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I INTRODUCTION

A. OBJECTIVES

The work herein described involves guantitative
appiication of election paramagnetic resonance spaatréseopy
in two investigations: 1, Determination of the free
radical formation constant of an electron transfer oxidass,
lactic omidative decarboxylase, and 2, A survey of some
foodstuffs for their free radical content.

In keeping with Lavoisier's a@finiti@n, "All science
is formed necessarily of three things: the series of
facts which constitute the science; the ideas which they call
forth; the words which express them", it seems appropriate
here, to review at least briefly the development of current
concepts of oxidation and reduction; and the application
of elaciron paramagnetic resonance spectroscopy to the

guastion of the biological occurrence of free radicals.

B. HISTORICAL

The problems of ceowmbustion and chemical oxidation
were naturally of great importance throughout the long
development of the science of chemistry. Around the
beginning of the eighteenth century, Becher and Stabhl
developed the phlogiston theory which held sway until 1775,
at which time Antoine Laurent Laveoisier demonstrated

that a certain constituent of ailr entered into the
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formation of definites compounds. In November 1779, he
suggestad the name oxvgen for this active gas. Although
Lavoisier still thought of heat as a material, »caloric®,
neverthaless this period marked the dawn of modern
chemistry. (18).

Lavoisier's work, of course, led to the use of the
term oxidation for combustion and for a number of othe:
raeactionn,

Tn 1913, G. J. Moseley, who was working with Rutherford
at the University of Manchestexr, discovered the correlation
between the frequencies of X~rays and the particular
target metal used for their production, and then announced
the principle of atomic numbers. This &iScovery coupled
with Niels Bohr's atomic model cleared the way for
development of the modern theory of chemigal walance by
£, W, Iawis, Walther Kossel and Irving Langmuir, through
the period from 1918 to 1923, (18).

The new concepts of valence automatically led to a
broad definition of oxidation as, the 1icss of one or more
electrons by an atom with a resultant increase in positive
charge or valence of the atom or group with which it is
associated, and redncotinn as the converse. It was also
easy to underatand that cach unit of oxidation required a

corresponding unit of reduction.



C. CBE?EHT CONCEPTS OF OXIDATION-REDUCTION

1. oxidation~-Reduction In General

Ozidation-reduction reactions, or to use the more
coherent terse term, redox reactions, are among the most
fundamental and important events in biology. Thz broad
concept of the term extends from actual transfer of
elestrons to a mere shift of influence over thea, i.&.,
fram ionic to covalent bond formation and ﬁisrup%i@ﬁ.
Itipiicit in this definitiom, are, at least indirectly, all
chenicel reactions except hydrolysis and neutralization;
thas the formation of all compounds, biclogic and geoclogicy
and the major energy transfers and transformations from
the radiant energy of the sun through plants and animals,
resuiting in the ecological panorama, both spatial and‘
tamparal, of the altered biota and geology, including
the tromandous deposits of coal and hydrocarbons.

a., Barly Hodorn Concepts

The basic cause of redox reactions is found in
Kosel's octet theory whish was further elaborated by Lewis
and Langmuir. Accordinu to the cctet theoxry the most
stable coanfiguration for an atom is that in which the
outermost elactron shall or compliment is the sawme as
that of one of the inert gasees, i.e., two electrons for
hydrogen corresponding to helium and eight electrons

for all othor sisments corrssponding to: He, A, Kr, Xe,
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and Bn., Thus when sodium and c¢hlorine are brought
together; the sodium readily releases its lone electron
from the M shell leaving its L shell with a stable number
of aight electrons;while chlorine with seven electrons

in its .cuter shell avidly acguires the single electron
released by the sodium to bring its M shell up to eight.
The sodium. atom by losing one electron has been oxidised,
acquifing a positive charge of one, while the chlorine
atom has, by gaining one electron, been reduced and has

2 magacive charge of one.
& # + -3 =
Na: + .Clg —>HNa + s?ia

The raamitant charged atoms now called ions are held
togehter in the solid state by their opposite electric
gharges, hut when diszolved in a polar solvent or when in
the molten state they can separate,

The foraegoing description applies to the formation of
ionie bonds, but the large majority of organic compound
bonds, and many (inerganic) compound bonds are the
covalent type. The octet rule also applies here but the
electrons instead of being completely transferred are
merely shared., Thusg whun B methane meolacule is formed
four hydrogen atoms each coptribute their lone k shell
elgctron and one carbon atom ite four L shell electrons, to

establish 2 stabie ring of eight electrows about the



carbon atom, but this is also equivalent to four sets

of two slectrons each for the four hydrogen atoms.
H
4H + C -——-;-Hsgsﬁ

The same type of mechanism produces the non-ionic part
of znaigéniq radicals such as S04~ and C103.

