-

AD=AO46 644 DUKE UNIV MEDICAL CENTER DURHAM N C F/6 6/21
THE ROLE OF SUPEROXIDE RADICALS IN THE OXYGEN ENHANCEMENT OF RA==ETC(U)

JUN 77 1 FRIDOVICH DAHCO“-74—6-019“
UNCLASSIFIED ARO=-12410.1~L
”l IIIIIIlIIIIIlIIIIIl|IIIIIIIIIII|iiii“|IIIII|IIIII|IIII||iiiil|iiiii!||||||
END

DATE
FILMED

|2-F7

DoC




1-0 s |28
= . = &=
1____1_ o

mnl - m»

el L

NATIONAL BUREAU OF STANDARDS

OOOOOOOOOOOOOOOOOOOOOOOOOOO




' 74 /47 (,0?‘ | =

i i
s ) e A o
: N\l READ INSTRUCTIONS
REPORT DOCUMENTATION PAG < » BEFORE COMPLETING FORM
FRE T \P ATALOG-NUMBER
" REFORTRUMSER DAHCO4 74 G 0194; - M‘Cc“f'?“ L @5‘ 10 1 L
| e DAAG29 76 G 0217 L-5'(/ | RT)
: L fama-Subiiile) . e apre————— S. TYPE OF REPORT & PERIOD COVERED
: " é::)T%; Role of Superoxide Radicals in the 0xygen Final July 1, 1974 -
5 Ley Enhancement of Radlatlon Damage . June 29, 1977
~~— . et i 6. PERFORMING ORG. REPORT NUMBER
. —~— 8. CONTRACT OR GRANT NUMBER(a)
E = N.m.j ’ > e
| Iwin/Fridovich [ /% ‘ DAHCH4 -74-G -ﬂ19$ Ao oIV —
E Nt oo gl 7
{ - PERFORMING ORGANIZATION NAME AND ADDRESS \_! rROa woRK DRI NOmBE RS
E Duke University Medical Center L
: Durham, N. C. 27710 L /“v-‘\ n\
, 1) RT S 77
‘ﬁl. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
Q‘ . U. §. Army Research Office 6/29/77
M Post Office Box 12211 T3 NUMBER O N
) Research Triangle Park, NC 27709 ;] I
14. MONITORING AGENCY NAME & ADDRESS(If ditferent trom Controlling Office) 15. SE Y CL 5 port)
Submitted 9/1/77 Unclassified
1Sa. DECL ASSIFICATION/DOWNGRADING
SCHEDULE 5 i

16. DISTRIBUTION STATEMENT (of this Keport) DD C
@EMICH .
D NOV 21 1977

Approved for public release; distribution unlimited.

J
DISTRIBUTION STATEMENT (of the abstract entered in Block 20, i{ different from Report) U Ulbw[‘ju U b ;qu

T a7 g gk )
6 SUPFLEMDWRALLMeIER CETREET A ¥

I'ne findings in this report are not to be construed as an official
Department of the Army position, unless so designated by other authorized ;

1
st = j

>!>;'—:A( Y WORDS (Continue on reverse aide if necessary and Identily by block number)

superoxide radical j
superoxide dismutase |
oxygen enhancement ratio 5

J

LE CorY

\

\
}20. ABSTRACT (Continue on n‘Y‘ao side if neceseary and Identify by block number)

we have-feund-that the oxygen enhancement of the lethality of X- ray irradiation |
of dilute suspensions of Escherichia coli is strikingly diminished by super- :
oxide d1smutaqe or by catalse, added to the suspending medium. This impli-
. cates both 0.” and Hy0p as agents of the 0.E.R. Since On‘ and H,0, have

Previously ben seen“to lead to the production of OH: in biochemical systems, —= ‘

FORM : zz ‘;2%/- ” I/AA‘ ’7 10V€Vi

DD ;
vaan s 1473 EDITION OF | NOV 65 IS OBSOLETE Uael s oo /. XI’)-«»—' g
Inclassified —

-

SECUMTY CLASSIFICATION OF THIS PAGE (When Data Entered)

> M




SECURITY CLASSIFICATION OF THIS PAGE(When Data Entered)

Qi + J {
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Isolation and Characterization of a Manganese-containing
Superoxide Dismutase from Yeast*

S. D. RaviINpRANATH AND . FRIDOVICH

(Received for publication, January 10, 1975)

From the Department of Biochemistry, Duke University Medical Center, Durham, North Carolina 27710

The cyanide-insensitive superoxide dismutase of veast has been shown to be localized in the
mitochondrial matrix. This enzyme has been isolated in good yield from bakers' veast. Its molecular
weight 15 96.000. It is a tetramer, being composed of four subunits ot equal size. Exposure to sodium
dodecyl sultate at 100° caused dissociation into dimers, while similar treatment but i the presence of

2-mercaptoethanol caused complete dissoclation into monomers. This enzvme contains 1 atom of

manganese per subunit and its absorption in the visible suggests Mn(lll) in the resting enzyme.

Ascorbate caused partial bleaching, presumably by reduction to Mn(Il). The amino acid composition was

determined. This enzyme has activity comparable to that of other previously reported superoxide
dismutases and like the chicken mitochondrial and the bacterial enzymes, its rate of reaction with O,
falls as the pH is raised above 7.8, Crystals of high quality were easily prepared.

