerrsy levels corres-
ponding to the two orientations in g megnetic fleld is

g function of the applied fileld. This is Lllustrated

Flp. I

i 18 the energy of the antiparallel spln state and
Bye that of the parallel spin states It 1s seen that
the difference in enorgy botween the two spin states is,
=g BHs For a free sleciron, the speetroscopic
splitting factor, g, ig equal to 2.00283. Hleoctrons in
the parallel spin stete may sbasorb electrommpnetic radi-
atlon of the proper energy and be ralsed 3o the higher
enerpy shate., oince the energy of a photon lg described
by the expreasslon, E = hv , where 7 1s the {recueonecy of

electromagnetle radiation, an exXpression describing condi-
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tions necessary for a transition between electron spin

l}fl

sbates la, hv = gPH. From this egquation, 1% is seen
that two variables, H and v , doternine the condiilons
necessary for electron spin reascnance.

An electron spin resonancs spectrometer meoasures
energy absorpilon when cleetrons in the lower energy
state are exeited to the higher siabe. Resonance condi=
tlons are brought about usually by placing the unpalred
electrons in a powerful magnetic f£leld provided by a
varlable strengih elociromagnes and then @iractinﬁ.a
source ol electromagnetlc radiation toward thom. Thig
radiation source 1s ususlly a conatant {requency klystron
oselllating at 9 Kme. Under these conditions, resonence
oceurs at about 3 Fpauss for a free clectron or a free
radical. The rocorded signals aroe usuelly derivatives
of the actual absorptlon curve unless a apeclal inte-
grating recorder is used. ‘herefore, 1t 1s nocessary to
integrate the signal graphiecslly In order uc obzerve the
absorption curve. Radical concentrasions are determined
by comparing the areas under the absorpiion curves for the
unknown end a standard solutlon of radicalge.
Electrons in most steble atous or molecules are

]

paired, their spins cancel each other and the substances
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ave diamapnetic. In sccordance with the Peuli exclusion
principle, no changes in spin siate may occur under any
conditions unless the electron is oromoted %0 a new orbe-
ltal. Such conversilons do oceur but this teinlet state
need not be discussed here. Some substances such asg
free radioals, heavy metal lons and eertain ssable
molecules are pavamagneble; that 1s, they contaln une
paired elecirons. These substances con be made %o
undertalie changes la the spin states of their slectrons end
are subjeet to svudy by electron spin rason&naevayceﬁra~
8CODTe

Condiltions which stimmlate the absorption of energy
and a change of apin to & more energetic state also
stimulase the reverse. In order to deteet & net absorpe-
Lion ol power, 1t 1s necescary to have a greater mmber
of electrons in the lower energy sbtete than in the hisher.
At equilibrium, an unpelred electron will follow a Naxe
well-Doltzuann dlstribubtion between its two gpin ctates (70).
If N3, represents the higher enerpy state and ﬁg, Ghe

lower, their ratio is deseribed by the squasion,

L

+

—e =

o AL represonts the dirfference between

¥ e

translélon energy levels, & is the Doltzmeann eonsiant and



7, the sboolute tewporature. Thercfore, thie lower the
absolute tomperature, bthe smaller ls the ratio ﬁizﬁé and
the greater will be the power absorption under resonence

conditions.



8. FRIE BADICALS S0UDIND BY BLBECTRON SFIN RELCOHANCE
In the previous chapter, it was shown that electron

anin resonance will occur at a definlbe magnetlic Lfield
atrength for any glven value of "g" sinee the microwave
frequency romains constant. The "g" value may change for
dlfferent paranaznetlic substances due to differing
orbital contributions to the angular momentume. In addi-
tion, the apparent "g" value mny vary due to elecirle

1eld orientations, as in coie transitlion metal lons.
For this reason, many purmgumagnetic unocles nmay be differs
entlated by their apparent "g" values. Illowever, for
nont free radicals, "g" dees not vary widely from the

value for & free clectron (70). Thus a "g" value very

e
ﬂ":

near B.0028 is Indicative of the free radical fonmily
but will neot distinguish one radical fron another.
Tdentification of free radicals nay be made through

in thelr absorption spoctra called the hypere

e

variationg
Pine specira (70}. This results from interactlons between
the magnetic moment of the unpoired electron and the
magnetic monent of some muclei. Interactlons of this

kind lead to & aplitbing of parallel and antiparallel
eneryy levels Into groups of sublevels abt approximately

the sane eshergy. Instead of one transition enersy,
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there may be several) consequently several absorntlons
oce.y ot sliphtly different values of the magnetle fleld,
IIo Iyperfine specira represent interactlons character-
Istic of & plven molecule and therefore are churacterise
tic of a pgiven radical,.

In order to obiaiu hyperfine spectra, the electron
migt interact with other magnetlc materials. Fortunately,
many of the atome usually found in orgenie free radicals
have nueleay nagnotic moments. The most lomportans of
these are hydrogen and nityrogen nmuclel buit the phosphorus
micleus mues not be overlooited. These nuelel line up
parallel or anbtiparallel to an epwlied field Just az do
electrona. Possible arrangenients of an electronts mnage-
netie z_zc:;:ze:zat,@, with respect to the applied fleld arve

shown in Fige. IIas In IIb, the sdditlonzl interactlon

et i

o oog

wlth a mapnetie nueleus, @ s is ponsidered.

fla Pﬁ. Le II Bs
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1

The only sllowed transitions are bebween levels having the
same nuclear gpine For s nuclear spln, 3:11, it 1o seen
that eleectronic trensitlons are allowed only when Al, = U,
Huelear spin change does not occeur during electiron resoie
aneo, therefore only two transitions may oscur in Fig. IIb
even thoush Lour onerpy lovels oxlst.

An electron will be influenced LY every nuclsus
enconpassed by lts molscular orbital and will interact
with each magnetic moment of these nuclel, These intore
actions will be charecteristic of the molecular struciure
and the influence on availlable energy levels will be
manifested by a characteristic hyperiine spectrune. Fig. il1,
{llustrating the interaction between one unpalred electron
and two nuclel having magnetic moments, describes the
energy levels e;md posaible transitions for the hydrogen

molecule ion, Hg (26}

] Mp = I/2. Mo+ Mz = |
Hees /2, \_Mm:—%?,—\ Ma1 +Mup = 0
' Mni+Mpa = —| T
E A
Mg+ Mpa= =1 e
A Mm:”/z = - !
Ms=-72 , Mnc+ M= O
Mnl'-'—' /2
Muy+ M= |




In Fig. IIT, the notation, xﬂl, reprenents the spin

quantun mumber for mucleus one and Il o8 the spin of
nueleus two. Rach of those may be oriented parallel or
antiparallel to the fielde. 1T can be seen that Lwo pogw
sible arrangements lead to (My; + M,n=0) for ihe Eé*iam,
These two levels have equal cnergy and are degeneratos
“holir populations arve approximetely deuble that Tor the
non=degenerate levels and the probabllity ol transe

»

wice as pgreats 17 i

o ol

ibions cccurring ab any tine Iis L w
. . . o
38 an example of the LSR sbsorption spectrun from e

Insenslily

X b | y4

H—
Flge IV

X, ¥y, and Z represounl the respective transitions in PFig. IIl.
If an exbenslon of these principles is nmade, 1t is found
that the munmber of transiilions, hence hyperlfine lines,
may be predicted from the squation,

lyperfine lines = 2n(s) +1, where n is the muber
of nuelei Interactling aud (&) is their nuclear spin
nunber. “he intensitles of the absorptions will be in

the ratlo of coelficiente of a binonmiel expanasions
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Two Lfacbtors are reﬁﬁonaible for the interaction
betwesn an unpalired electron and a nueclear magnetlc
moment. These may be desceribed by an Lsotrople end an
anigotropic term (70). The anisotropic term deseribes the
classical Interactlon belween ithe itvwo wmagnetle dipoles.
This interacitlon taltes on a dlat
sinpgle pure erystal.e Dven in this instance, the amount
of Interaction variles with the crysital orientation in
the applied nagnetlic fleld. I the paranagnetic speocles
ls rendomnly distributed ss In powders, viscous solvents
or in lee, the anisosropic inteoractlon Ls contimuous and
a8 broad 1ll~dofined aspectrum results. llost hyperfine
structure is losit. 8ince hyperfine structure ie cruclal
in Ldentification of redical specles, study of radicals
trapped in glassos or ice cannot lead to & poslitlve

ldentificatlion. Increased ease Iin detection and handling

o

£ moterials dogs make low btemperature trappiag of radi-
cals in fee an Lrportont quantitative analytical tool (19},

g

The lasotrople term iz derived from relativity tlieory.
It 1s based on a Dirac delta function describing the three
dimensioml normalized distance beotween an electron and
a megnetic nucleus, This ferm will only have s nonezoro
value il there is a finlte probubillity of finding the

electron a% the mucleus. Only g- orbitals or some hybrids
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- Lnel .

will have @ probablility of finding the sleciron ot a
miclous. lilyperiine spllittlng will occur 1 the mole=

enlar orbital hes some a=~ character on the nucleus In

wasa

Foos

question. Other types of orbitals have o zerc node ab
the nuecleus and no hyperfine lnbteractlion will occcur.
Hyperfine Interactlons arc obgerved Irom a pumber
of substances where g= character 1n the nolecular
orbital encompassing mapnetic nuelel would not be expected.
This has been explained as due Lo configuretional inter-
ackion {70)., This results Trom a small degree of mixing
between a grmumﬁ gtate having no g- cheracler and en
exclted siate where some ' g- charactor 1z evidents The
electron then assunes a {inite probability of belnp at
the nucleus and hyperfine interaction oceurs.
Configurasionael interaction is exbtremely luportant
in %he study of aromailc substances wiere an slesciron
tra%els in an orbital having & zero nods in the plane of
the magnetic mclel. Decause of configurational intere
action, a depree of wpsired sleotron denslity finde its
way into the ¢ bonds of the carbon muclei. There it
interacts with magnetic muclel conneeted to thie carbon
by O bondse. The confipurational interactlion leads
to a trensmission of unpaired eleciron denslty from &

T molecular orblital through the ¢ orbitals to the mage
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netic mucleus vhere 1t interacts. The resulting leo-
tropile hyperfine interaction is clearly defined and char-
acteristic of the radicel studied.
| In non=viscous sgolutlons, ihe molecules tumble
rapldly with respect 5o the microwave radiation fregquency
and anlsobtropic inberactions cancels. Only the sharp
clearly defined lsotropic hyperfine siructure renins,
This 1s highly characteristic of the radicol and can be

used for a positive identification.



9, INVERPRETATION OF B8R SPECTRA

Two factors determine the magnitude of Interactlon
between protons on an eromatic system and an unpalred elec~
sron in She syatem. These are the unpaired eleciroxn
density on the aromatic carbon adjacont to the proton
and the coupling consbant which is a messure of confige
urational interaction (70). If one assumes the coupling
constent does not change for any proton in the syslen, the
oquation foy hyperfine splittling may be written?