Covalent bonds are also formed by the coordinate
covalent mechanism in which both electrons of a covalent
' beng are provided by one of the atoms e. g. Ammonia
can use its unshared pair of eletirons to combine with

s hydrogen ion to form the ammonium radical

B g 1"
Hs?ﬂjg + gt ———— H?,;?:H
B B

Feliowing incorporation the hydrégen ion loses its
identity and is indistingulshable from thé ather’hydr@gen
atoms.

There is8 another type of bonding which at first
sight appearz to violate the octet rule, viz., in compounds
in which some or all of thebbands are single shared
electrong, e. g.

a8
BoHg or Hzﬁ;é:ﬂ
Sugden (20) suggeste& that this $haring of singie
electrons, and the high stability of some such compounds

is explained by the resonance concept of Juantum
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mechanics, viz., that single electrons oscillate bhetween
locations to provide a stable configuration at each 1acati¢n
part of the time. This argument also applies toc the hydrogen-
nnl&aﬁle ion, (H-H)*

| b. Recent Modern Concepts

Two theories based on wave mechanics have besen
advanced to account for valences; (20) the Heitler-London
and the Hund-Mulliken.

The Heitler~London theory attributes the valence cf
an element to the presence in the external shell of an atom
of electrons with unpaired spins, +1/2 or ~-1/2, and these
can satisfy their tendancy for spiﬁ coupling by combining
with electrons of opposite spin on other atoms to form a
valence bond. This ﬁﬁeory is also referred to as the
homopolar method since it is mainly applicabla to covalent
b@nﬂ;

The Hund-Mulliken theeory or as it is called the
molecular orbital theory sets up a wave eguation containing
5eth homopolar and ienic binding terms. If the values of
the homopolar terms sre considerably greater than those of
+he ionic terms the bosding is essentially ecovalent, but
if the- ionic terms predeminate the bonding is ionic. Mixed
types of binding occur betwaen these two extremes,
resulting in mﬂlecﬁles with permanent dipole moments. This

method segzregates the eiactrons of a molecule into three
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categoriges; bonding, antibonding, and nonbonding; the
gtability of a molecule being a reflection of the ratio
¢f bonding to antibonding electrons.

With either theory mathematical difficulties have
prevented exact treatment of all but the very simple
molecules such as the hydrogen molecule and the hydrog@nm
molecule ion. With more complex systems it has been
necessary to use approximations, which have however
furnished much information about valence and bonding.

| Th3~cqrrent concepts of oxidation are, of course,
applicable to-those cases covered by the old classical
definition of oxidation, in which oxygen necessarily.
participated in the reaétionz e.g.

Zﬂz +‘ B c—spre—om 2H20

-~

8 + Og em————dm 80,

4Fe + 3 0y —>» 2Fe303
n all redox reacti;mﬂ the oxidant acguires more influehce
over the electrons invelved than does the;reductant.
In the case of H:0:H dissoeiation of a hydrogen ion does
occu¥, alcochols release the hydroxyl by&naggﬁ with'

rélative sase, etec.



Be
e CONDITIONS BSSENTIAL FOR OAXDATION AND HEDUGTION.
in equation suoh a8
3t +B —>2 + B
iaplies several conditions:

ae« Zloctron transfer is possible. Tither th& roagtants
are in contast, as in soiution, in gzas, or in the molten
state; or there i3 s condueting padh betweén the renotants
for the transfer of electyons, ¢.g., o motal sonducter, an
intermediate raln:.ayatem,'nr a chargs transfer prooess,

{to be discussed later). |

b. Any exinting energy barriers have héan OVHPGOHD e

0+ There is a transfor of electrons in ome directionm,
1.8+, the reaction goes %o oomplation ¢ither beonuse A has
a suoch atronger atiraction for ﬁhe reducing electrons than has
B or the system ie open, that is the products are removed,
otherwise equilibrium would occur requiring the double
Arrovs