Superoxide dismutases, which are unique among enzymes in
that their substrate is a free radical, have been isolated and
studied from a variety of respiring organisms. They serve the
purpose of muting the toxicity of molecular oxvgen by catalyti-
cally scavenging the superoxide-tree radical, by way of the
reaction: O, + O, + 2H" + H,0, + O, (1). Superoxide
dismutases bearing copper and zinc, or manganese, or iron
have heen described. These have been found i specitic places.
I'hus. the copper and zinc enzvmes are characteristic of the
evtosols of eukarvotic cells (1); the iron enzvmes have been
found in bacteria (2-4) and in blue-green algae (5. 6) and the
manganese-contaming enzymes have been seen in bactena (7,
8) and m mitochondria (9). Studies of amino acid sequences
have demonstrated that the manganese and the ron-contain-
my superoxide dismutases from Escherichia coli are closely
related to the manganese-contammyg enzvme from chicken
liver mitochondria. whereas the copper and zine enzyme from
bovine erythrocytes was unrelated to anv ol the others (10).
This result has obvious implications concerning the origin of
mitochondria (11). Thus far, only one mitochondrial superox-
ide dismutase has been 1solated and that was ohtained trom
chicken liver (9). Further study of the evolutionary implica-
tions of the close relationship between the prokarvotic and the
mitochondrial enzymes requires that additional mitochondrial
superoxide dismutases be studied. A copper- and zine contain-
ing superoxide dismutase has been isolated from veast (12) and
was found to be similar to the corresponding enzymes found in
the cytosols of other eukaryotic cells. We here report the
isolation of a manganese-containing superoxide dismutase
from Saccharomyces cerevisiae, which appears to be locahzed

* This work was supported in full by Research Grants GM-10287
from the National Institutes of Health and RDRP-IP-12410-1, from the
United States Army Ordinance Research Office.

in the mitochondria of this organism and whose properties
indicate a close relationship to the chicken liver mitochondrial
enzyme.

MATERIALS AND METHODS

Cytochrome ¢, tvpe Ill, and nitroblue tetrazolium were obtained
from the Sigma Chemical Co., while carboxymethyl cellulose and
diethylamino ethyl cellulose were products of the Reeve Angel Co. The
wn exchange celluloses were alternately washed with 0.5 M NaOH,
water, and 0.5 M HCL Water was used to wash away the acid or alkah
and the DEAE -cellulose, in the alkaline torm. was tinally equilibrated
with water while the CM-cellulose, in the acid torm, was equilibrated
with 001 M sodium acetate at pH 5.2 Air-dried bakers’ veast was a
product of the Fleischman Co Calcium phosphate gel was prepared
according to Kedn and Hartree (18 Nanthine oxsdase was prepared
trom cream according to Brady (14)

Superoxide dismutase was assaved either in terms of ats ability to
nhibit the reduction ot eytochrome ¢ by milk xanthine oxidase plus
xanthine (15) or the reduction of nitroblue tetrazohum by a photo
chemical flux of O, (161 The latter assays were performed at 25° by
mixing 10 ml of 005 m potassium phosphate buffer at pH 78
contaming O 1 mm EDTA. 0.1 ml of 1 mm mtroblue tetrazolium, 0.15
mlot 0.1 mmethionme, 30wl of 016 msm ribotlavin, and enzyme sample
plus water to a tinal volume of 30 ml and by then exposing this
muxture to fluorescent hight, at such intensity that the absorbance at
550 nm in the absence of enzyme increased at a rate of 0.05/min. One
unit of superoxide dismutase was detined as that amount which caused
507 mhibition

The cytochrome ¢ reduction assay for superoxide dismutase activity
was 20-fold less sensitive than was the photochemical nitroblue
tetrazolium reduction assay. Thus, one unit of activity in the former
assay equaled 25 umts in the latter assav. Electrophoresis on
polvacrslamide gels was performed according to Davis (17) and
superoxide dismutase activity was locahized on these gels as previously
described (16). The cyamde sensitive copper- and zinc-contaming
enzyme was differentiated from the cyanide insensitive manganese
contaiming enzyme by performing these activity stains in the presence
and in the absence of millimolar cyamide (9)

The molecular weight of the enzyme was determined by the method
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ANALY TICAL BIOCHEMISTRY 70, 632-634 (1976)

A Convenient Calibration of the
Clark Oxygen Electrode’

Fhe use of plastic-covered platinum electrodes (1) for the polarographic

estimation of dissolved oaygen has become routine in studies of

oxygen-consuming reactions. The problem of calibrating these electrodes
has been solved inseveral wavs. Admittedly. the simplest of these is to use
the known solubility of oxygen, in conjunction with its partial pressure in
ar. to calculate the concentration of O, in air-equilibrated solutions. This
calculated concentration can then be set to tull scale on the microammeter
being used to measure the current due to reduction of oxygen at the
electrode. This method lacks precision because it is sensitive to the ionic
strength and the temperature of the solution during calibration and to the
partial pressure of oxygen in the environment, and it does not allow for

alibration at a senstivity greater than 2.4 < 10 'm0 O, = full scale. An
carly chemcal method of calibration used known amounts of NADH [ in the

presence of submitochondrial particles, to consume known amounts of

oxyeen (2). The necessity of preparning submitochondrial particles for use
i this method was eliminated by Robinson and Cooper (3). who utilized
the catalytic propertes of phenazimum methylsulfate to oxidize known
amounts of NADH . Catalase was also used in this method to convert H, 0O,
to H. O, and thus toehminate imprecision due to the vanable yields of these
two reduction products of O, Sull another method of calibration utilized
xanthine oxnidase plus xanthine to consume known amounts of O, (4).

