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The oxidation of 2-keto-4-thiomethyl butyric acid (KTBA) and methionine to ethylene has been used to 
evaluate generation of ferryl species or hydroxyl radicals by H202-activated haemproteins or free ferric 
ions. Hydrogen peroxide was generated by a glucose oxidase-glucose system at a rate of 1 pM/min. Free 
ferric in the presence of H202  oxidizes KTBA, and this was highly inhibited by hydroxyl radical scavengers, 
caeruloplasmin, superoxide dismutase (SOD) and EDTA. However, when metmyoglobin, methaemoglobin 
(MtHb) or horseradish peroxidase (HRP) were tested in the same model system, hydroxyl radical scaven- 
gers suppressed partially KTBA oxidation and caeruloplasmin, SOD and EDTA failed to inhibit the 
reaction. Cytochrome-c was found to be a weak promoter of KTBA oxidation in the presence of H 2 0 2 .  
Methionine was oxidized to ethylene by an active system which generates hydroxyl radicals, but not by 
H202-activated metmyoglobin. Ferric ions chelated to membranes or ADP in the presence of H20 ,  
generated enzymatically, initiated membranal lipid peroxidation only in the presence of ascorbic acid, and 
this was inhibited by EDTA. In contrast, metmyoglobin and methaemoglobin activated by H202  generated 
by the same system, initiated membranal lipid peroxidation and this was not inhibited by EDTA. It is 
concluded that ferryl and not HO. is the main oxidant in systems containing myoglobin and haemoglobin 
activated by low concentrations of H20, .  

ABBREVIATIONS: MetMb, metmyoglobin; MetHb, methaemoglobin; Cyt-c, cytochrome c; TBA, 
thiobarbituric acid; MDA, malondialdehyde; DMSO, dimethyl sulphoxide; SOD, superoxide dismutase; 
DETA; diethylenetriaminepenta acetic acid. 

INTRODUCTION 

Methaemoglobn and metmyoglobin, the ferric states of these proteins, are activated 
by H202 producing a short-lived intermediate with one oxidizing equivalent on the 
haem, and one on the globin, giving an oxene-ferry1 haemglobin radical,'.' Studies of 
H,O,-activated metmyoglobin show that although it is not identical with Compound 
I or I1 of horseradish peroxidase, it has some structural features in common with 
both.3 

'Contribution from the Agricultural Research Organization, The Volcani Center, Bet Dagan, Israel. No. 
2091-E, 1987 series. This work was supported by the US-Israel Binational Agricultural Research and 
Development Fund (BARD) grant no. 1-801-84. 

'To whom correspondence should be addressed. 

This work was in part published during the 4-ICOR Conference which was held at La-Jolla, California, 
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22 S. HAREL AND J. KANNER 

The iron in cytochrome c is covalently bound to the polypeptide chain by all six 
coordinates4 Iron cytochrome c could interact with H2OZs and with hydroperoxides6 
without forming a ferryl compound. 

Hydrogen peroxide-activated metmyoglobin and methaemoglobin were found to 
oxidize a series of  phenol^,^ uric acid,* and to cause protein cross-linking.’ Recently, 
we reported that H,02-activated metmyoglobin and methaemoglobin could initiate 
membrane lipid peroxidation’’ and also oxidize several molecules, such as methional, 
ascorbic acid, phenol-red and 8-carotene.“ In addition to metmyoglobin and methae- 
moglobin, in enzymes such as peroxidases, catalase” and cyclo~xygenase,’~ hydrogen 
peroxide is known to activate haem iron to higher oxidation states. 

Sadrzadeh et a1.I4 postulated that haemoglobin in the presence of 0; or H,O, 
promotes hydroxyl-radical formation, acting as a biological Fenton reaction. This 
work was recently criticized by Whitburn,” GutteridgeI6 and Puppo and Halliwell,17 
who suggested that iron released from haemoglobin during the interaction with H, 0, 
or hydroperoxides was the true generator of hydroxyl radicals in a model system 
containing this reagent. More recently, it was found that oxyhaemoglobin reacts with 
low concentration of H,Oz to form a ‘‘reactive species” that degrades deoxyribose but 
does not hydroxylate ~henyla1anine.l~ Previous evidence for hydroxyl radical genera- 
tion by ferric ion-derived Fenton reactions was presented by Walling et a/.’’ and 
G~tteridge.’~ This reaction was inhibited partially by superoxide dismutase (SOD).19 
Currently, iron-dependent Fenton reaction and other oxidative processes are highly 
implicated in the pathogenesis of several human diseases,,’ and the identification and 
evaluation of potential catalysts are very important in our efforts to understand and 
prevent these diseases. 

In this study we have adopted KTBA, methionine and membrane lipids as probes 
for hydroxyl radical and ferryl ion activities. KTBA has been used in numerous in 
vitro studies to detect hydroxyl  radical^^^-^^ and more recently also in in vivo studies.24 
Earlier studies showed also that ethylene was produced from KTBA via peroxidase- 
H, OZz5 and cyclooxygenase-H, 02.26 KTBA and related methionine analogs, which 
interact with HO* or ferryl ions to produce ethylene, are useful in studies of oxida- 
tion-mediated processes, however, only if we are aware of the possibility that several 
other radicals, such as alkoxyl and peroxyl, could also generate ethylene from these 
corn pound^.^^ 

The present study was conducted to evaluate the possible action of H,Oz on 
haemproteins as activator of iron to ferryl or generator of HO. radicals. 