AH=QP. A¥ 1s the magnitude of the hyperfine
gplitting in goauss, @ is a constant Lfor Cell units in
aromatic systens and 0 is the unpaired electron density
on a carbon adjeecent to the proton responsible for
hyperfine interection. Calculation of unpaired electron
density on eromatle carbong lg & difficult process and,
in wany instances, insufficlent data ls avallable lor
an accurate caleulation to be made. The splitiings
observed in the hyperfine spectrun of an arvonatic radical
therefore may be difficuls to confirm by caleulation
alone. Conversely the dencliles muy be determined easlly
from the observed splittings thus providing valusble
data on electron distributlon in aromatic systems. A
recent review by Carrvington (27) considers gquantitative

caleulatlons.



- 40 -
For & semlquinone anion, the e¢lectronic structures
may be represented ag in Flg. V, where the aaterisk

repreogsents the unpalred electron:

Fig. V
Since the molecule lg¢ completely symmetrical, there are
four ollier comblinations and 1t would appear that the

e

unpaired elecltron is distribubed over the entire molecule

-

2. - oy A g B s v L) 0 F 8 e
in suegh a way ss bo make each of the proton posiiions

v
egquivalont,
IT one of the oxypens ils prevenied Ifrom conjurating

ot R

with the system, the resulting molecule will behave as a

phenoxy derivative wilth some perturbetion from the in-

hibited oxypene

OR OR OR OR
X
«_,*@ _‘_,_@*_e,@
{ | |
O O 0) 0
Flpe. VI

It may readily be seen that the greatest wapalred spin
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denslty occurs on alternate hydrocarbons. From thile treatm
ment, 1t would appear that the carbons without asberlisus

would have no unpaired spin density. Ifowever, hyporiine
interactisns at these carbons do oceccur although they are
of smaller proporilone than the others. They have beou
explained in terms of negetive spin densisles (27),
Functional pgroups other than protons also respond
to en unpaired eleoctron but the éaapling constants are
difforent. Hothyl or methylene protons produce hyper=
fne etructure In the spectrunm of en sromatic radical
though the gratéms ere not in direct contact wlth an
aromatic carbon. This interactlion 1s due to hyperconw
Jugation (70) and 1s approximately equivalent to the

® on

proton configurational interactlon.
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I EXPRRIMEITAL
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A, Chemicals
Wabter Tor all oxverimenta wae condensed from stean
lines and pasced through e Barnstead standard mixede~hed
jon exelange coliwmn Lo remove heavy metal saltc.
flers were vrepared as described in llethods of

noypmolosy, volume I (B4), except for pi 11.7

% -""ﬁ ig- & 3 g 8 g B - -y . e
uffer. This was prepared by mixing egqusl volumes of

€ 18 & RO T e . s men 4 Yy L L

1.2 11 dle gnd trisodium vhosphate followed by a Lil

CR IO S o e x & & v B AP by T o ;P
Ailubion with dlstilled waters AllL talfors wore cileciked

agelnat Colemnn pll standardg.

A atock eolutlon of D.l i I 0, was prepared bY dilube
ing Daker veagent grade 30% 112"‘",3 with digtilled wabter. T
wos sbandardlzed gpainat a ndard solution of InG, by
the ugsual method (114). Experimental solutlons were
prepared by dilution of this atoelr solutlon.

A stock solubtlon of 0.2 U Kin0, waz prepared Ifrom
reagent grade KinO,, stenderdlzed end stored LY the usual
procedure {114), Ezperimental golutions were prepared by
diluting with bufler of the propeyr pll.

A ptock solutlon of cerlec sulfote was prepered by
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dissolving ceric ammonium sulfate in concentrabed I, 30,
and diluting with distilled waber to nmake & solutlon
0l ¥ in corie sulfate and 1.0 I In sulfurie ascid,
Further dilubions were required in preperation of experle
mental solutionse. Chlorine solutions were prepared LY
acidifying "Chlorex" hyposchlorite solutlon and diluting
with 0.0 I lp80y. Hypobromite solutions were prepared
by dissolving the sppropriaste guantity of liquid bromine
in an alkeline buffer or 0.1 ¥ NHaOI Chloranil solu=~
tions were prepared by dissolving Bastmen chloranil in
absolute ethancl and diluting with thie approprlate gquantiiy
of distilled waber or buffer.

Quinhydrone, melting point 170.5--171°¢, was diae
solved in 0.1 M phosphate bulfer, pl 7.2, to nake g SHull

solutlon. This contained 6.5 x 10°0 Il free radical (03)

gnd was used as g standard for the delternination of other
free radical concentrations.

Chemlcals generously supplled by Roche Products Lid.
through the kindness of Proflessor Lord Todd, Cambridge
University, and used without further purification were,
dehydrony=2,; S=dimethylnaphthylel-dihydrogen phosphete}
d-hydroxy=C-mpthylnaphthyl=1l~hydrogen phoaphate, Ltriethyl
asmmoniuwn salt) 4-hydroxynaphihylel-hydrogen phospha e,

eyelohexylanmonium salt) 4-~hydroxy=2,0,5,6~tetrachloro=



phenyl-L=dihydrogen phosphale, and dehydroxyphenyl-l-dl
hydrogen phogphaite.
Roche Products alse kindly supplied 4=-hydroxy=o-

chloro=2enethylnephthyl-l«dibenzyl phosphate and 4eliydroxy=

2

2 45,5, B=totrane thylphenyl-l~dibensy phosphate which were
arvogenolysed by the method of Clark {37} to produce the
free aclds 4-iiydroxy=3-chloro-2-methylnap hthylel=die
hydrogen phosphate melbed with decomposition at 143 =
145°c, This 8lig ghtly pink, erystalline solid appeared 4o
darlken when exposed to light or alir in an open vessele

The other cster, 4«nNydroXy=2,0,0,6~lel fWNch.lﬁheﬂWl“l*
¥ ¥ b ]

dihydrogen phosphate, was & white crys balline materlial.

e

it appeared stable in alr bulb exposure Lo light was avold~
eds Its melting polnt was found to be 855 - 287°C. with
docomposition.

Turnip peroxzidase was provided a2s & 7.0 = 107% 1
golution with en R.Ze of 2.0 through the generosity of
Dre T Youmgall, Tohoku University. Dre. C. 4. Delilier,
of the Deparitment of Biochemistry, University of California,
Derkeley, gpraciously provided D-hydroxyphenyl-l-dibydromw
cen phosphate which was used without further purificatione.
A system capable of performing oxidetive phosphoryla-

3ions, consisting of iycobacieriwn phlel pertilclas,

wernabtant and the G-chromanyl phoaphate of vivemin Ky,
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was kindly provided Ly Im. A+ F.o Brodle, Deparitment of
Hedlecal Microblolory, University of Southern California
ledical fehool.

ol=Tocopheryl phosphate, dlsodiwm salt, was purchased
from Calbiochem. Trlethylamlnoethylecellulose (TEAE- celluw
lose) was purchased from Bioe-rad Laboretories.

B. Bguipment

Below a value of 10, the pl of buffers was deter-
mined by a BDeclman zeroumatic pil mebter equipped with a
standard gleass slectrode. For higher pil values, a
Declman G5 portable pH meber with a type B2 blue glass
oloctrode wasg used.

A1l visible and ultraviolet spectrophotonetrle
analyses were performed with a model 14 Cary recording
spectrophotometer equippod with a waterejacketted cell
compartment and cell holder to maintaln constant tempera-
tures A syringe drive and lueltie mixer, deseribed in
Fige VII, was used with a Varlan cquartsz HSR cell,
positioned with & special holder, for flow experiments.

A speclal apparatus (Fig. VIII) desipgned for speetro=
photometric study of rapid enzyuatic resctions, was used
to add small amountes of enzyme to a mixtureraf substrate

and hydrogen peyamide. Study of the reactlon in wvery
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eerly stages is possible with this apparatus.
Blectron spln resonance SpPecilogcopy was performed

wigh a Varian medel VAB0OO BPR speetromober with 100 ke

o

Pleld modulatione This was uged with a Varlan llguid

nitrocen acocessory, o Newlett Packeard kKlysitron Treguency

Yo,

neter and a Varian P8 nucleor Flummeter coupled to a
Howlets Packard 524 ¢ eleetronic frequency countere
The Irequency counter gave an aceurate ueesure of proton
resonance Tor & precision deternination of magnetle fleld.

Electrolysis was corrled oubt In e Varlan model V4550
eloctrolytic cell ascembly with calomel relerence cell
attached (Fig. INd)« A controlled veolstage DC power
supply provided She electrolytic current, This glectroly-
tle cell pesewbly was positioned so that the platinum
electrode was centered in the ESR cavitye The platimua
slectrode was connected o She anode of the DO power
SUpplye

Five iypes of quartz LSR tubes were uged for study~
inglradiaals. These ere depleted in Pig. IXe Solutlons
could be studied under any deslred condlilon by employe
ing these ceollze

Free radical signals were recorded by the Varian
G=10 graphic recorder when low tomperature measurenents
were mades AL room btemperabture, a Texas Instrument o,

Servoriter lntegrating recorder and Sanborn 380 dual
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channel reocorder were used ot maxirmum sensitlvities.
Beeause of difficulties with the Integrating recorder,
reportoed gpectra have been integrated graphically.

A rapid-Tlow repild=-frecze apparatus patterned on a
sinilar device, deseribed by bray (19) and modifiled in
our leaboratory, was used to study radicals trapped in
lece shortly after reoactlon inltiction. This deviece and
its operatlon arc described in Fig. X.

Acquisition of a room temperabture ESR spectrum of
shors=lived fyee radicals was made possible by a raplde
mix rapid-flow device. The ayringe drive wag the sams
used in spectrophotonetric analysis but a different mixer
was atbached o the flow cell. This nixer 1s shown
ettached to the ESH flow cell in Fig. IXB. For handling
large volumes of splution, a pneuwnatic flow device
(Fip. XI) wee substituted for the syrinre drive.

Stopned flow for observetion of deeay rates wasn wade
nossible by 8 st of Valeor Ingineering Corp. solenold
valvos. ‘These small volume solesolds were conatrue ed

so that no mebal perte contact solutions passiag thiouch

tho valvee
Chromatopraphy wes perlomied in larce pglass battery

Jars ot room temperature. o speclal precoutlons were

taken to maintain constant btemperabure conditlions,
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Mitochondrial oxygen conswpbtion was followed on a

Gilson Medleal Tlectroniles Co. oxygraph with an uncovered

36 pnage platinum electrode sealed in glass as described

1)

by Hagihara (62).



2, PROCFDURE
Two types of eoxperiments were designed for the detec=

ion of free radical gpeciecs formed by the oxidation of

oF

spectroscopy

e

#;

quinel phosphatez. Blectron spln resonance
was employed for direct detection and ldentification of
radical intermedliates uhiile opiical speciroscopy was
used for the debection of intermediates which need nob

necessarily radienls. RBlther the appoarance of new

o
&
by

absorption maxima or signifleant differences in ihe

rates at which quinol phosphates dlsappeared and guinone

..%

product eppeared, were sought in the spectrophotanetrie
- ¥ o &

experiments as indicatlion of Intermediabte Tormation. For
suclhi analysis, cbsorption mexlme and extlinetion coeffl-
cients must be known under experimontal condltlons.