A mcthod which entirely avords the use of enzvmes and which is based
only upon readily available and inexpensive compounds is desirable. We
now describe such a method which s based only upon phenylhydrazine and
ferpicyamde . Phenvihydirazine s quite stable in acid solutions, but in
neutral to alkaline solutions it slowly autoxidizes by way ofan exceedingly
complex antocatalytic, free radical chain reaction (5). Phenylhydrazine is
raprdly oxidized to phenyldumide by fernicyvanide (6). and phenyldiimide

very raprdly with O, (7). The method desenbed below exploits these
properties of phenylhydrazine in the presence of ferncyvamde

MATERIALS AND METHODS

Phenythydrazine hydrochlonde was obtaned from the Sigma Chemical

Company. and potassium ferncyamde was obtained from Matheson,

I his work « supported in full by carch Grants GMA102K7 and HIL - 17603 from the
f H ' ' fa, Ma nd dRDRPIP- 124100 from U'S Aty
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The Oxidation of Phenylhydrazine: Superoxide and

Mechanism?

Hara P. Misra and Irwin Fridovich*

ABSTRACT: The oxidation of phenylhydrazine in buffered
aqueous solutions is a complex process involving several in-
termediates. It can be initiated by metal cations, such as
Cu?*; in which case EDTA acts as an inhibitor It can also
be initiated by oxyhemoglobin; in which case chelating
agents do not interfere. Superoxide radical is both a product
of this reaction and a chain propagator. The formation of
0" could be demonstrated in terms of a reduction of ni-
troblue tetrazolium, which was prevented by superoxide dis-
mutase. The importance of Oy in carrying the reaction
chains was shown by the inhibition of phenylhydrazine oxi-
dation by superoxide dismutase. Hydrogen peroxide accu-
mulated during the reaction and could be detected with cat-
alase. The progress of this oxidation could be monitored in
terms of oxygen consumption and by following increases in
absorbance at 280 or 320 nm. The oxidation was markedly
autocatalytic and superoxide dismutase had the effect of ex-
tending the lag period. The absorbance at 280 nm was due

phcnylhydr;\zinc has long been known as a hemolytic
agent (Warburg et al, 193); Lemberg and Legge, 1942;
Beaven and White, 1954) and has been shown to increase
the production of H O, within intact human erythrocytes
(Cohen and Hochstein, 1964). Several of the effects of
phenylhydrazine are oxygen-dependent. These include its
inactivation of papain (Allison and Swain, 1973), amine ox-
idase (Patek and Hellerman, 1974), lactoperoxidase and
triosephosphate dehydrogenase (Allison et al., 1973), horse
radish peroxidase and thyroid peroxidase (Hidaka and Ud-
enfriend, 1970; Hidaka et al., 1970), its inhibition of the
respiration of mitochondria and of submitochondrial parti-
cles (Asami, 1968), and its desensitization of grasshopper
muscle (McDonald, 1972) Aside from the involvement of
phenyldiazene as an intermediate (Cauquis and Genies,
1968; ltano, 1970), the catalytic effect of Cu’* (Eberson
and Persson, 1962; Audricth and Ogg, 1951) and the for-
mation of H,0; (Cohen and Hochstein, 1964; Audrieth and
Ogg. 1951), very little is known about the air oxidation of
phenylhydrazine in buffered aqueous solutions

The reduction of molecular oxygen to H:0, frequently
occurs in univalent steps with Oy~ as an intermediate. This
has been shown to be the case during the reduction of oxy-
gen by epinephrine (Misra and Fridovich, 1972b), pyrogal-
lol (Marklund and Marklund, 1974), oxyhemoglobin
(Misra and Fridovich, 1972¢), reduced ferredoxins (Misra

" From the Department of Biochemistry Duke University Medical
Lenter. Durham, Nocth Carohina 27710 Recewed June 91975 This
work was supported in part by Research Grants GM 10287 and HL
17603 from the Navonal Institutes of Health, Bethesda, Md, and
RDRPIAP 124101 from the US Army Ordinance Research, Dur-
ham, N ¢

to an intermediate which first accumulated and was then
consumed. This intermediate appears to be benzenediazon-
ium 1on. The absorbance at 320 nm was due to a stable
product, which was not identified. The time course of oxy-
gen consumption paralleled the increase in absorbance at
320 nm and lagged behind the changes at 280 nm. Exog-
enous benzenediazonium ion accelerated the oxidation of
phenylhydrazine and eliminated the lag phase. Benzenedia-
zonium ion must therefore react with phenylhydrazine to
produce a very reactive intermediate, possibly phenyldi-
azene. A mechanism was proposed which is consistent with
the data. The intermediates and products of the oxidation of
phenylhydrazine include superoxide radical, hydrogen per-
oxide, phenylhydrazyl radical, phenyldiazene, and ben-
zenediazonium ion. This is a minimal list: others remain to
be detected and identified. It appears likely that the diverse
biological effects of phenylhydrazine are largely due to the
reactivities of these intermediates and products.

and Fridovich, 1971) and leucoflavins, hydroquinones, and
thiols (Misra and Fridovich, 1972a; Misra, 1974). It there-
fore seemed reasonable that this might also be true of the
oxidation of phenylhydrazine, in which case Oy~ and other
radical intermediates would have to be considered as possi-
ble agents of the biological effects of this compound. The
ability of O, to reduce nitroblue tetrazolium (Beauchamp
and Fridovich, 1971) and the avaitability of superoxide dis-
mutases, which catalytically scavenge O,~ (Fridovich,
1974), provided the means for probing the oxidation of
phenylhydrazine. The report which follows describes studies
of the mechanism of oxidation of phenylhydrazine. O;,
phenyldiazene, and benzenediazonium 1on appear to be in-
termediates and a tentative mechanism is proposed. While
this work was in progress, Oz~ was reported to be a product
of the oxidation of phenylhydrazine by oxyhemoglobin
(Goldberg and Stern, 1975)