1. Redox Potentials.

The effectivencss of a substanse as an oxidant or
reduotant is a refleotion of its relative attraotion for
eleotrons as compared to that of other substances, oxidising
offootivonsss (elestron pressure) s expressed as a potentisl
in volts, and the standard of comparison is the hydrogen—gas
slcetrode; which cousists of a platinised platinua eleetrodo
exposed to hydrogen gas at a pressure of one atn and
imverced in a sclution of hydrogen ioms at an effective
congentration of ome, i.0.activity=1.a08 assigned sero



e
potentinl. As the hydrogen slectrods is &ifffcult to
conatruct and maintain 1% 48 rarely used diyectly,iustead
one fuch as the ¢alowl alegtrode whieh 19 esslily
constraoted is used, the difference iu potential between
the twe standsrde beoling coastant. The potentisl of &
subatance 19 dctornined by using it as & half oeil,in
separate container with a slatiaus oliatrol-. acainat ths
atasdard, a salt bridge connests Lthe Cwo uaatningra and
the electroden are coancoted throupgh a potsatiometer. If
the oxidising power of the substancse is greater than that
of hyarogen the potential is positive, if lees it 1s
nsgative. ¢hen the subntanos in at one mwlal zongentration
asd the system is at sa“@, the potential found is salied
the norusl olectrode potential, If the comparison half
cell sontains, not Just the fuily oxidéised form of the
subatanes, but insted » mixture of one=hnif oxidised and
one=half rsduced. other gonditions deéing equal the
potentisl found ia onlied the noraal redox poteatial, e.g.

lysten{pl 7) “tandard aﬁéax rotential.
Yolte

#0gs HpO v +(.82

0g { 1 atm.) : ON (pH 7) +04610

PRSI o +0.7477

o’” i’ +04456

g 4
Syt o e s Gyt o Pe +0+86
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Methylene blue ox. : M.b, red. + 0.01
01d yellow enzyme OX. 3 O.¥.€. red. - 0.12
roetic acid + CO, : pyruvic acid - 0,70

Extensive taﬁles of redox #otantials are available
{1} and use of these ﬁalues makes it possible to know in
advance the effect of one system on anothér and the
completeness of reaction to be expected.

potentiometric titration (27) shows that the compiete
range of a system from fully reduced to fully oxidized |
or vice versa is about 0.15 volt for two electron transfar
aystems and about 0.30 volt for systems where one electron
ig transferred. Thése are very useful facts when comparing
the effect of one system on another.

Eﬁ case the ratio of oxidant to reductant in a
_&ystem iB net unity the resulting poteatial is expressed

fy the following relationship:

Sl f"%% reductant
BﬁEﬁE:‘
B, = Normal slectrode potential
R = Gas constant 8.315 joules .
T = Temparaturé Kelvin
n' = Nuember of electrons involved

» =1 faraday = 96.500 coulombs.

ln = log_
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The effect of hydrogen ion on a syptem necessitates an

additional term in the above equation, as follows:

E= E,+ BRI 1n Joxidant) ., BT 1, (gt
‘. " (reductant) = F i (H,)

Tables usually contain the E, value which is the potential
fa: systems with equal concentrations of oxidant and

reductant, and at pH 7 and 30°C.

The eguation AF = %E%§ calories per mole is

the link’connecting thermodynamic and redox potentials.

2. Activation Energy

From purely thermodynamic considerations a reaction
 shou1d proceed spontaneously if calculations indicate a
rglgase of free energy i.e., ifAF is minus. However it
may be found that the reaction does not occur spontaneously
or at best the rate is infinitesimal. This condition
in&;cates an energy barrier, that is the reactants require
activation before reaction can occur. The full requirement
of this energy of aqti%ation can be supplied by some
means, such as heat or radiation, or the requirement can
be lowered by<:aialysisx

A Fatalyst usually activates reactants by adsorbing
them, this condensed state allowing close continuous contact.
The activation also possibly involves a change in
configuration of the reactants to make the reactive site

more accessible by opening solvation shells, etc.
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Enzymas are biochemical catalyst and will be discussed later.
I£ the reaction rate constants are determined at two
different temperatures the Arrhenius equation can be used to

calculate the energy of activation E*. The equation is:

BT3T2  1a k2

B = & 4
T2=Ty 1
3, Charge Transfer
An important type of redox mechanism, especially in
the solid state is that of charge tyransfer (32).. In the
case of a pair of weakly interacting molecules which have
appreciable orbital overlap an electron of one, if excited,
can sometimes easily become associated with the other.
Another type of charge transfer is that in which an
electron moves through an array of similar wolecules to
effeet oxidation at a distance, e.g., in a photographic
plate, a photosensitive dye on exposure to certain
ra&iétian releases electrons which migrate through the silver
halide lattice to eventwally be trapped by a speck of
silvér at which peoint reduction occurs, guite some distance

from the electron source.

E. REDOX REACTIONS IN BIOLOGICAL SYSTEMS

1. Historical .

Advances in biochemistry have been extremely rapid‘and
most of them have occurred since 1920, (18). The field of

oxidative metabolism has expanded at least as rapidly as



tha others and an overall picture of that field is now
available although mapy areas within tha frameweork of
oxidative metabolism are far from being completely
investigatea@'

| Although biochemical processes are governed by the
gsame laws that apply to chemistry in general, special
congiderations are reguired for the investigation and
interpretation of bi@chemicallphen@mna” namely the
various reactions all occur in special enviﬁ@nm@mtag such
ag oells and interstital fluid; the reactions are coupled and
interrelated in highly complex systems; the concentrations
of reactants and intermediates can vary widely and at times
become vanishingly small; the reactions are mediated by
gpecific highly complex and quite labile enzymes and by
hormbnes.

Lavoisier had thoudht of respiration as the union of
garbon with oxygern in the longs, bet Veit in 1865 showed
that many substances were formed from food before the final
cembinatien with oxygen occurred, (18). Following this,
progress in the field of biological oxidation was slight
until 1925 when Warburc (38) announced his theory of ®axygen
activation®. He hsd f?v%i éhaﬁ charcoal prepared from
bloed was a much more active catalyst for the oxidation of
many erganic ccempounds than wae® charcoal made from sugar,

and attributed thig actiwvitvy to the irom contained in the
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formay. Warburg had also dis&mv@reﬁ an iron containing
enzyme (now Xnown as cytochrome oxidase or cyt ai) which
activated oxygen, and which he names “aAtmungsferment®
(respiratory enzyme). As the work progressed iﬁ became
apparent that oxygen activation alone could not account
for cellular 0xida§ion and_Wielana put forth his theory
- of "Hydrogen acfivation", proposing that oxidative
enzymas aetivatq certain hydrogen atoms of compounds so that
thay can be removed by a hydrogen acceptor. It was soon
apparent however that this theory alone was not adequate
as most metabolites can met transfer their acti?étad
Ahydrogen to molecular oxygen. A. Szent-Gyorgyi p@inted
out that both oxygen and h?drogen aeti&ation are required.
It is now known that most axxdations of the dehydrogenase
type involve intermediates between the donor and acceptor.
¥ichaelis (26) was insistant in maintaining that the
.fundan&ﬁﬁag ganéapé of redox reactions must always be
electron tranefer regavdlese of any other accompanying

everit¥, eae.g. in the rsaction:

H

Va ~

CH,C~H — ~4€__~2H . CH,CH
3™ om | %

The two events of oxidation and dehyﬂraganatian do not

nqé@ﬂaarily occur consecutively, but may hu‘simultanedus°

Reméval of the two electrons by the oxidant sets the two

hydrogens frea as there 18 no longer sufficient bonding
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to hold them.

Also- consider the oxidation of succinic acid to fumaric

acid:
OH QOH
2 "H—>H
_..._—-—+
= o
O0H COOR

The CHS can be considered as infinitely strong acids.
The presence or absence of hyﬂrmgén on some moleculasg
is not a reflection of the oxidation state but of the
N\ . 1 .

medicm pH, e€.9.

| g 0 on

’ em ze? e’ ot 2’ em

;uﬂ.izﬁ;,_ é\ &ﬂ |l |

.\ﬁ H \c/ | BC. .CH Eﬂ§beH
o

b 1
! - on
slrongly PH 9 or acidie

alkaline 10

2. Enzymes

As in other bicchesmical fields the study of axiﬂaﬁive
metabolism is largely 2 study of enzymology and elucidation
of reaction pathways and mechaniswms. |