The gpectrum of a 10*% u guinol monophosphate solu-
tion in 0.1 M buffor was deternmined for the range, 2350
360 e A specirum Jor the corresponding qulnone was
found by dlssolving an authentie sample of quinone in
aleohol and diluting wiith bufler to meke & 10 ~dsolution.
Several quinol nonophosphates end their corresponding
guinones were bthus compared at several pil values

L

Converalon of quincl moncphosphate to quinone vy

(S

b = *

peroxidase and hydvopen poroxide was obaerved In the
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gpoctrophotoneter by both static and flow teochniques.

+

B o g d gty v B B o & o o
- Instant of mixing

fag

The concentratlon of reascnts at th

-
ar
M

for staltic experiments wag 10 {"ﬂ guinol phosphate, 10

hydrogen peroxlide and & x 1077 1 turnip peroxlidase.
yinol phosphate was mized with hydropen oeroxide In a

gcuveble, placed in ihe speciromoler and 8 recoxrdins of

«

absorption at the maximmm was begun. FPeroxidase, pro=

viously eppllied to the tip of a plunger deviece (Fig. VIII),

vas repldly added and nlized. Oxldation was followed by

"

ion at e subsitrate maxinum.

Cf
Ly

cbhserving diminlsning absorpi

g

¥

Later experimenta utilized 5 x 10™* I concentrations of

50ne Reactlon rate was observed in the presence of 10™° 1
HglCly to determine the effect of divalent catlons.

Flow oxperimonts utilized 1072 i guinel phosphate,
10"% 1 Hy0, and 1078 1 turnip peroxidase. As in stasio
experlments, quinol phoaphate and ﬁgﬁg wore mixed,while
peroxidase was diluted with buffer and placed in o sepas
rate syringe. These soluilons were nixed In & lucite miz-
or just prior to entering the cuvettee. From the Tlow rate,
he time alter mixing abt which the specirum was debernine
ed, could bo caleoulated,

Identitication of products from these reactions was
made by extracting the exhaust with hexanc and analysing

the U.V. spectrum. The hoxmane was removed in a vacuuwnm, the
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rosidue was recrystallized from ethenol and its meltling
point wee determineds An I.K. speetrum was cbtalned
from this produet and compered with thabt from an audl antle
sample of the expected product., A quaniliative estinate
of yield wes obtained from the opilcal denalty at a meX-
limune

Phosphate containing compounda were separated by
paper chromatography by the method of Clark {37) and were
detected with a color reagent by & technigue outlined In
Paper Chromatography and Paper Tectrophoresisy (11)s Reference
spots of pheosphate and pyrophosphate were used to identlfly
phogvhorylated products.

Exporiments, simllar to those performed in Sy
optical spechrometor, were conducted ln which reactlon
intermedintes were examined by eleciron spin resonance.

A mizture of gquinol gﬁasp&aﬁe, In0p and peroxidase was

prepered as for a apectrophotometric experiment, placed
in an BSR tube and rapldly Ifrozen. BExaninatlon by ESR

for svidence of a free radical was made. This same

-

] ft 3
LWAX Panicw-l

wITOeR6

mixbture was produced in the rep
device by forcing quinol phosphate plus hydrogen peroxlde
from one syringe through a small mixer inbto which pers

oxidage was belng forced from another syringe.

flow of the mixer was ejected into precooled lsopentane
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and rapidly froszen at liguld niirvogen temperaturc.
Guinel phosphate In pH 4.5 buifer was placed on g TEAR~

~ 1 z o

gellulose column prepared in an BER roomeibemperature cell.

wdh

& mlzsare of 1077 il lip0p and 10™8 1 peroxidase was passed

[
through this columm positioned in the LS8R mlcerowave
cavitys The magnelic fleld was varied in tho reglon of
free radicael absorptlon while ozidants were passed through
the columme. & sinllor experiment was performed whereby &
3.01 I solution of chloranil vae used as a mobile oxidant
Por denydroxye2,S=~dincthylnaphihyl«l-phosphnte adsorbed on
a TEBAEecellulose column,

Rapld-nix rapideireczsc axporiments were repeated,
neing 10== 1 quinol phosphates and 10« ¥ solutions of
suech oxidants as broamine, chlorine, hypobromlite, chloranil,
acld ceric sulfate or alitaline permanguuate. For exasmle,
Kﬁnﬁé wag prepared in pH 11.7 phosphate tuifer as was
whe guinol ?hosyhaﬁe. Theso molutions were mixed and
injected into cold isopentane at varisble times. A wide
variety of quinol phosphntes were treated in this vay
and thelr frogen solutlons examined at low btemperature
for evidence ol free radicals. A series of experiments
were repeated in which guinol phosphete was prepared in

UeOdMeeric sulfate in 0.1 1,50,.
gy

-
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Repidenix rapid-Lflow experdmonts were perforued
vhereby permanganate end guinol phosphate were mixed and
passed through ihe ESR room~iemperaiure cell under con=
ditions producing maximm radical szignal et low temper-
ature. The steady-sbtaie concentratlon of radical was
exanined by slowly scamning the magnetic fleld in the
region of {ree radiecal resonence, These experinments
also were porformed with acld geric sulfate sg oxidant
under conditions providing maximum free radlcal signeld
at low btemperabure. With both oxidizing agents chozen,
the maxirmm signal was develeped at approximetely
100 nsec. afber miﬁimg. The exaei condivions praéaﬁing
these radical sipgrals have been recorded wish the
illuatfatigna since conditions varied slightly with the
quinol phosphate chosens

BSR spectrs of many semiquinones have been reporited
previously {(122). Some of these semiquluone spectra were
reconfimed by dissolving e small sanple of guinone in
absolute ethanol, diluting with 0.1 [y0l, adding less
than an equivalent of sodium hydrosulilte and exenlning
at room tempersture Iin the ESH spectrometer, This work

was done for general interest and the only semiquinone

for which an ESR spectruni had not previously been reported
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was that generated Irom ol~btocopheryl guinone.

An attenps was made o produce semiquinone phosphate
by electrolyiic oxidation of quinol phosphate. A 0.01 K
solution of quinol vhosphate in pl 11l.7 buffer was placed
in the electrolytic eell positioned in the mierowave
cavity. Approzimately 5 voliés were applied across the
calomel referonce coll end platimui anode. The magneile
field wae scamned in the replon of free radicel absorpilon
while current Tlows. The magnetlc Tleld also was adJusted
o maxinun recorder pen displacement while current was
flowing, the current was switched off and radleal decay
was recoprded. Thls experiment was repeated at pll values
of B; 8, 4.5, and 0.8

An EBSR spectrum of the radical formed Trom U.Ve
irpadiation of frozen 4e-hydroxyphenyle-l=phogphate solu=
tione was debtermined ab =185° C. A 0,01 i solution of
this guinol phosphate in 0.1 ¥ phosphate buffer, pH 1l.7,
waa frosen In & quaritz DR tube. IV wag placed Iin a
guartz dewar conftaining a window, covered with llguid
nitrogen and & hydrogen arc source was directed on 1%
Tor 90 mimutes.

Mitochondris were ilsolated from rabblt liver by the
method of logeboom described in Methods of Bnzymology

¥
2

{66)s A comparison of oxygen conaumpiion in the presence
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of HADH or of ﬂmﬁj&rswy»&,@uaxnezzyiﬁankadyinluyuogwhate
was mede by the techmique of Murakeml (100) utilizlng
an oxygen electrode. An ESR specirum was then obtained
for nmitochondria trested in the followlng wayas. They
were frozen in 0.25 M sucrose aud the spectrwa obisined
at «160°C, They were suspended in a phosphorylating
modium with 4dehydroxy«-2,3-dimethylnaphthyl-l-phoaphate

as oxidizeble substrate and frozen for low temperature

el

study. They were suspended in e phogphorylating mediunm
in anaserobic tubes, oubgacsed Ly repeated evacuailon
followed by flushing with nitrogen, gquinel phoaphate
was added and the mixnture frosen for low bLemperabure
study, 7Thils last experiment was repsated except th
guinol phosphate wuz veplaced by HADH,.
phlel pariticles were prepared by the procedure
of Drodie (21), suspended in 0,15 If KC1 and frozei.
For ESR studies, these particles were thawed, suspended
in 0,15 M K01 and centrifuged at 4YC. for 90 minutes atb
105,000 = ge Theso particles were resuspended Iin 0.51 ml
of G.15 I KC1 containing 15 umoles ligCly, 1S5umeles KF,
40 umoles KpilPO,, 150 umoles pH 7.7 Iris buifer, 50 ¥ TAD
and 20 ¥ FAD. In vhis ?raparm%ian, the concentration of
particles was 200--300 mg protein/ml.
Lyophllized supernatent fraction from li.phlel was

-

disgolved in dlstilled water Lo malte & solutlion containing
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200 mg protein/ml, This supernabant was divided in half
and 80 umoles vitamin Elfml supernatant were suspended in
one hall by vigorous shaking.

BElectron gpin rvesonance specire were obbalned from
the particulate and supernetant fractions frozen at =1609C.
Gauivalent volumes of the suspended particles and super=-
natant vere placed in anserobic ISR tubes. After repeated
evecuations followed by nitrogen flushings, SO0 umoles
Lenalate/ml was added. This mixture was allowed to incuw
bate for 90 mimtes in She dark st room bterperature. 4
second experiment was perfomucd in the same manner except
supernatant plus vitamin K was substituled for supernatant
alonce

At the end of 90 minﬁtea, 100 u moles AQP/@l mixture
was added and oxygen bubbled through the suspension for
5 minubos. The semple was frozZen and an SHH speobrun

obtained at =180°¢,
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FIG. VII

SYRINGE DRIVE AND FLON CULL ATTACIIIENT FOR ‘LUE DETER=-
HIHATION OF THE IJUEATN-STATE ULURAVIOLED """'}50‘“‘3&3

drive, mamifactured by Harvard Appara-
tus Co. 18 deslioned bo use syringes varying in slze I
Hew50mle Those may be driven at varlable speeds from Zex

a

$o the maximum by 2 gerew controls It iz shown in & conw

it A‘..&.L

necbed to a8 flow ecell in the ecell coumarimenst. Tubes

£

caryrying rearents and exhaust pess throupgh a light-tight

box covering the cell compartments & luclite mixer and
sttached flow cell is deplicted in B, poasitloned in the

spectroneter.