Materials and Methods

Hemoglobin. Heparinized human blood was centrifuged
and the erythrocytes were washed three times with isotonic
saline and were then lysed by admixture of an equal volume
of water. Cell stroma were removed by centrifugation at
100 000g for | h. A small amount of Nay$;04 (~1.0 mg/
ml) was added to ensure complete reduction of the hemo-
globin, which was then separated from smaller molecules by
gel exclusion chromatography of 12 ml of the lysate on a 4
X B0 cm column of Sephadex G-75, which had been equili-
brated and was eluted with mitrogen-purged 0.05 M potassi-
um phosphate -0.10 M KCl at pH 7.4. The hemoglobin-con-
taining cluate was found to be free of superoxide dismutase
It was converted to oxyhemoglobin by oxygenation and to
methemoglobin by treatment with potassium ferricyanide
1976 681
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The Mechanism of the Activity-Dependent Luminescence of Xanthine
Oxidase '

ELLEN K. HODGSON ano IRWIN FRIDOVICH

Oepartment of Biochemustry, Duke University Medica! Center, Durham, North Carolina 27710

Received June 30, 14975

The weak luminescence that accompanies the acrobic xanthine oxidase reaction is
inhibited by superoxide dismutase, by catalase, and by scavengers of hydroxyl radicals
it is also entirely dependent upon the presence of carbonate It thus appears that the O,

and H,0, produced during the aerobic action of xanthine oxidase interact to generate
OH which, in turn, reacts with carbonate to yield the carbonate radical (CO, ). The
species that is directly responsible for light emission appears to be produced by a
dimerization of carbonate radicals, since the light intensity was a function of the square
of the carbonate concentration. The data provide no reason to suppose that the light-

emitting species 1s slnglvl oxygen

Xanthine oxidase causes a weak lumi-
nescence while catalyzing the aerobic oxi-
dation of its substrates (1, 2). Arneson (3)
observed that this luminescence was in-
hibited by catalase or by superoxide dismu-
tase and deduced that both O, and H,0,
were essential intermediates in the light-
producing process. Since it had previously
been suggested (4-6) that singlet oxygen
could emit in the visible by the formation
of dimers, followed by pooling and simulta-
neous emission of excitation energy, Arne-
son (3) concluded that the emitting species
in the xanthine oxidase reaction was sin-
glet oxygen produced by the following reac-
tions

0, + HO, — OH + OH + 0, (A]
OH + 0, +OH + 0,° [B)

More recently Stauff and co-workers (7)
have shown that the luminescence accom-
panying the oxidation of H,0, by perio-
date, previously attributed to singlet oxy-
gen, 1s actually dependent upon carbonate.
Ihey suggested that the actual emitting
species was produced by a reaction involv-
ing carbonate radicals. We have reinvesti-

' This work was supported in full by research
grants, No. GM-10287 (rom the National Institutes
of Health, Bethesda, Md , and No. RDRP-1P-12410-1.
from the United States Army Research Otfice, Dur
ham, N. C

gated the production of light during the
xanthine oxidase reaction and have demon-
strated that carbonate is essential for this
luminescence. The actions of catalase, su-
peroxide dismutase and scavengers of hy-
droxyl radical were also reinvestigated,
and the results lead to a reaction scheme
that accounts for the properties of this sys-
tem.

MATERIALS AND METHODS

Xanthine oxidase was prepared from cream by a
procedure that avoids proteolysis (8). Catalase was
from Sigma Chemical Company and was freed of
contaminating superoxide dismutase (9) by repeated
washing on an XM100A Diaflo ultrafiltration mem-
brane obtained from the Amicon Corporation. Cata-
lase activity was assayed at 25°C by the method of
Beers and Sizer (10). The manganese-containing su-
peroxide dismutase was prepared from Escherichia
colt as previously described (11). The acetaldehyde
used was freshly distilled daily. All other matenals
used were reagent grade Luminescence measure-
ments were made with either a Nuclear Chicago
Mark I iquid scintillation counter or a Packard Tn-
Carb scintiliation spectrometer, Model 3003. In
either case the coincidence circuit was turned off
and the signal from a control viel was subtracted
from the signal given by the luminescent reaction

RESULTS
The Dependence upon Carbonate

When 4 x 10 7 M xanthine oxidase cata-
lyzed the oxidation of 10 mM acetaldehyde

202

Copyright © 1976 by Academic Press, Inc
All rights of reproduction in any form reserved
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Superoxide, Hydrogen Peroxide, and Singlet Oxygen in Lipid
Peroxidation by a Xanthine Oxidase System*

(Received for publication, July 21, 1975)

EpwiN WELLES KELLOGG, III AND IRWIN FRIDOVICH
From the Department of Biochemistry, Duke University Medical Center, Durham, North Carolina 27710

1. Xanthine oxidase acting aerobically upon acetaldehyde was found to cause the peroxidation of
linolenate. This was demonstrated by increased absorbance at 233 nm due to diene conjugation and by
the detection of a lipid peroxide spot on thin laver chromatograms.

2. Superoxide dismutase inhibited this lipid peroxidation, as did catalase, thus indicating that both
0, and H,0, were essential intermediates. Scavengers of singlet oxygen also inhibited the peroxidation
of linolenate, whereas scavengers of hydroxyl radical did not. These effects, which were observed in the
absence of iron salts, led to the proposal that O, and H,0, can directly give rise to singlet oxygen, as
follows: O, + H,0, «OH" { OH. + O,".

J. This proposal was further supported through the use of 25-dimethylfuran, as an indicating
scavenger ol singlet oxygen. Thus, when this compound was exposed to a known source of singlet oxygen,
it gave a product which was detectable by thin layer chromatography. This product was also observed
when 2.5-dimethylfuran was exposed to the xanthine oxidase system, in which case its accumulation was

prevented by superoxide dismutase or by catalase, but not by scavengers of hydroxyl radical.