Most oxidation reduction enzymes contain a coenzyme
préathetiﬁ-gx@up and guite a few contsin metal such as Fe,

or. Cu. They fall into several groups: dehvdrocgenases,
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oxidases, peroxidases and hydrases. A large nunber of
thase enzymes have been isclated from various organisms and
1thggr functional mechanisms and places in metabolic path-
ways detexmined. Many of these enzymes function not alone,
bat in systems which.farm~ehains such as the terminal
alectron trnnspart sysﬁem or the glycolytic pathways; or
in cycles such as the Krebs cycle or the/f -oxidation scheme
for fatty acids.

The complex oxidation-reduction enzymes‘ﬁanctien beth
throvgh the apoenzyme protein and the prosthetic group.

Michaelis {27) expressing not only his own ideas but
also those of Pauling (30), and Luvalle and Goddard (19)
proposed that the apoeﬁzyme binds the substrate to its
surface during reaction. The binding site is a témplate for
+he substrate, but some distortion of the svhstrate is
required for fit. The energy of distortion is considered
a8 the energy of activation present in the distorted bonds.
His theory alse logically attributes the locus of competitive
inhibition to the binding site.

vwhereas substrate specificity and activation are
apoenzyme functions, the oxidative mechanism proper is
probebly exclusively coenzyme function.

pyridine and flavin nucleotides sre the coenzymes of
dehydrogenases. In general the pyridine nucleotides are

an integral part of a characterized holoenzyme: they are
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quite easily removed and reattached. Often, however,
thay are reactants frem thé madium, and axe bound to the
protein along with the formal substrate molecule, being
releasged and replaeéd at each cycle. The flavin
nucleotides or the other hand are tightly bound to their
protain and are usually difficult to remove.

Iron porphyrins of éytachr@maa sre the prosthet.c
graﬁ?s in those redox ractions which involve electrer
transport without hydrogen transfer, (with the possiblia
axmeption of cyt b). “

Oxidases effect oxidation by molecular oxygen and
Inﬂén (21) in a comprehensive review of the cxidases
dividg& Eﬁem into three major groups on the basis of
'fugctiggj namely, oxygen transferases, mixzed function
=_px;§;a@ﬁ, and electron transfer oxidases.

Orygen trnnlf@ralel_n.diate reactions in which all
u!lthe pntab@l1m¢d oxygen appears in the oxidized substrate.
. For théég the knqyn prosthetic groups are: iron and other
.heavy metals.

The mixed function oxidases catalyze reactions in
whi@hvana«haiﬁ of the wtilized oxygen appears in the
xn:;dizld:ﬁubatrnte ard the other half is reduced. The
prosthetic groupg here are similar to thosa @f the
Ppreceding class, 1630 heme, iron and other heavy n-téléq

Fhe elactren transfer cxidases produce oxidized
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substrates but all of the metabolized oxygen appears
either in hydrogen peroxide or water. Here the prosthetic
groups are: flavin nucleotides, hemes, iron and other heavy
metals and in a couple of cases pyridine nucleotides.
Several of these enzymes contain more than one cofactor,
e.g. xanthine oxidase contains iron,PAD * and molybdeniun.

Not all mechanisms of coenzyme function are wel.
understood. The pyridine and flavin nucleotides function
through cyclic oxidation and reduction. . The flavins form
free radical intermediates (to be discussed later), as
demonstrated by Michaelis (27) and by Beinert & Sands (4),
and Bamford and Jenkins (2) discussed the theoretical and
actval absence of free radicals in the pyridine nucleotide
machanisms.

The iron porphyrins evidently function in a cyclical
bt guite complex manner. The first assumption was of a
gimple valence change in the central metal atom. However,
Bamford and Jenkins {2) point out that changes in the
absorption spectrum during reduction of cytochrome show
modification of the conjugated system. Chance and Ferguson
(8) using EPR spectroscopy were able to detect free
radicals in peroxidace complexes I and II, but the
concentration was almest nagligible, ‘the highest being
2 x 107 for complex II, and they seemed to consider the
réswits as negative. ason and Yamazaki (23) using EPR

* Plavin adenine dinucleotide.
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spectroscopy detected no free radical in the‘complexes
I agd‘ll. |