S
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FIG. VIII
SPRING LOADED RAPID IIXING DEVICD FOR SPECTROPHOTOMEIER CELLS

¥

“his devlice lg attuched to the coll compertment covers
A smell dlemeter steel rod extends through the compertment
cover with a small perlopatoed vlastic plate &t 1its lower cund

o #

and a Imorled metal cap 8t 1ts upper end. The perlorated

il

"t

plestic plate just fibs Inslde ¢ 1 = 1 om cuvebte. TFor
use, a saall volune of enzyme solution is pleced on th
plactic plate and the cell compartmeniy closed. At a

glven time, thisz plate iz foreced into the substrate solue
tlon by depressing the lmurled Imob at the top of the
steesl rodse £ spring retrlieves the unt Solution waasing
threugh the perforations of the plate rapidly mlx enzynme

with substrate and the absorption may be followed very soon

1Y% - " T, 1 g - T Y 4
This device was designed by Dr. Te Famane and Dre He Se

Mason of the Blochenistry Department, and was fabricated by

tn b L o - O Lt o) . b ’ 3= =] . T o & o
ire Je Towell of the Resenrch Instrument Service, University

L

’a;d
i
&
bad
L = |
s ]
&
fod
»

of Orepgon Medigal
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FiG. IX
ESR CELLS
Tube A conslsts of a 3 um Ecﬁ;bquaytz tube in which
frozen agueous solublons may be examined at low scuperabture.
fabe Dy shown atbached Lo a luelie mixer, composos the
Varian V4540 liquld flow unit. Aqueocus reactant solutlons

Iy

tacied ESH

r.i‘

mey be puased through the lucibte mizmer and af
cell at variable speeds from zero to an undesermined maxie
mam, while undergoing exanina n by B3] at room temperature.
Tubo C has a glass top of aboulb 2 em I.D. fused o a quartsz

£ the same dimennions as A, It i used by {111lis

o
L
&
5
6]
o

»

PR, I PL U K o ] B i R w4 e - n & 4 o B
with isopontane, immersing in liquid nltropen and injecting
] o 4 | o on
£5 s A Sl e Ko i - . i » Ty o 12
a Iine otream of sample that is very rapidly {rozen. Froszen

2

sample particles are forced to the boittom ; ¢ by the tammer
unit beside its Tube D leg an elecirolytlic cell desipned

to allow LAR spectroscopy while agueous solutions arve
electrelyzedes Cell E iz designed for anaeroblc sitndies.

The samrles are placed in the bose of btube T, which 1s
identical to 4, Gthe atnosphere is adjusted by reneate
ovactation followed by flushing with Hey through the side
arim and the sample iz frozen oy exanination at low Ltomperaw
tures A hiph Ilnclidence of tube breakaege forced the fabri-

1

catlon of the two piece unit, o, shown. A& standerd teper
Jolant comnects the top to a Zim Inslide dlameber guarts tube.
Thils unlt vuas fabricated by lir. G. Welss of RElectro-;lass

Taborstories,
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FIG, X
RAPID-IX RAPID-FREEZE SYSTEM

This apparatustconsists of a motor driven set of

-
L%

[}

ringes, a mixer, an c¢jection nozzle and a systen Lfor rapid-
1y freezing the effluent. It is driven by & varlable~spoed
Servo~lec motor with control units. Precision 1 ml Hamilbon
ayringes are rounted in luclte blocks and are comected to a
lueite mixer by polyecthylene tubling. Effluent from the nixer
rasgses through a short length of P.l. 10 pelyethylene tubing

end iz injected inte cold isopentane.

A moniltoring system ls mposed of a llnear potentiometer,
contact ewlteh and Teltbronix L3G6A oscilloscope. Contact boe

tweon the syringe drive and syringe plunger triggers a horigz-

ontal trecling on the oscilloscope whileh moves at & controlled

et

b
'Pta

o across the screen. The vertliceal positlion of this trace

B

is determuined b, & linear potentlometer mounted beside one
of the syrloges. It and the ayringe plungers are effocied
slmultaneously by the syrliage driving mechanisme. A polaroid

shotograph of the oszellloscope trace allows thie volume of
effluent as well as the oxpulsion time to be debtermined. The
entire unit is Lllustrated in A and a close-up of the syringoes,
potentlometer and mixer 1s shown in B.

* m%la device was designed by Drs. T. Yamano and H. S

lason of the DBlochemistry I “enaAUMQMt and fabrlcated by C.

JG?LSuQA and Je mawel% of the Research Instrument Service,
Unlversity of Cregon liedical fchool.






FiG. XI

PHEUMATIC FLOW SYSTHU
By thils device, the flow of reapent through the mixer
ond BSR ecuvette 1s controlled by alr pressure. The pregw
sure is maintained by a large reservolr and measured with
a manometers. In practice, the pressure is adjusted with
the reservoir atbached to each of two reagent bottles.
At a glven timo, solonold valves nounbted under the chassis,

open and allow reagents to flow Lrom both vessels at the

Eeld

sane rate. These rearents pass through tygon tubling to
a lucite nixer attached to the ESR eell (I'ig, IX B},
fter passing throuph the ESR cavily vherc neasurcnents

g

arc made, the mixture pasces thwoupgh another bygon tube

Yo ¢ product trepping resoprvolr.
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IIT RESULLS

T

1., SPECTROPIHOTOMETRIC RESULTS
T4 wee observed that the spectrum of 4-hydroxy-2,5-il-
iethylnaphthyl=l=phogphate differed markedly from that of

-
i

the corpesponding quinone (PFipe XII}e In acueous solution,

the quinone spectrum was quibe different Fvuw.tgaﬁ veporie-
od for solutions in hexane (45) or alcanol {40). Th
maxine were shifted towsrd the red and one at 200 m M was
miseing entirely. Our speetrum In hexane solution spreed
wilh that reported earller (45).

0y

Whon this quinel monophogphbate was xidized by per~

oxldase=iio0n and the reactlon sysiten exiracted with hexane,
e vellow product having an identleal UsVe spectrum o that
roported carlicr (48) was obtaineds FRemoval of hexane
ander vacnum left 2 yellow cryestalline solld which melted
with decomposition between 1105 = 1219¢, Comparlson of

» gr . 2

3158 YoRe spectrwa with that from an euthentlc gample of
2, Smdimothylnaphthoquinone revealed 2o detectable diflerw
crices s

keﬁax$&a‘@wanﬁnsanidl* gonverted 4«-hydroxy=s,dmdi-
nethylaaphthyl«l=phicsphato to 2,3=dlnethy ‘Lnephthoquinone
at pil 445, The mexlimm rate of change of gubstrate conw
contration was 4 uil scc=l (Fige XIII}. zmﬂwcasing the

B e

substrate concentration led to precipitation of quinone,
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% L L i ey & - PR S ] J, e e e
thioh oboeured She Ul.Ve gpectrum and nmade kinetle study

,.a

Impossibles 15 was not ccononicelly lsasable Lo increase

peroxidase concentraticon and ineresses in peroxlide, wWiliithe

] ayt

out corresponding inereases in substrate concenbtratlon,

by | R %, o aba - ey - pe b o, o - -
deorcaned the oxidation ratvte. Later experimeants indicate

R

arnll Qecgronses In Iiniticl rote ocgurred LT the kﬂﬁn GOYI

o e

”

on 1 . oA e s £ ui 3 TS TS
centrastion was lowered but, at 107% I, the mariced rate
ey 9 o Arves e wues ey er 4 AR etlc ol
gliange during road $ilon wag avolded,
JEr - PR . 2 Chy T R—— e - e
sinee bl exbin on coefficients at the maxime for
. B e ] - 2 m vy o E oy . 2% &
both cubstrate and product woere known, 1t wig posaible o
detormine the concentration of both gz o lunetiom of
Ty r'sg*; ‘!J‘? e oo 5 ul NEOLs eau Lol ons Ty Tars S eid and
F P N0 S & LI -‘;a,&& WPLE R 0(4‘ I GLOGN @ Sitd R wi GO ALl SAN
i, the percent subsirate chanpged was very noarly
- e ' - e 3 E S—— - o 2 anw
ogqual %o the percent product formed {(FFilp. XIV) at any
S, TFhe, oy Ao 3 £ # o * 3 .
tlmes The abmorptlon properties of quinone under the

conditiong of ihile experiment 4ld not remnin conoiant

C?

= & & ¢ - P b _— < oF goa - i [ PP
over appreciable periods of time. In some instances

&«

5 -3 o P I .‘h, 4 3 o = : A & , By e %
g2 fnint precipitate appeored on long standing suggesting

hat absorniion moasurenents vere not nade on a trus

(£33 b 2 o, S % o] . e o I B e » P

The rates 8% which d=Lydrony-S«tebiyylnaphihiylele

oy i 3 g L R —— o v By oy g By . 2 1
shosphnte and 4ehydronynaphthyl-leshosshate vere oxildized

| T - ] " e e o B o - . % o do v o ey T
57 peroXidass in aclid solution were much lower ulian for

F - T o 2 Ty T . gaan ) w il PR
biie 2,3-0lnethyl devivativo. In slkaiine soluition wiig
L) w ]
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rahos were safficiently slow thelt non~engyuatic oxidation
ontribuited heavily to the overall reaction. T'or this
ronaon, nc atierpis were made Lo analyse the data from
these oxldotlons. Zable I listo some substrabtes and
relative rates et which they are oxidized by peroxildase~
lnOne Do apr serent inerense inm reaction rate was coused
by 10™° U .‘E{;H' ions g% nil Bal.

PRROXIDATIC OXIDATION OF QUILOL PUOSPUATHES

Relatlive
Subssraie Bato

4mhiydroxywd 4 Sedlne thy lnaphilyl ~lenirosohnie fest
suprydroxy=-2-nothylnaphthyl-l-phosphate slow
2eiiydroxynaphihyl-l-phosphate slow
ol~tocophieryl phosphate nil
Gwohromanyl phogphate of vitanin Ky slow
s-hydroxyrhenyl=l-phosphate fast

d=hydroxyphenyl-l-plouphate fast



2, ELECTRON

aY m " t1 gy e
«'&’ld’?\..’:,!(;.&ve * 0 hadi AP NS

T %

TO -

HExamlnatvlion of 4«-hydroiy-2,3-dinsihylnephtlyl-lephosw

vhate solubtlions oxidized LY peroxidasow

-

% 3 [E ‘:ﬁd’;‘ﬁi

cOonai=

tlons found ophimal in spectrophotonsiric exporiments and

- . . 5y, Ao e b, o of ~ . " - | - ] ] -
COEen HAOT ’3."” f "153‘"‘ .l}.:&.{.flf(’ 3.“{3‘30&143«11 nc de 4(3 .'v\U:,LQ}.M L83

radical snpocles. 1o debtecltable radical was foun
thls oxperiment was vepeated at plit. llowever, wi
reactant solutionas were Irozen under optimel eond
approximately 20 moec. alber mizing, by means of

A

C; ST T ) s
TLtions

G

o

e - e [ " F. - sy - . » IO e U .
rapli-nix repid-ireefZe uppoaratus, a lovw concentratlon

-

P T e i T . )
SneeC Fepeselised

6l

maxinum attalingble in our apparatus. Lowering speod

b " r = s & Ewd o e % s o 4
led o u decreaso in this radleal concentrasion.

A

in reactant conecentratlion or pl caused either

no clenge or & decrease in radical concentration and no

-

radical speelen could be debected when thils reachion was

PR Sy %

flow sygtonte

*
%
Ao 58 2

" P ok iy ™ .a sy Ba . ¥ g w2 D D e o
studled at room Semperature by mesns of & roaplde-nix raplde

Thls quinol plhicaphate, ploced on & TRAL-cellule

colurm av pll 4.5 and oxidized by »

- = e

3

HinOp over the colu, o

Fax

vellow wilthin a fow seconds. Vxaninotsion of the
gtance at =180°C vevesled no radical aspocicna

compound had a similer but dlsbtinetly different

i g ot S . Bes 2 42 3 %= P
TG A Ped Dand wnhioeh chang

P

e
L

solng peroxidase and

T wr Y .
The yellow

L
eVe
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gpectrun from that ol 2,0=dimethyinaphthoquinons. A
flow experiment by which quinol phosphate was oxldized
on & TEAb-cellulose column with peroxidas o=l 0n, while the
colurm was positlioned in the L3R cavity, gave a smell
concentraiion of somg radicel specles. Oxidation of
4-hydroxy-g=-nethylnaphthyl-l«-phogphate on a TEAS-collulos
colurn produced similar reaults. A red band developed
rapidly widieh choanpged to yellow within 30 seconds. This
vollow substehee did not have the same U.V. spectrun
ag 2-nethylnaphthoguinonc. 4-lydroxynanhbhyl=l-phosphe-
ate was oxidized at an ingignificant rate on the coluun,

I 2=hydroxyphenyl=l=phosphate LT peroxie

dese~lnlp at vl 4,5 caused a darkening of the soluilons

BUR spectrogscopy revealed a small concentration of some
stable rodical specics.