There recently has been a surge of interest in the peroxida-
tion of lipids. This interest follows upon the early observations
by Hochstein et al. (1-2a) of an enzymatic, NADPH-dependent
oxidation of microsomal lipids, and 1t derives from the obvious
importance of unsaturated lipids for the structural and func-
tional integrity of biological membranes. This literature is
ample but its impact is unclear. Iron salts and chelating
agents, such as ADP or EDTA, have been used routinely by
most workers because they have appeared to augment the rate
of lipid peroxidation. Pederson and Aust (3, 4) noted that
xanthine oxidase, while acting aerobically upon xanthine,
could cause lipid peroxidation. Since scavengers of O, and of
singlet oxygen inhibited, they concluded that O, , generated
by xanthine oxidase, gave rise in turn to singlet oxygen which
was then the immediate cause of the lipid peroxidation. The
reactivity of singlet oxygen with unsaturated lipids (5 8)
makes this a very reasonable supposition. Superoxide dismu-
tase has been used repeatedly to expose the involvement of O,
in the chain of events leading to lipid peroxidation by the
xanthine oxidase system (3, 4, 9, 10), but the presence of
chelated iron salts adds a complicating factor which hinders
interpretation of these data. In one study (11), the xanthine
oxidase system was seen to mount an oxidative attack upon the
lipids of lysosomal membranes. In this case, superoxide dismu-
tase augmented lysis rather than inhibiting it, and OH was

* This work was supported in full by Research Grants GM-10287 and
HL-17603 from the National Institutes of Health, Bethesda, Maryland
and RDRP-I-P-12140-L from the United States Army Research Office,
Durham, North Carolina 27709

implicated as the causative agent. Here too, iron salts were
present to cloud the issues.

It seemed necessary to explore the co-oxidation of unsatu-
rated lipids by the xanthine oxidase system, under simple and
well defined conditions, so that mechanisms might be dis-
cerned more readily. The peroxidation of linolenate has been
studied in this way. The results of these studies and the
mechanism they suggest torm the basis of this report.

MATERIALS AND METHODS

Thiobarbituric acid, mannitol, 8- carotene, 1-ascorbic acid, catalase,
bovine serum albumin, and hemoglobin were obtained from the Sigma
Chemical Co. The catalase was occasionally dialyzed, to free it of a
thymol preservative, and it was also freed of a minor contamination
with superoxide dismutase by repeated washing over an XM-100 A
Diaflo ultrahltration membrane from the Amicon Corp., without any
effect on the results. Starch (Soluble, Lintner) and t-butyl alcohol were
purchased from the Fisher Scientific Co. EDTA and trichloroacetic
acid were from Matheson, Coleman and Bell, while potassium iodide
and ferric chloride were from Baker and Adamson. Linolenic acid was
obtained from Mann, and was stored in vacuo at  20°. Potassium
phosphates were from J T. Baker and, unless otherwise specified,
buffers made from these salts were passed through a Chelex 100
column, to remove trace metals. The Chelex 100 was from Bio-Rad
Laboratories, Inc. Dimethoxyethane, from Eastman Chemical Co., was
stored over metallic sodium and was passed through a column of
alumina, to remove peroxides, on the day of use. 2,5-Dimethylfuran,
2,5-diphenylfuran, and 1.4-diazabicycio[2,2,2Joctane were purchased
from the Aldrich Chemical Co. The dimethylfuran was distilled, and
the fraction collected between 83 85° was used where indicated In
other cases, 1t was used as supplied Diphenylfuran was recrystallized
from 95% ethanol, while diazabicyclooctane was recrystallized from
acetone. Superoxide dismutase from bovine erythrocytes was purified
by Truett Laboratories as previously described (12). It was freed of

8812
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The Interaction of Bovine Erythrocyte Superoxide
Dismutase with Hydrogen Peroxide: Chemiluminescence

and Peroxidation’

Ellen K. Hodgson and Irwin Fridovich*

ABSTRACT: Reaction of bovine erythrocyte superoxide dis-
mutase with H,O, was accompanied by a luminescence
whose intensity was a function of the concentration of H,0,
and whose duration was coincident with the inactivation of
the enzyme by this reagent. Oxygen, which protected
against inactivation, also diminished the luminescence. Sev-
eral other compounds which prevented the inactivation by
H-0, also modified the luminescence. Thus urate, formate,
and triethylamine inhibited luminescence whereas imidaz-
ole and xanthine augmented it. These seemingly contrary
effects can be explained by assuming that the compounds
which protected the enzyme were peroxidized in competi-
tion with the sensitive group on the enzyme. The lumines-
cence arises because that group on the enzyme was oxidized
to a product in an electronically excited state, which could

’FIC preceding paper (Hodgson and Fridovich, 1975) de-
scribes the inactivation of the copper- and zinc-containing
superoxide dismutase by H.O,. A mechanism was proposed
in which H,O; first reduces the Cu’* and then reacts with
the Cu*, so generated, to give a potent oxidant, which re-
mains bound to the metal. This bound oxidant, in turn, at-
tacks an adjacent histidine residue and so destroys the in-
tegrity of the catalytic site. In the course of these studies we
observed a chemiluminescence during the reaction of H>O,
with the enzyme and noted additionally that superoxide dis-
mutase can act as a peroxidase. Since superoxide dismutase
is often used as a test for O>~ in oxidative and in chemilu-
minescent reactions and since H,O, is often a product of
such reactions, this peroxidative action of superoxide dis-
mutase can, if not appreciated, lead to misinterpretation of
the observations. The chemiluminescence and the peroxida-
tions which accompany the interaction of superoxide dismu-
tase with H;O, were therefore studied both to gain under-
standing of their mechanisms and to expose the dangers of