Although a great many oxidative enzymes contain metals
the state of knowledge about their function is ratbér sketchy
and far from satisfactory. Much of the evidence for their
action is presumptive being based on observations, such a2
inactivation of the enzyme by metal binding agents such a#
dipyrile in the case if iromn or cyanide in the case of
copper, or by dialysis. Recently, however, strong evidence
has been presented by Bray et al (5) for definite valence
changes in the iron and molybdenum of xanthine oxidase; and
by Nakamura (29) for copper function in laccase through
valence change. The function of copper in cytochrome.oxidase
has been a subject of rather active discussion: Wainio-et al
{39) and Sands and Beinert (33) present evidence of active
participation by the copper, while Yoretani (42) presents
evidence to show that at least 60 ~ 70% of the total copper
is nonfunctional.

Calvin (6) describé& copper chelates which function
like enzymes, e.g., A chelate of coppermpyridaxgl—a@ino acid
~which ;eadily carries out transamination to produce the
corresponding keto acid and pyridoxamine. ;

Reid (32) suggested that some biological macromolecules,
such as nucleic acids can provide conduction paths for

reducing electronz, that is, a series of charge transfer
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components to provide for oxidation at a distance. He 2lso
mentioned Calvin's hypothesis of chlorophyll acting as a
charge separator battery, the stack of chlorophyll molecules,
after radiant activation, providing a means of transferring
the charge to one end of the stack for reducing purposes
while the other end acts as an oxidant.

Integral structure is perhaps of prime importance in the
function of many enzyme sequences, €.g8., in the terminal
electron transport chain, Green and Hatefi (15) point out that
lipids (90% phospholipid) account for 305 of the dry weight of
mitochondria, Co Q, vitamin £, carotenoids, and substantial
quantities of cholesterocl occur in the neutral lipids.
furthermore these lipids probably exist in a state of orient-
ation which in effect makes them water soluble. The lipid
composition varies but little throughout the chain, and this
constant lipid protein association and the known activating
effect of lipids in some catalytic functions of the protein
constituents are significant indications of the essential
role played by lipids in terminal electron ftransport. 1In
view of the fact that fragmentation of the mitochondria
produce chain segments with the same lipid structuring it is
thought that the architecture igs of fundamental importance
both in electron transport and oxidative phospholylation.

The energy produced by respiration through the

tricarboxylic?acid cycle and the terminal elsctron transport
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chain 18 utilized to the extent of 40% in the production
£ ATP which is used to drive most of an organisms

activities,

¥, ONE AND TWO ELECTRON TRANSFER AND FREE RADICALS

Until fairly ;ecentiy bivalent oxidation was a generally
accepted principle in organic chenistry. Consideration nd
only the vreactants and end products of organic redox
reactions produces a logical scheme of two electron tronafer

for each step, €.9.
C, Bz0H 392 5 cHcHO + H,0 %92 . cH cooH

Cnance mentioneéd that Gomberg (7), in 1900, demonstrated the
existance of the free radical triphenyl-methyl, by means of
molecular weight determinations, but the significance of such
compounds was unappreciated by most people for about thirty
years: and that willstater, in 1904, had discovered an
intermediate in the redostion of iminoguinone but considered
it to be a wmolecular compound of the fully reduced and

fully oxidized states, (2 meriguinone). Chance goes on to
say it was the work of paneth and Hofeditz in 1929, "on
tetraethyl~lead, and Haber and Weiss in 1934, on chain
reactions in agueous soc.utions, that lead to the acceptance of
the idea of the role of free radicals as intermediates in

photochemical and pyrolviic reaction in the gas phase and

as poelymerization intermediates in solution.
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During the sams period Michaelis built up his theory of
compulsive monovalent oxidation-reduction for organic and
blochemical reactions. His interest in dyves and potentiometric
titration had early resulted in his observation of redox
reaction intermediates as: transient colors in some dye
reactions, and as inflections in some redox titfation curves.
Between 1930 and 1950 Michaelis wrote extensively on the subject
of biological oxidation-reduction (24), {25), (26), (27), (28).
Throvgh this period he highly developed‘and systematized the
theory and practice of potentiometric tiration. Among other
things he advanced the concept of the free radical formation
constant, and showed that the potentiometric method will not
detect free radical when the constant of free radical formation
is down to about 10“2, which represents a concentration o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>