The G-chromanyl phosvhate of vitamin Kl was slowly
oxidized LY perox (ldase«in0n under condliions found optimal
for guinol phosphates. T30 spectroscopy of solutions
allowed to oxldize for 30 msec. belfore freesing indicated
a Tree radical Internediate but its concentration wes too
low for identification. A sinilar experiument with ol=toco~

»

heryl phosphale found no oxidatlon occeurringe

s

M

deveral strong oxidizing acents were found to oxidize

uinol phosphates readlly to thelr corrvesponding quinones

"
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but the reaction rebte or optimmm reaction conditions

-

could not be predicted. Hypobromite oxldized o«jocopheryle

s

phosphabte and 4«hydroxy-2«-nethylnaphthyl-l-phosphate

&

rapidly, producing o redical intermediste.s In tho latler
case, a doublet TSR signal was observed at ~160°C and
high amplification. Chlorine oxidized o-tocophoryl phose
phate via a radical intermediate ut radical concentration
vas too low for an identification to be made. Chloranil

was found an oeffeoctive oxidizing agent but lis semlgquinone

obscured any other radlcal signal penerateds Ceric sule
(o) o

fate In acid solution produced radical intermedlabtes from
Leliydrony=2, S«dinethylnaphthylelenhogohate Lehydroxy~2-
methylnaphtivyl-lephoaphate 4=-hydroxynaphthyl=lephosphote;
otocopheryl phogphabte and the G=ehromanyl phosphate of
Ky. Only a suall redlcal signal, devoid of
hyporfine sitrucbure, was detected from the quinol phoophates,
A broad doublet signal wago detected from bothh ol-tocopheryl
phosphate and the OBechromanyl phoosphate of vitamin K,. Io
additional hyperline structure was pregent in these ESR
girmals even at room temperabure and at low modulation
amplitudes. These radicals docayed rapldly with an apper-
ent hli-1life of a fow seconds.

Alkaline permenranate was found to oxidize all guinel

phosvhates at a rapld rate and chromenyl phosphutes at a



slov rate. Exanimabtlion of chromanyl nhosphate soluticona
undergoing aellmlline pormancanebe oxidation failed to
reveal & detoctable free radicel. llowever, quincl phoow

phates oxidized by alkaline permanganate produeced high

»

concentrations of redical intermediabtces. This concenbtraw-
tion aporogches 10 U from 1072 i guinol nhosphate.
Table II lists a group of guinol phosphates and the cone
centratlion of radical detected during thelr oxidation.
‘hese radicals decayed reletlvely slowly; an apparent

a few scconds beling the rule. In every
exporlment, the radleal signal deotected was obviously
different Lfrom the sipnal observed Irom the correapnond-
ing asenigulnone. In addition, a doublet was present in
these signals with varying degrees of prominence. This
doublet sssuwmod an unusually lavge splitting of LPPTrOoRie
mately 20 geuvss when posliions oritho 4o the phosphate

group were substitubeds. Iliyperiine struchture was supere

8 yu > “ Yy 2 ) x s » Ap— 2
imposed on ithis doublet signal in some instances.



TABLE II

n ,v-nyv % i

WA T 5 v T SR B[ 1 LT -
G D NIRATIONS OF SEMIQUINONE PHOCPHATES

ia»‘ et 0 L L) C’)

Radical
Guinold Phosphalbe - Concenvration

L garoxyed 35,5, 6~totranethylphenyl-
i=phosphate H5e3 x 10" 1

:’3 _ - ;71*5‘}.:;.‘5?- s k}iﬁ('ﬁ ereﬁll‘j l"}& )_‘»uix'y‘lmlm 5
rhoephate Had x 1D™% 1

4 : Y,
o’wSocopheryl phosphate 1.6 x 10" M

Lebiydroxyed ~methylnephihyl=l- -
nhosphate 76 x 107 M
[ -
Leliydroxynanhihylelaphosphate 2.0 x 10™ 1
¥ i;" -
dwliydronyph onyl=l=phosphate 1.7 x 1077 ¥

b! = i

¥ “r >4
E=hydrozyphenylelephoanhabe 1.6 x 10™° M

Glectrolytle oxidation failed to produce a detechable

concentratlon of free radical cxcent ab pi 11.7. At this

nli, radical concentration was not sufliclently high for

4

a positive ldentlficatiocn to be nade. lowever, the

-

naphthyl=l=-phoaphate was oxidized elecirolyilcally core

3 °

responded o the Tlne =airucture observed during Lte chemie

a2

cal oxidatione As electrolysis progressed, suable radi-

cel specles became Inereasingly prevalent. Consequently,

radlcal specira obbtained by thils uneithod were unreliable.
rediation of a frozen 0,01 I sclution of 4-hydroxye

phenyl=i=phogohate wilih ultraviolet licht produced a free

b

g4 1 wi WO®R adir 38 Lo 2T Sy Y R Yo
radical whoge EOR gimal differed ali:hitly from the chemie
L p 5

imal produced wiien &-lrydroxy=2,3=-dluethyle-



cally produced signal.

From neasurements of oxygen consumption, it appeared
that 4-hydroxy=g,3d-dinethylnaphthyl-l=phosphate was oxi-
dized almost s veadlly ss WADH by rablit liver mitochonde
rin. llowever, this quinol phosphate consumed oxygen atb
only a slighily lower rate w en incubtted in the physio=
lopical medium mimis mitochondria. Autoxlidatlion progres~
sod rapidly In the physlological medlun.

Electron spin resocnance spectra were obtalned {rom
mitochondria in 0.25 M sucrose, from nitochondrlas incubated
fifteen minutes serobiecelly in a phosphorylating media plus
Lahydroxy=2 y S=dimethylnaph ‘tlzzy1-§1~pz;~. sphate, from mito-
chondria incubated ansercbiedly for [ifteen minubtes in g
phosphorylating medluwn plus 4=-hydroxy=s,S«-dimethynaphthyl=
l-phosphate, and from mltochondria incubabted anaeroble-
8lly for fifteen minmutes in a phosphorylating medlum
plus NHADH., Only with HADH was there a significant change
in TSR spectrum.

Regults of experimente with i pblel fractiong were
inconclusive. The DSR spectrun of actlve phosphorylating
fractions 1g altered by anseroble Inculation with vita-

min Kq but 1% is nobt clear vhat these chanpes moan.



AVALYSIE OF PRODUCTS

Paper chromatography

several soluble phosphate conbalning

presonte

reference gpots on the chromatorrans.

of peaction soluticns indlcated

compounds vers

Optho phosphate and pyrophosphate were used as

0L the spots

from unlnowns, ortho phosphate and pyrophosphate were

identified
contalining

reaults of

by thelr posltions.

spots wore present.

lowever, other phosphate

Table ITII swmarizes th

ehromatopraphic analysis.
7

TABLE I11

QHROMATOGRAPHIC AVALYSIS OF

PHOSPHATE CONTAINING COMPOURDS

Solution Anslysed

Dxidized o~tocopheryl
phosphate

Conirol Solutlon
HagPaly, HagliPOy

L] L] L] L] L] L3 > » * ] - ®

Oxildlzed 4=hydroXyes o=
dime thylnaphthyle=le
phosphate

Ixidised dehydroxy=,d=
dimethylnaplithylel
phosphate

Control Solution
ﬁﬁg?g@q, ﬁagﬁPﬁé

Dxidant R. of Detected Spot

ﬁ&(hgé)g G.Qg Gy chg ﬁ¢7, 0.8

P
YR
MS 4

mnwn 0s75

Dedy

Turtip-
peroxidase

H:;J ﬂd PR Lyl e  (ed g e 0«7 % 049
KinOy

?ﬁ 10.95 e Gy, - in, ke
W i o S e 1 S e o Q.%}ﬂ e 5 2 0,7’ o - -



- 85 -
All guinone products were not analysed. Iowever, a
vield of 92% was obtained in the conversiocn of 4-hydroxy-
2,3=dinethylnaphthyl-1l-phosphate to 8,5-dinebhylnaphtho-
quinone by alkaline permanganate. An almost guantisaiive
conversicn was observed for thils conversion when peroxi-
dase=EpOp was the oxidant. fcid cerlc sulfate oxidation
of Nebocoplioryl phosphate led to a 774 yleld of tocopheryl

quinonee
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PIG. XII

The U.V. spectrum of 2,3-dimethylnaphthogquinone

ig represented by ( ) and thet of 4=hydroxy=d,3=
dimethylnephthyl=l-phosphatc, by (==-==), Doth spectra
c wd o it & T
have been determined on 10%* [ solutions at pl 4.5 in

Oed i moetate bBufler.,
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FIG. XIII

EFFECT COF pd ON TR RATE O LFFOEIQ&TIC QXRIDATION OF
2, SmDIIER YL &PRTEQ% KOL PIIOSPHATE

Parcentage conversion of 2,3-dinethylnaphthoquinol
phosphabte %o 1ts oxidized product 1s recorded as a
function of times The reaction mizbture is composed of
1072 1 100, & x 1077 U burnip peroxidase and 1074 i
quinol phosphates Varlous reactl.e:m pii's are represented

”

in the figure by A  for pH 4.5, © for pH 5,1, ©

for pli 7.l and X for pll C.5,.