' From the Department of Biochemistry, Duke University Medical
Center, Durham, North Carolina 27710 Received June 2, 1975 This
work was supported in full by Research Grants GM-10287 from the
National Institutes of Health, Bethesda, Muaryland, and RDRP-1P-
12410-L from the US Army Ordinance Rescarch Office. Durham,
North Carolina
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return to the ground state by emitting light. Imidazole and
xanthine gave electronically excited products whose quan-
tum efficiency was greater than that of the group on the en-
zyme, whereas urate, formate, and triethylamine gave prod-
ucts with much lower luminescent efficiencies. This super-
oxide dismutase could catalyze the peroxidation of a wide
range of compounds, including ferrocytochrome ¢, luminol,
diphenylisobenzofuran, dianisidine, and linoleic acid. In
control experiments, boiled enzyme was inactive. This per-
oxidative activity can lead to unexpected effects when su-
peroxide dismutase is added to H,O,-producing systems, as
a probe for the involvement of O,~. Several examples from
the literature are cited to illustrate the misinterpretations
which this previously unrecognized peroxidative activity
can generate.

uncritically applying superoxide dismutase as a test for O,~
in peroxide-generating systems.

Materials and Methods

The manganese-containing superoxide dismutase was
prepared from FEscherichia coli as previously described
(Keele et al, 1970). Luminescent intensity was measured
with the photometer described by Mitchell and Hastings
(1971) which was calibrated with the stable standard light
source described by Hastings and Weber (1963). Some of
the measurements were made with a Nuclear Chicago
Mark I liquid scintillation counter with the coincidence cir-
cuit inactivated. Rates of change of absorbance were re-
corded with a Gilford Model 2000. The absorption spec-
trum of cytochrome ¢ was recorded with an Aminco DW-2
whereas the spectrum of linoleic acids was taken with a
Cary Model 15. The bleaching of diphenylisobenzofuran
was followed at 410 nm (Merkel et al., 1972). The perox-
idation of dianisidine was followed at 460 nm (Fridovich,
1963). All other materials and procedures were exactly as
described in the preceding paper (Hodgson and Fridovich,
1975).

Results

Chemiluminescence. Admixture of superoxide dismutase
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The Interaction of Bovine Erythrocyte Superoxide Dismutase
with Hydrogen Peroxide: Inactivation of the Enzyme'

Ellen K. Hodgson and Irwin Fridovich*

ABSTRACT: Bovine erythrocyte superoxide dismutase was
slowly and irreversibly inactivated by hydrogen peroxide.
The rate of this inactivation was directly dependent upon
the concentrations of both H,O; and of enzyme, and its sec-
ond-order rate constant at pH 10.0 and 25° was 6.7 M~!
sec™!. Inactivation was preceded by a bleaching due to
rapid reduction of Cu’* on the cnzyme, and following this
there was a gradual reappearance of a new absorption in the
visible region, which was coincident with the loss of catalyt-
ic activity. Inactivation of the enzyme was pH-dependent
and indicated an essential ionization whose pK, was ap-
proximately 10.2. Replacement of H,O by DO raised this
pKa but did not diminish the catalytic activity of superoxide
dismutase, measured at pH 10.0. Several compounds, in-

Supcroxidc dismutases catalyze the reaction O~ + Oy~
+ 2H* — H,0; + O,. By thus scavenging O, they serve
to protect respiring cells against its deleterious reactivities.

' From the Department of Biochemistry, Duke University Medical
Center, Durham, North Carolina 27710. Received June 2, 1975. This
work was supported in full by Research Grants GM-10287 from the
National Institutes of Health, Bethesda, Maryland, and RDRP-IP-
12410-L from the US. Army Ordinance Research Office, Durham,
North Carolina
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cluding xanthine, urate, formate, and azide, protected the
enzyme against inactivation by H,0,. Alcohols and benzo-
ate, which scavenge hydroxyl radical, did not protect. Com-
pounds with special affinity for singlet oxygen were similar-
ly ineffective. The data were interpreted in terms of the re-
duction of the enzyme-bound Cu’* to Cu*, by H,0,, fol-
lowed by a Fenton's type reaction of the Cu* with addition-
al H;0,. This would generate Cu?*-OH- or its ionized
equivalent, Cu?*-0O-~, which could then oxidatively attack
an adjacent histidine and thus inactivate the enzyme. Com-
pounds which protected the enzyme could have done so by
reacting with the bound oxidant, in competition with the
adjacent histidine.

The superoxide dismutase of bovine erythrocytes is charac-
teristic of the corresponding enzymes found in the cytosols
of eukaryotes and it is the most thoroughly studied of these
enzymes (Fridovich, 1974, 1975). Its molecular weight is
32000 and it is made up of two identical subunits, each of
which contains one Cu?* and one Zn2*. X-ray diffraction
analysis has shown (Richardson et al., 1975) that the Cu2*
and Zn?* are in close proximity, as was predicted by Fee
and Gaber (1972). They are, in fact, joined by a common li-
gand, which is the imidazole ring of histidine-61. In addi-
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Superoxide Dismutase and the Oxygen Enhancement of Radiation
Lethality'

HARA P. MISRA anp IRWIN FRIDOVICH

Department of Biochemustry, Duke University Medical Center, Durham  North Carolina 27710