PiG. XIV

RATES fﬁ“@l“%:K@ﬁﬁ&??ﬂﬂ&?“%ﬂmcxAﬂ}wdﬁ&m
APPEARARCE AS A FUNCT OF pH

Heecorded are concentrations of 2,3~dimethylnaphthow
guinol phosphate reactant and 2,8«-dinethylnaphthoguinone
product at various times after initiation of oxidation
by peroxidage and *;,.,Qm Inltlal coucentrations of Shose

compounds are 10™¢ i quinol phosphate, 102 Y gl o and
5 x 10~7 u peroxlidase. Councentration of guinolphoaw

phate nt pH 4.5 is represented by @ and by ® at
il Gebe Quinone concentration ig represonted by & at

PH 24,5 and by X at pH 3.5.
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T'IG. XV

RADICAL IUTERIEDIATE In 9HE OXIDATIOH OF
ol=TOCOPHERYL PHOSPIATE

The ESER derivative curve recorded was obtained from
corle sulfate oxidation of ol~tocopheryl phospbate in
acid solution at 25°C, 50 msec. afber nlxing the reagents.
A 0,02 i ceric sulfabte solution in 0.1 U Lpi0, was mixed
with an emulsion of o=jogopheryl phosphate and passed

g

through the ESH cavibdy by means of a rapid {low ap=~
paratuas. Sulficlent doA-bocopheryl phosphate to pre-
pare a 0.01 i solutlion was cmmlsifled In 0.1 i Hy50,,
gontaining 17 sodium dodecyl sulfate,

& breoad doublet signel is obteined M“Lch contvains
no hyperfine structure. Included iz a graphic&lly inko=

»

prated DIR absorption spectrume.
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g=2.004

Integrated
Signal

Recorded Signal (Derivative)



FIG. XVI

RADICAL INTERUEDIATI IN THE OXIDATION OF THE G«CIROMANY
PMObPuA‘"“” OF VITAMIN Kl

Sufflolent Gechromanyl phosphate of vitamin K, %o

nare a 0,01 % uOlhvl..O'i“, wae omaleliled In ’f}al -4 i;nuf}ﬂ

g

containing 19 sodium dodecyl sulfate. The recorded HSR
derivative sicpal was obbalned by mixing this emilslion
with an equlvalent volume of 0.08 I geric suii’*am in

Oal M Jgl0,, freezing 40 msec. after mlxing and examining

at «160°C. with the ESR spectrometer,

Ficé. Xvii
o{WTOCOPHERYL SEMIQUINONE ESR SPHCTRUM
The TSR derilvetive signal recorded here was obtalned
from & dllute solution of o«Tocopheryl guinone in alkaesw
1ine ethanol %o vhich halfl an eguivalent of sodium dith~-
ionite had been added. This roonm teuperature spectru
contalng 17 discernible lines and broad absorption at

the extrenlties supggests 4 more lines.
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FIG. XVIIT

RADICAL INTERMEDIATE IN THE OXIDATION OF 4~HYDROXY=
2,3, 5, 6~TETRAMETHYLPHENY = 1~PHOSPHATE

Recorded ls the ESR signal obbalned from a steadye
state concentration of radieal formed during a flow
experiment at approximately 25°¢. This radical was
obaerved 90 msec. after nixing 0.01 H 4-hydroxy=2,3,5,06-
tetramethylphenyl-lephoaphate with an equal volume of
0.006 Kﬂncé. Both solutions were prepared in a 0,1 M
phosphate buffer at pHE 1l.7. The derivative signel
observed containa an apparent 50 lines.

A graphic integration of this recorded signal
presents an BEER absorption spectrum with a 10 line fine
structure and a g value of 2,004. The 10 major lines

are in the ratioc of li63150?3209%319.5319;5320¢%315;83631&
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FIG. XiX

RADICAL INPERIEDIATE IN THE OXIDATION OPF

4=IIYXDROXY «2 4 3=-DI TN LFAPITT VL1~ PHOSPIATE

The recorded derivative signel was obbalued from a
steady-state radical concentration during an BSR flow
experinent. The radical was studled as resctant solu-
tion passed through a flow csll 140 msgcs alter mixing
at approximately 25°C, The initial reaction mizbure
was composed of 04017 M 4«~hydroxy«2,3~dlnethylnaphbhyl-1l-
phosphate, 04006 !t KIm0, and 0455 i NanClne The reac~
tion pl was 10.95.

ihe lotegrated sipgnal was derived uanmually Trom
the recorded sijgnals. In this Ilntegrated signel, s
spectrum of six mejor lines in the approximate rablo of

133:424:3:1 1s npparent. The o value was 2.004,
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FIg. XX

BADICAL INTERMEDIATE IN THR OX IDA“IC:“’ o
Ll TP RONY == N Y LA P M L= 1 =PIIOSPEATE
Recorded is the observed derivabtive curve when 0,005 i

&-hydroxy-2-nethylnaphthyl~l-phosphate was oxidized by

£y

0,005 X Eindy in 0455 M HapCOs at epproximabely 25°C and

pil of 10.95, The recorded signel was obbtainsd from the
teady=state concentration of radlcal produced 185 nsec.

after reactants were mized by means of e rapid-mix repid-

flow device.

1s gignal l¢ composed of a pair of triplets sep-

arated by spproximabtely 13 gauss. Under resction cone

.3

ditions only the triplet hyperfine siructure is resolved.

&

& praphleally inbegrated TSR absorptlen spectrum 1 ine
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FIG, XXI

RADICAL IVTERIEDIATE IN THE OXIDATION OF
4~ YDROKY =5=CILOR0 =2« EU Y LIAPIITHY L= L« PHO SPHATT

Recorded is the observed derivative signal when a
0.013 H solution of éwkydroxywﬁmchlé$o~2-methylnaphtnvl-
l-phosphate was oxidized by 0,008 M Eind, at pil 1l.7 and
20°C. Equivalent volumes of reagent solutions were
mixed and passed thwough the ESR flow cell ab a rate auch
that 47 msec. passes from mixing until the steadye-state
aomcentratién was oexamined.

Include is a graphically derived RSR abmorption

SPECTIUI
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PiG. XATI

RADICAL INTERIEDIATES IW 90D OXIDATION OF
4=HYDROEKY =2 ;34 5, 6~TETRACIHLOROPIEEYL~1«PIIO SPIATE

In pars {A), is recorded the observed derivative
signal and derived absorpiion spectrum from & solution
composed of equal parts 0.01 il 4«hydroxy=2,3,5,0=tetra~
chlorophenylel~phosphate and 04008 M Kn0y. Both reacw
tante were prepared in O.1 I phoephate bulfer at pi 1l.7.
This solution was allowed Lo react for about 15 seconds
afber nixing and then frozen. ‘The ESR spectrunm was

B

determined at ~160°C, Only a doublet sipgnal with a g
value of 2.006 end & 15.2 geuss splitbing is observed.
Exanination of the ESR spectrum debermined about 15
seconds aflter mixning at room btomperature reovealed no
radical signals The free radical poriion of the spectrum
is reproduced in (B). However, sbout Ffifty seconds after
reactants have been mixed, a radical species (C) becones
apparent In the room Stemperaiure spectrum, This radical
contains only & simple singlet absorption with s g value

af 24,006,
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FiG, LAITI

RADICAL IUTERIEDIATS IN THE ORIDATION OF
£ -INPROXYPHEIYL»1-PHOCPHATE

Recorded is the ESR derivative signal obtained fronm
the steady=-sbtate radical formed 165 muec. alfter mixing

I3

equivalent volumes of 0.008 i1 KinOy and 0,01 H 4~hydroxy-
phenyl=l-phogphate at 25°C, in pH 11.7 phosphate bufler.
Also recorded is the grephically derived BN absorption
spectrum. “his spectrum is composed of & lines with a

o value of 22000,
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FIG. XXIV

RADICAL INTERIEDIATE IN THE OXIDATION OF
4«IYDROXYNAPHTHYL-1~PHOSPHATE

Recorded here iz the ESR derlvative signal obtained
from the steadye-state concentration of redicsl formed ab
25%. when a solution of 0,005 I dehydroxynaphthyl=1-
phosphate and 0.008 I Kiin0, in 0458 i HanGly; 1o exmamined
165 msec after mixinge In addition, a graphically
derived ESR ebsorption speetrum is presented. The g
value ls 2,004, “he sirmel appears to be composed of

10 major lines.
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FlGe XXV

RADICAL FORMED BY ULTBAVIOLET IRRADIATION OF A
WZEN 4-1YDROXXPILIYL=-1-PHOSPIATE SOLUTION

Recorded is the ESR derivative sipnal obtained from
redicals trapved in lce &b =-150°C. Radiecals were prenar-
ed by freezing a 0.01 I solution of 4-hydroxyphenylele
phosphate and irradiating with an uliravioles light
source for 90 minubes. A doublet signal of approximately

5 gauss line separation ls obiained.
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FlG. XXVX

RADICAYL, INTERMEDIATE IN T OXIDATION OF
L« I¥DROLPHEN L= PHOSPHATE

Recorded is thwe derivative signal and graphically
derived BSR absorptlon spectrum obitalned from the sheady-
state radlcal produced in a solution of 0,005 il 2~hydroxy-
phenyl«l=phosphate and 0,003 M B0, in 0456 I HagpCOy 165
msec aftor mixinge An 8 line spectruwa 1s obsérved with

a g value of 2,004,
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IV. DISCUSSION
The rapld conversion of 4-hydroxy=2,3«-dimethylnaphilyle-
l-phosphate to 2,3-dimethylnaphthoguinone by peroxidas
iin0g 18 cloarly demonstreted in Fipe XIII. 3ince peroxiw~
dase operatos by a free radlenl mechanlsm exelusively
(20), the 4 sec.™L chanpe In substrate concentration
representa a corresponding increase in radieal concentra-
tione Smell differonces between rales of substrabe utilie
sation and product formetion, showm in Fig. XIV, are not
congidered sipniflcant. Produet extinction did not
eppear %o be constanti consequently reproducibllity in
these experinents was not pood, Presumebly, supersabup-
ated solutions of product were formed which dld notb
obey Beeor's law.
Failure to detect o radical specles spectrophoto=
metrically and the detectlon of only very low concentrg=
tlons by L3k spechroscopy, indleate that the radical
intermediate has a very short halfelife in acid solutlon.
At higher pl, the enzyne oxldation rate decreases mors
than readical half-life increases and, a&s before, no
dicel is deobtected. Obviously oxidation intermuediates
decay very rapldly and phosphate tranasfer progresses
more rapidly than coan be neas areoq Therefore, 1t is

not surprising that no detectable differences in oxidation
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rabe are observed in the presence of dlvalent cationsg
sinee thoir function would be the cabalysis of phosphate
tranafer {36).

Almost quanititative recovery of the gqulnonold product
indicates that side reactions are unimportant and the
reaction proceeds by one mechanism exclusivelys. Detection
of even amall radicel concentrations therefore, neans
that thet radical is part of the resction pathwaeys

Stabilization of shortelived redleals by Srapplng
on verious bypes of ioneexchange or adsorpiion columna
has been observed (10)., Inereased intensity of 1S
signals from an oxldation occurring on IBAl~ccllulose
colwas Indicates a stabllization of radlcal oxidation
intermediates. This technigue was abandoned in these
experiments when 1% was discovered that the reaction
product had been modified.

Integrity of peactlion product is of speeial luporie
anco when ldentification of intermodintes 1z usmed to
debernmine & specific reaction mechanlsm. Spectra Lrom
slde~reactlon intermedlates would be misleadings In
addlitlon, condensation reactions may lead bo stable

radical specles which can be conflliced with reaction
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3, "

intermedistes. For oxample, & stable radlical ila ob-
served when Z«hydroxyphenyl=l=phosphate ia oxldiged LY
perexidase~lin0ps It has been renorted tmat orthe
quinones, the product of this reaction, condense to
melanine which form steble radicals (92). The darkened
solution observed in the above oxidation Indlcates &
stable melenin radical is formed as a reaction by-prodich.
Of & variebty of strong oxidizing agents chosen for
auinol phosphate oxldation, 8ll were observed to produce
a free vadlical inbtermediate if the proper conditions
for detection were satlefled. However, an understanding
of rocchion meehanism resbts on a positive identlilication
of this intermedlato. Furthermore, the kinetles of
165 formatlon and decay es woll ms 1ts chemical proper-
t1p8 should be determiined. This moy be done only by gon=-
erating substantial concentrations of radieal under condi~
tions favorine detection of isotroplce hyperfine structure.
An instantaneous reaction of quinol phosphate and
acid coriec sulfnbe, known to be & powerful one-electron
oxidant, would produce a hiph initial radical concentra=-

£

tion, Taperimontal results indleate that this corie

s

sullate oxidation 1s relatively slow snd that e minlimnm

free radlcal concontration is produced. On the other

hend, chromanyl phosphates appear Ho be oxidliged at
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approximately the same rate bubl rather large free
radieal concentrations arve detected (Figo. XV and ZVI).
Formatlon of hirh radical concentratlons Ironm

wromanyl phosphates probably results from slower decay
rates in the acid medlums Conecelvably, the chromanyl
phosphete free radlcal, initially Tommed, slowly btrang=
fers 1ts phosphate group leaving s chromanoxy Iree
radical. Rapid hydrolyasls 1n acld solublon opens the
ehromgn ring $o yleld 2 semiquinone. Rapid oxidation
and dismubtetion convert this to guinone under ihes

exnerinental condltions.
OPO,H,

ROM OH

' OH
R R /;§§V/ Qe
HO

0. % 0

SN

OPOSHZ 7
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I% can be seon that oxidation of chromanyl phosphote by
one olectron during respirailicn could lesd to phosphate
transfer without opening the clwoman ring. Compound (¢)
could be reduced to (F} and be r@phcaphoryla%éd to {A),
the starting product, without producing a quinone. The
cbaorvation by Boyer {(15), that tocopherol mey be oxldiz=
ed in neubtrsl solution to a "tocopheroxide" in which the
ehroman ring has not Leen cleaved supports this pro-
posal. lichaslils denmonstrated that both the chromanoxy
froe redicael and semlquinone of tocophersl could be
Tormed during omlidatlon (93). He also polnted out tlhat
this chromanoxy free radical could be reducoed apain wiihe
out the chroman ring openinge Svidence of gquinene Ilunctlon
iﬁ electron transport is sousht by cbserving changes
in 1%s characteristie spectrun durling respiration.
Faellure to observe sipgnificant changes in ¢guinone
optleal denzity could be the result of cycliec onge

N

eloctron oxidatlion=reductlione where gulnones play ne

w

part.

b

The BSR slicnels observed from ol=jocopheryl

¢ and the Geclaromanyl

g
o
O
[52]
'2
B

hosphate of vitamin Kl

-

o

are of the same general fomas & vory broad doubletd
conbainlng ne hyperfine siructure ls obbaineds The

broad doublet, no doubt, is related to phosphorus:
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interaction in a molecule whose posiitlong orthe ito the
phosphate group have bullty substlituents. Yhis will be
digeussed more £ully for 2,5,5,0-tetranethylbenzo=l 4«
senmiquinone~l-phogphate where a complete interpretation
can be mede.

The lack of hyperfine structure in the chromenyl
phosphate free radical spectrum results from s dominant
anigotroplc interactions These substances are very
slichtly soluble and must be dispersed as an ermlsion.
The molecules in the emilsion droplets do not tumble
rapidly enough for anisotrople interactions to averars
outs DBy dissolving ol-btoecophoryl guinone in an alecheliec
medivx, in which it iz soluble, adding base and partislly
reducing the mixture, an ESR spectrum is obtained having

Pak]

abundant hyperfine struecture (Flg. XVII)e A seventeon
line spectrun is observed witl: a broad, less intense
absorption near the extrenities of the signal. This
sipnal probably is composed of twenty one equivalently
gpaced lines. Hine equivalent protons of the methyl
proups produce & bten line spectrun which 1s split inte
triplets by two methylene protons. The splititin. due
S0 the methylene protong iz jJusd half that due to
methyl protons and s twenty one line apectrun resulbtz.

Similer results have been reported for coenszyme Qo



» 118 -

semiquinone and vitamin K4 semiquinone (12).
wenlquinone phosphates should be slighitly more

gtable In allaline solution than in acid for two roasons.
Firat, acld dissoclation of phosphate in alkaline soluw
tlon leaves the phosphate group with an excess negative
charge which tends to neutralize the poaitlve charge
on phoaphorus.. Alszo, the semiquinone ls unprotonated
in allkaline solution, thereby maintaining o lower positive
character on the bridge oxygen. DBoith factors reduce
statle repulslon between the bridpe oxypen and phosphor=

a8 resuliting in 8 more stable molecule.

+ + - = = Tt =
OPOH, ~OPOH 0PO;  OPOS QP03

«OH"  OH O 0 0
Apid Base

Hypobromuite and hypochlorite readily oxidized quinol -
phosphates but only very small Tree radical cohcentrae
tione were produced. Preliminery experiments indicated
that other sitrong oxldizmine agents, such as lodase or
allkalline ferricyanide, produced useful concentrations
of redical Irom certaln guinol phosphates, Alkaline
permanganate appeared to oxildize all guinel phosphates

with the produciion of high radical concontrations,
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Farthernore, this reapent did not attack the quinone
product in alitaline solution.
Breminetion of BIR épectra from oxidatively produced

smiquinono phosphate free redicals vsveals a doublet

o]

CI

pli t¢ﬂg es & common characteristle for all. From the
gpectrum of 2,3,0,6=tetranethylbenzo~l,4-seniquinone=l=
phosphate shown in Fig. AVIII, 1t may be percelved that
the 10 me jor ebsorpiion lines are composed of Lwo over-
lapping septots. The intensity ratios of these 10

lines is 138:185.7320.4119,5310.5180.4:15.3:6:1, which

15 in good agreenent with predicted intensity ratlios Tor
two overlapping sepbtets. The magniitude of the splittings
from boih the priuary doublebt and sepondary septet is
mich greater than bas been reported previcusly for
semiquinone derivatives (1). An explanation of %these
results aseribes the primary doublet to an interaction

wetveea the unpaired electron and the phosphorus nucleus

i

of spin 4. This mel modify the usual semiguinone electron

dlatribution so that gbnormally high eplittings are
obhtalned from some methyl »rotonse.

Since the ph03§h03us splitting conatant is high
while its nueclear moepnetlc moment ie smell, interaction
magt differ from that usually encountered in senlguinone

derivetives. It is proposed that bulky ortho substle
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tuents hinder phospbate rotatlon and cause the phogphabe
group to be Iixed perpendicular to the plane of the

aronatlc ring. In this positlon, the lone pair of

P electirons on the brildge oxysen are nobt in a position

the aromatic 11 moleculer orbital.

bridge oxygen ls unconjugated, this

whel L3

Since the

rmolecule becomes electronically egquivalent to o phenoxy

free radicals, ZElectron dlsiribuition in such molecules

approaches that in an slternate hydrocerbon, Becoonsall,

Clough and Scott (7) measured splittingcs from mimorous

phenoxy free rodicals and observed & hirh eleciron

donsity on the position parg o the oxy proup., This is
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the position occupled by phosphate in semiguinone phos-
phatesa

Holeculay modela show that the phosphorus - micleus
is in very close proximity to this carbon. Overlap of
the 11 molecular orbital, In which reslides the unpailred
electron, wiith an g orbltal ol phosphorus would form &
weak bond. This new hybrid orbital would place the un=
paired eloctron in direct contact with the phosphorus
mucleus and & strong igotroplce hyperfine lnterecilion
would oceur. The strength of the interaction would be
provortional io eleoctron denslity on the carbon to which
the phosphate group is atbached.

The "alternate hydrocerbon® structure for duroe
geniguinone phosphate lsg shown belows Carbons marked
with asberisks have hich unpalred electiron density and

0PO;

*

s CH
HC :
>k X
C CHs
3
O=*

those without merkings have 1ittle or no unpeired slectron
densgity assocclated wiih them. Fron this diegram, it can

be seen that btwo methyl groups have high unpaired electron



p
- "3;:3 i

density and conscquently, a higher spllt img constant
than usually obtalned from semiquinone derilvaiives should
be observed. The secondary sepiet of the durosemlguinone
phosvhate spectrum is derived from gix equivalent methyl
protons at these posltions, and the magnitude of the
splitting constant, 5.4 gause, ls in accord with that
roporied for sueh positions in phenoxy Ilree radicals.

The observed signal contalins edditional hyperfine
structure derlved Ifrom the six equivalent methyl

protons at positliona having no unpalred electron den-

&

altys Theory predicts no interaction may oceour in the
abzence of unpaired sgpin denslty bui while unpalred
electron density is calculated o be zZero, unpaired spin
denelty mey assume an absolute values That is; eleotron
denel ty takes only positive values but spin denalty

wy assume values of elther slgn which 1s not necesw
sarily proportionsl to the electron densiitye The debtect=
od interaction eppears the same whoethor caused by poslw
tive or negatlve spin densitys. In this way, the inter=~

o

actlons at positlong of no unpolred eleectron density mey

be explalned aas due to interaction with & negative sgpi:
B - — r—
densitye

.o

Hepatlive spin denalbtles result vhen a high unpaired
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electron density on one carbon induces a spin on a nelgh-
boring carbone. The botal spin on the moleeule ymust add

2

up %o one and the higher gpin density on corbons having

hich unpaired eleoctron density muat be uneutralized by
hisher nepative spln densities on alternate carbong.
Por duproseniquinone phosphate, this negaitive spin density
iz low; consequently the tertiary sepbet has a low
splitting conatant, An interpretation of the 2,35,5,6w
tetranethylbenso«l,4-geniquinone~l-phosphate spectirum
1s depleted in FlgJXXVII.

The specurum of 2,3~dimethylnaphtho=l,d-sendlquinone=
lephosphate shown in Pig.XIX is in complete agreement

with the above lubterpretatlions. A six line spectrum with

the intensity ratlo of 13334 Z31 1s obtained., This
le obviously composed of two overlapring four line

specira. Fosltlone orthio to the phosphate are substie
futed and the line separatlion of the primary doublet

18,5 gausss. Ulnce the oxyzen bridge is not conjurated,
the lfollowing "alternate hydrocarbon" unpalred slectron
distribution is obsarved, whers posibtilons of hirh dense

1%y aro marked wlth an ssterisk,



0P03
+

R CHs

The secondery guartet splitting is due o interactlion
with three equivalent methyl protons at positione-3-, which

venrg an asbterlslk in the above figure. As expected for
subatance with phenoxy free radlecal characker, the
magnitude ol thils gplitting is very large. The remaining
hyp&rfiﬁa structure appears to resuli fron each juartetl
being split into a quartet and & triplet consceutive €1y e
Yhis results from three equivalent methyl protons in
the -2« positlon producing a minor quartet and two
equivalent ring protons ab posltions =G~ and == pros=
dueing the final triplet.

Phenoxy Ifree radical claracter elso is demonsitrated
by the megnitude of splitting in ithe =8- and =~8=~ positions.
Ihis ls aporoximately twice as great mag Lls uvsuslly ob-
served from semliquinone derivabives (1). Desplte this
increase in splitting constent at these positions, hichep
electron density in the oxypren-~binding ring c.lows the

negatlive spin denaliy interactlon at position =2« %o
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dominate. Wo doubb, negatlve spin density interactions
oceur at positions =5« and <7« but tho mapgnitude of
aplitting is too srell to debects 4An interpretation of
this apectrum ig deplcted in FPlgJXVIII.