Recerved April 12, 1976

Escherichia colt B were more susceptible to radiation lethality and showed a greater
oxygen enhancement ratio when exposed in dilute suspension (1 x 10° cells/mli than

when exposed in dense suspensions (1 x 10Y cells/mly The oxygen enhancement, seen

with dilute suspensions, was diminished by superoxide dismutase, catalase, mannitol,
or histidine Heat-denatured superoxide dismutase was without effect. The results are
interpreted as indicating a role for O, plus H,O, in the oxygen enhancement of radia-

tion lethality, and a scheme is proposed which 1s consistent with the observations

Exposure of Escherichia coli B to oxygen
caused an increase in intracellular super-
oxide dismutase which correlated with in-
creased resistance towards oxygen toxicity
(1, 2). This induction of superoxide dismu-
tase by molecular oxygen was used to ex-
plore the importance of O, in the oxygen
enhancement of radiation lethality (3). E.
coli B which had been grown anaerobically
and which consequently had a low level of
superoxide dismutase were compared with
cells which had grown aerobically and
which had a higher level of this enzyme
Since superoxide dismutase 1s an effective
scavenger of O, and since the oxygen en-
hancement ratio (OERY was the same in
the aecrobically grown as in the anaerobi-
cally grown cells, it was concluded (3) that
0. is not involved in the oxygen effect. Tt
can be argued that these experiments
tested the importance of intracellular O,
but not of extracellular O, 1n the OER
Furthermore,  superoxide  dismutase,
added to the suspending medium, has
since been reported to protect fetal calf

"This work was supported by Research Grants
GM-10287 and HL-17603 from the National Insti-
tutes of Health, Bethesda, Md | and DAHC-0474-G
0194 from the United States Army Rescarch Office
Research Triangle Park, N €

Abbreviations used OER, oxygen enhancement
ratio; SOD, superoxide dismutase
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myoblasts (4) and Acholeplasma laidlawn
(51 against radiation lethahty, and in-
jected superoxide dismutase has similarly
been reported to protect mice (6). It is
clearly important to reinvestigate the role
of O, and of extracellular events in the
oxygen effect on E. coli B. The results re-
ported below indicate that O, and H,0.,
generated in the surrounding medium, are
important intermediates of the OER in di-
lute suspensions of E. coli B

MATERIALS AND METHODS

Tryvpticase-soy broth was a product of the Bio-
quest Division of Becton, Dickinson. Yeast extract
and Bacto-Agar were obtained from Difeo. Esche-
richia colt B was obtained trom the American Type
Culture Collection, A T C C #23224 This orgamism
was grown at 37°C in deep-still hquid medium com-
posed of 30 g of trypticase-soy and 5 g of yveast extract
per hiter A 0.1% moculum was grown overnight and
the resultant  stationary-phase  suspension  was
washed once and was then diluted to 10 cells/ml
with 50 mM potassium phosphate, 2 my MgSO, at
pH 7 0 These cells were then irradiated in a stirred
shallow laver in plastic petri dishes under a stream
of filtered air or of mitrogen. The nitrogen was
passed sequentially through Fieser solution and a
water scrubber before being passed over the cells. At
feast 15 min was allowed for equilibration with the
gas stream before dosing with X rays. at room tem-
perature The X-ray source was a Picker X-Ray
Corporation industrial unit, equipped with a Mach-
lett Labs Tvpe AEG-50 tube, operated at 171 V and
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inzymatic Defenses Against the Toxicity of Oxygen and of
Streptonigrin in ¢scherichia coli
H MOUSTAFA HASSAN anp IRWIN FRIDOVICH*
Department of Biochenustry, Duke Unwversity Medical Center, Durham, North Carolina 27710

Received for publication 21 September 1976

Anaerobically grown Escherichia coli K-12 contain only one superoxide dis-
mutase and that is the iron-containing isozyme found in the periplasmic space.
Exposure to oxygen caused the induction of a manganese-containing superoxide
dismutase and of another, previously undescribed, superoxide dismutase, as
well as of catalase and peroxidase. These inductions differed in their responsive-
ness towards oxygen. Thus the very low levels of oxygen present in deep, static,
aerobic cultures were enough for nearly maximal induction of the manganese-
superoxide dismutase. In contrast, induction of the new superoxide dismutase,
catalase. and peroxidase required the much higher levels of oxvgen achieved in
vigorously agitated acrobie cultures. Anaerobically grown cells showed a much
greater oxygen enhancement of the lethality of streptonigrin than did aerobi-
cally grown cells, in accord with the proposal that streptonigrin can serve as an

mtracellular source of superoxide. Anacrobically grown cells in which enzyme
mductions were prevented by puromyein were damaged by exposure to air. This
damage was evidenced both as a decline in viable cell count and as structural
abnormalities evident under an electron microscope

The 1mportance of superoxide dismutase
(SOD) as a defense against the toxicity of oxy-
gen has been qunwhwi by studies of the induc-
tion of this activity in Escherichia coli B. E
colt has been reported to contain two superox-
ide dismutases, one of which contains man
ganese (121 and 1s found in the cell matrix (10),
whereas the other contains iron (17) and is
found 1n the periplasmic space (100, Exposure of
E coli B to oxvgen caused an increase in man
ganese-containing SOD (MnSOD) which corre-
lated with a gain in resistance towards hyper-
baric oxygen