The spectrum of Z-methylnaphtho=l,4-geniquinone=l-
%*aspnate, ghown in FPige XX, also demonsiretes the effect
of ortho substliuents. A primery doublet splitting of
13 gauss is especinlly obvious. Nonsynchronous ovorlap
of the vardious signal components obscures mos t hyperfin
structure bul an inberpretation, depilcted in FPlpe XAIK,
ig in agroement with the predlcted spectrum. The observed
broad Sriplet ls composed of a 3.1 sauss doublet, a £43
gauss quartet and a leS gause triplet. Thege splittings
are due respectlively to & proton in tho =G poaition,
three methyl protons in the =-2=- position and two ring
provong in the -6= and =i« posltions.

‘the spectrun of S~chloro-2-methylnaph Dol Lo
semiquinone=-lephosphate, show In Plgs XXI, is @ifficult
o interpret because of the yfeﬁeﬁca of o signal from a
contaninating radical speociss. However, the primery
doublet of 20.2 pauss s»litting due %o phoaphorus
interactlion is quite obviocus,

Petrachlorobenzo=1,: ¢=goulguinone=l-phosphate

produces a doublet spectranm only, as iz shown in Fip XXII.
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v“*rakm phosphorus Interaction would be predicted since
positions orthic to the phosphats are subgtltuted with
bullky groupse Chlorine possesses a spin of 5/2 but its
nuclear magnetic moment s very emall. Consequeonily,
no hyperfine ;&ﬁa?&ﬁﬁiﬁd of a debectable magnibtude should
oscour with any of the chlorine muclel {121) .

The eoncentratlon of teirachlorobenzZoseniquinone
phosphate was low and while 1T was easily detected at
low tempsratures l%s clorscteristic doublet conld not be
observed at room LeWpora tur .. Hépeate& ssarching for
shis signel at increasing periocds ol time afbter mixing

&

che roapents, revealed a sharp singlet signal appearding
about Lforty seconds alber the reagents vere mixed, Tials
signel roge to & maximum In twoe minutes and deeayed
slowly with an approximats half-lilfe of three mimtes.
The speoctrun of %this new radical species contalined

only o singlet absorption and no hyperfiine stiructure.

e
5 ¥

te o value was B.008, ‘hls spescirum 217 the lilterature

deacripbion of 8,8,0,0=tetrachlorovenzo~l4~senliquinone
anion {1ﬁl}a In the presonce of excesg oxidizing agent,

there is but one way to lora thils semlguinone from geml=
guinone phoschate. A transfer of the phoanhate fron
gsenlquinone phosphnmte mmust occur without & change in

oxidation giate. Semiquinone is dotected in this
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instance because the rodox pobtentinl is sufllelently
greats to allow debecliable conecentrations to aceumulate,
even in the presence ol oxidlzing agenb.

Semlquinone phosphates on which poalitlons oxihio bto
the phosphate are unsubstlitubed, yield specira very

»

different from those whose oritho ecmitxams are subsetd

P

fui

tubede Iroe rotation of the phoaphate group allows ithe
bridpe oxygen to conjupgate with the sromebic system
and electron distribution approaches that found in semiw
guinone derivetlives. IHowever, sitatic repulsion of clest=
rons by the hiphly nogaitlve phosphate proup tends to
raduce olactron density onm the phosphate end of the
molecule while inereasing it at the other. Consequentliy,
g larger than usual eplitting consitant for ring proton
interactlious can Lo ﬁﬁpg&%ed. Phosphiorus 1nterscition
hould be reduced to & minimum and ring proton inler=-
gebions shouwld be essentlally squlvalents
The spectrum ol benzo-l,4é=gsemlgulnone-l=phosphate,
shown in Flg. ZXIII, contains no inéicétiam of a lavrrce
primary doublet, 7he lnterpretation depleted in Plg. XXX,
ahows thls sipnel mey Lo reproduced by twoe consecubive
teipless aplit into a minor doublets The larper triplet
is derived from two cquivalent protong in the »5= and b=

positions and {the amaller triplet la derived from eguiva=
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lent protons in the -8= and «G= positions. Tho 1.8
causs doublet is asttributed o a residual phosaphorus

interactinn.

z«'s

Nanhtho=1l,4=-geniquinone=i-phwuphate produces a
apectrum which apgain contelins a ninor 1.0 gaucss doubled
{(Pio. XXIV). “The inbterpretation depletoed in Filp. XALL
ahows the protons in the =3~ and =2« positions are

&

nearly equlivalent, »roducing consecullve doubleb

splitiings of § and 4.5 pauss,rospoctlvely.
split by & small doublet from phouphorus Interaction
which 1s epllis further into é guintet by four ogquivalent
protons in the aﬂjaeeu* ringe

The phosphate group of 4-hydroxyphenyl-l=-phosphate
extends from the plane of the aromesic ring and conse=
guently, tho bridge oxygen is unconjugatedss When this
sabstance wus converted to a semiquinone phosphate LYy
UeVae ivradiation of its frozen solubtlion, the specirum
obtained at =160°C contained o more merked doublot
splivting then was cbserved in its room terperature

spectmui. The low temperaturce spectrmur s shown in

Pilg. XAV, 7The incressed splitting of the phosphorus

indiecates the rotatlional freedom of the phosgsphate proup
1g restricted in the rigild ice matrix. The moleocule is

# Ue Te Sinpsoil, Porsonal Coprmnication. 1963.
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frozon while the bridge oxygen 1s in an unconjugated
conditions consequently 1t remalins unconjugated in the
semiguinone phoaphante. Phogphorus Inbteraction 1
strongery therelore, and a greater line separstlon is
observeods

-

In Flgs XXVI 1s the speetrun of bonzo=l,l=gemie
guinone«l-phosphate. Thils very nerrow signal contalns
gbundant hyperfine structure bub an interpretation is
net posslible at this time.

From these spectra, it is apperent that semiguinone
phosphates and chromanyl phosphates on which positions
ortho to the phosphate group are substituted, have electron
distributions and céﬁm&cal properties characteristic of
phenoxy free radicala. When positions ortho %o the phosw
phate group are unsubstituted, the &amiquihcna phosphetes
are more nearly related to semiquinonecs. A guantitative
measure of pyrophosphate formed by their decay was nob
made so the phosphorylating properties of these different
compounds remains unknowna.

Electrolytic oxidation 1s a very desirable way to

form semiquinone phosphate for situdy of the decay
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inetice (105). Such reaction variables ez lonice

strength, pli, and bemperature may be changed without

rreatly effecting the mechanism of radical production.

n
?

In additlion, oxidation 1z stopped lmuedlately when

current is switched off and a decay e¢'rve would repre-

sent only the disappearance of radical specles. Unforw

tunately, the electrolytic cells available commerelally

are inefficient and & reasonable current can not be

made to Llow
valuete.

oo cur

£

without inereasing voliapss Lo

{(2) and kinetlc moacurenents are

unreasoncble

At hisbher voliapes, many undesirable reacilions

i a1 g
Moan.t

Laahod whn &,

rless.

The fallure of attempts o show radleul sipgnals,

characteristic of senmlguinone
with actively phosphorylating

fractions does not nmean thoso

the living sygtens. It neans
hiegh concenbtration of them to

not presente

Such a resmult would be expoached

pliosphetes, were associaled

vl tochondria or I, phlel

radlcels are absent Irom

only thwet a sulficliontly

allow idenbtification is

-

when the

o

short half-lives of these radliesls and the slow oxidae

congentrations, produces only

roadical, yot larze quantiiies

within short periods of time by a Lree radical

higher than physiologlcal

small soncentrations of

of substrute are oxidized

¥ 4 \
L8e

neeha



Peroxidese also oxidizes the Ge chromanyl phosphate of
vitenin ¥y with the production of anell but significant
coaeuﬁtﬁahiuns of a radical intermediate. This chrow
manyl phosphate veporbedly tranafers its phosphato
aroup bo adenosine diphosphate during oxidatlve phose
phorylation in M. phlei fractiocns (4).

Observatlion of direct phosphete tranafer from the

hydroguinone monophosphate of coenzyume § to ADP during

oxidative phosphorylevion in rat-heart nltochondrile
indicates that semiquinone phosphates are ilnvolved in
the primary act of enorgy conservatlon in manmales.

It is inferred that the formation of a clromanyl

phogphate free radical reprosents an energy irapping

@

mechanism of oxldetive phosphorylation in I, phlel and

.

s . T B
QTR VL0Y

-y

ol

ol seniquinone phosphate serves the same

‘_1

purnogse in mammels. These organisug arve located at the

»

" s " . — il & b B e o o o e E
extrenes of the phylogeneiic scale. Uherelore, !
L 98 3

wn o' : By i B e - T oy d qypem IR g oy dadt Y 2
probable bthat interlocated vesplring organlsms ubllize

P | 1 W g g ] il | T ——
this seme oxidalive phosphorylation mechanism

3
ES
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Fig. XXVII
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FiG, XXVIII
The inbterpretetion of the speoctrun of 2,5«dimethyl=

nap

htho=ly4=aenicuine *lw hosphate depicted here 1is

] B e & d pom _ LW i Yoy & o
modified sliphtly from thai re: ported earlicr for this

compound {(13).
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2-methylnaphtho-1,4-semiquinone-I- phosphate

o
- = |
M o 0=P-0
AP~ |
0 0 +0.
S OH" CHj
+ MnOJ _
H H
OH 0.

|.3-| - Interpretation




136

ssnob
<~ ¢'9 —
~b'b
A \
uoi}njaidiaju| gl
-0 HO
H H . H H
<«—— _OUN +
H y -HO H H
0+
i Y o
-0-d=0 7N
m .07 N0

9Joydsoyd -|-suouinbiwas-4'|-0zuag
XXX-bu



w 1BV -

Fié. XXXI
FAPHTHO»L y4 «SENIQU INONE-1=PIO SPHATE
Lock of hyperfima structure males a conelusive
vmtez%pmm*a:{sm lumpossible. However, this interpretae
tlon agrees with the recorded signel and the nagnle
tade of splitting 1s In agreement with that observed

from benzo-l,4=gsemliquincne«l-phosphate.
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Naphtho-1 4- semiquinone-(-phosphate

?_
O\\ /O O=P-0-
~P _ l
0 0 + Qe
H OH" H
+ Mn04' —in
H H
OH )8

05 Interpretation
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From these experimental results, 1t is concluded
that guinol phosphates are ccmvarﬁeﬁ to quinones and
high transfer potential phosphate compounds by two
one-clectron oxidation steps. The free radical interw
mediate, semlquinone phosphate, transfers 1ts phosphate
group without further change in oxldation state. Both
pyrophogphate and gemiquinone are products of the transe
for reaetlion. The same mechanism of oxldatlon and
phosphorylation appears to funetlon with Gechromanyl
rhosphates. Both semiguinone phosphaetes sand Gechromanyl
phosphate free radicals are aciive phospborylating
agents.

The mechanism of phosphate transfer is still un=~
certains OSemiqulnones and chromanoxy free¢ radicals
dlsmitate or undergo further oxidetion to quinones
under the conditiona of these experiments. However,
in blologicel systems, they may be reduced to guinols
without quinone formation,

These results support the premise that oxidation
of & B=-chromanyl phosphate by M. phlel fractions cone=
stltutes the energy btrapping mechanlism of oxidative
phosphorylation in that organism and that oxidation of

qulnol phosphate serves the same funetlon in mommlse
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