(7. 101 Streptonigrin is more toxie
in the presence of oxygen and seems to function
as an intracellular source of O, (16, J. R.
White, T. O Vaughan and W.-S. Yeh, Proc.
Fed. Am. Soc. Exp. Biol 30:1145, 1971). In
accord with this view, increased levels of
MnSOD in E. colt B also correlated with resist-
ance towards streptonigrin (8). E. coli K-12
appeared to differ from £ coli B in its responses
to oxygen Thus, transfer from static aerobic
cultures to forced aeration occasioned an induc-
tion of MnSOD in the case of £ colt B but not in
E. coli K-12 (9). However, static liquid culture
18 not the same as completely anaerobic culture,
and it appeared possible that the apparent dif-
ference between E. colt B and E. coli K-12
might be quantitative rather than qualitative.
Thus E. coli K-12 might respond to such low
concentrations of oxygen that its MnSOD was
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almost fully induced by the low levels of O,
present in static hiquid cultures. It thus ap-
peared important to explore the responses of E.
colt K-12 to oxygen. The induction of superox-
ide dismutases, catalase, and peroxidase by ox-
ygen in £ coli K-12 and the protection afforded
by these enzymes against the toxicity of oxygen
and of streptonigrin form the substance of this
report

MATERIALS AND METHODS

E colt K12 lus the (ATCC 23794) was grown at
37°C i a medium contaming 3% Trypticase soy
broth (Baltimore Biological Laboratories) and 0.5%
yeast extract (Difco). Aerobic conditions were
achieved by oscillation of 100-ml cuitures i 500-mi
Bellco culture flasks at 200 rpm on a rotary platform
shaker Static culture entailed growth in full flasks
or test tubes without agitation. Anaerobiosis in-
volved transfer of the medium directly from the
autoclave into an anaerobic jar (Bioquest) followed,
after a delay of 48 h, by inoculation and growth in an
anaerobice glove box Hydrogen gas and a palladium
catalyst were used to scavenge oxygen from these
iln(\l'l'l)])l(' (hunﬂwn

Cells were harvested at 4°C by centrifugation for
15 min at 10,000 x g and were washed once with 0.1
M potassium phosphate (pH 7 0). Washed cells were
suspended in 005 M potassium phosphate, 10 * M
ethylenediaminetetraacetic acid (EDTA) at pH 78
and were disrupted for 3 min with a Branson W185
sonifier, operated at an output of 70 W. The cell
suspension was kept at 4 to 6°C by working in an ice-
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Superoxide Dismutase: A Photochemical Augmentation Assay'

HARA P. MISRA anp IRWIN FRIDOVICH

Department of Biochemistry, Duke Unwversity Medical Center, Durham, North Carolina 27710

Received November 29, 1976

Superoxide dismutases increase the rate of the acrobic photooxidation of dianisidine,

sensitized by riboflavin
scavenging of O,

thus exposes a cyclical oxidation-reduction process

hidden from view

This rate enhancement appears to be due to the catalytic
. which would otherwise nullify the overall photooxidation by reducing
an intermediate oxidation state of the diamisidine

The effect of superoxide dismutase
whick would otherwise remain

A sensitive and convenient augmentation assay for superoxide

dismutase has been devised on the basis of this effect. [t appears to be remarkably free of

interferences and can be applied to crude soluble extracts of biological samples

Superoxide dismutases are most fre-
quently assaved by coupling a generator of
0, with an indicating scavenger for this
radical. The enzyme ther competes with
the scavenger for the avaiable O, and
inhibits the process being observed. The
xanthine oxidase reaction, as a source of
O, , has thus been coupled with cyto-
chrome ¢, as an indicating scavenger of
0. (1-4). Numerous variations on this
theme, employing other sources of O, and
other indicating scavengers, have been de-
vised (1, 5-9). Indeed, substances such as
epinephrine (100, 6-hydroxvdopamine (11),
or pyvrogallol (12) can act both as the source
of O, and as the indicating scavenger for
this radical. In all of these cases, SOD*
appears to inhibit and i1s measured on this
basis

Enzymes s e usually assayed in terms of
augmentation of reaction rates and at-
tempts have been made to develop an aug-
mentation assay for SOD. One such assay
has been based upon an increase in the
polarographi. reduction wave for oxygen
at a dropping mercury cathode (13). A
spectrophotometric augmentation assay

" This work was supported by Research Grants
GM-10287 and HL-17603 from the National Insti
tutes of Health, Bethesda, Marvland and by DAHC
0474-G-0194 from the United States Army Research
Office, Research Triangle Park

“ Abbreviations used: SOD, superoxide dismu-
tase;, BeSOD, bovine erythrocyte superoxide dismu-
tase

for SOD would be desirable and one has
been reported. It was based upon the abil-
ity of O, to inhibit horseradish peroxidase
and of SOD to prevent this inhibition (14).
We now report a new spectrophotometric
augmentation assay for SOD which is sen-
sitive, reproducible, and applicable to
crude extracts and which eliminates the
need for extraneous enzymes, such as
horseradish peroxidase.

MATERIALS AND METHODS

Riboflavin was obtained from Eastman Organic
Chemicals and dianisidine was from the Sigma
Chemical Company The copper-zine-SOD was pre-
pared from bovine erythroevtes (1), while the man-
ganese -SOD (151 and the iron-SOD (16) were pre
pared from Escherichia coli. Hlumination for the
photochemical reactions was provided by a pair of
parallel 20-W Sylvania Gro-Lux fluorescent tubes
mounted on 6-1n. centers in an aluminum foil-lined,
open-ended box Reaction mixtures in quartz cu-
vettes in cuvette holders at room temperature were
placed midway between the fluorescent tubes and at
intervals were transferred into a Gilford Model 2000
spectrophotometer  for absorbance
Dianisidine was dissolved in ethanol to 0.01 M and
this ethanolic stock was added to reaction mixtures
to give the desired final concentration. All other
components were dissolved 1n 0.010 m potassium
phosphate at pH 75

recording of

RESULTS
The effect of SOD on the photooxidation

of dianisidine. Illumination of buffered
aerobic mixtures of riboflavin and dianisi-
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