MATERIALS AND METHODS 

Myoglobin type I from equine skeletal muscle, haemoglobin type I (from bovine 
blood), cytochrome c (horse heart), glucose oxidase (from Aspergillus niger), 
superoxide dismutase (bovine erythrocytes), caeruloplasmin, catalase-free thymol, 
thiobarbituric (TBA), formic acid sodium salt, dimethyl sulphoxide (DMSO), diethy- 
lenetriaminepentaacetic acid (DETA), B-carotene, all-trans-linoleic acid and bovine 
serum albumin were obtained from Sigma Chemical Compnay (St. Louis, MO, 
U.S.A.). EDTA and glucose were purchased from BDH Chemicals Ltd. (Poole, 
England); mannitol from May & Baker Ltd. (Dagenham, England); ferric chloride 
from Mallinckrodt Chemical Works (St. Louis, MO, U.S.A.); and hydrogen peroxide 
(30% for synthesis) and trichloroacetic acid from Merck (Darmstadt, W. Germany). 
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FERRYL A N D  HYROXYL RADICALS FROM HAEM PROTEINS 23 

Formate-Na ("C) with a specific activity of 5mCi/mmole was obtained from New 
England Nuclear, Boston. Haemproteins treated with Chelex 100 and neutralised to 
pH 7.0 were separated from low molecular weight compounds by a column of 
Sephadex 15. 

Degradation of KTBA 1 mM (in 50mM acetate buffer, pH 7.0) to ethylene was 
conducted in a glass tube closed with a serum cap lined with Teflon and incubated in 
a shaking bath at 25°C. The total volume of the gas phase and the liquid phase in each 
ampule was measured. The ethylene production in the reaction was identified with the 
use of a 6ft. Porapak Q column and a flame ionization detector in a Packard gas 
chromatograph. The amount of ethylene was calculated from a standard sample (28). 
Degradation of methionine (10 mM) to ethylene was conducted under the same 
conditions which oxidize KTBA. The oxidation of formate-Na ("C) to 14C02 was 
determined using a method developed by May and Haen29 as used by us previously." 

Isolation of the microsome fraction from muscle tissues was by a procedure 
described p rev io~s ly . l~ .~~  Protein determinations were conducted by the modified 
Lowry procedure3' using bovine serum albumin as standard. Microsomes for lipid 
peroxidation assays were incubated under a shaking water bath at 37OC. The reaction 
mixture contained 1 mg of microsomal proteins/ml and 4 ml of 50mM acetate buffer, 
pH 7.0. Thiobarbituric acid-reactive substances (TBA-RS) were determined by the 
procedure of Bidlack et al.32 The results are reported as nanomoles of malondial- 
dehyde (MDA) per milligram of protein, using a molar extinction coefficient of 
E532 = 1.56 x lo5 M-l cm-'. b-Carotene co-oxidation in the presence of linoleate a t  
pH 7.0 and 37"C, was determined by a method described p rev io~s ly .~~  The results are 
means of triplicates of two separate experiments. In the figures, each error bar denotes 
the standard deviation. 

RESULTS 

The rate of KTBA oxidation by the glucose-glucose oxidase system containing 
horseradish peroxidase or metmyoglobin was, respectively, almost 4- and 3-fold 
higher than that of ferric chloride. Cytochrome c in the same system oxidized KTBA 
at half the rate of ferric chloride; however, its oxidative effect increased during 
incubation. The oxidation of KTBA by ferric chloride and cytochrome c was inhibited 
by EDTA, but that of horseradish peroxidase or metmyoglobin was not affected by 
the chelator (Figure 1). The differences between metmyoglobin and ferric chloride or 
cytochrome c as catalysts of membrane lipid peroxidation were evaluated in a model 
system containing microsomes and glucose-glucose oxidase (Figure 2). Metmyog- 
lobin, which was activated by H 2 0 2  generated enzymatically, initiates membranal 
lipid peroxidation and was not affected by EDTA. Ferric chloride with or without 
ADP and cytochrome c in the same model system did not initiate membranal lipid 
peroxidation. An effective iron redox cycle from ferric chloride, in the same model 
system, was produced by ascorbic acid, which peroxidized membrane lipids, but this 
reaction was inhibited by EDTA. 

The oxidation of KTBA was also determined in the presence of an added 100pM 
of H202.  This oxidation was found to be highly dependent on the concentration of 
the catalysts in the respective order: horseradish peroxidase > metmyoglobin > - 
FeCl, > cytochrome c (Figure 3). The oxidation of KTBA to ethylene by metmyog- 
lobin, FeC1, and cytochrome c was affected by H 2 0 2  concentration (Figure 4). The 
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FIGURE 1 Ethylene generation during KTBA oxidation by several haemproteins activated by eiymati- 
cally-produced H,O, at a rate of 1 nmoIe/ml/min at pH 7.0,2S°C. metmyoglobin or other reagents, 30pM; 
EDTA, 33 pM. 
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FIGURE 2 Membrane lipid peroxidation by several catalysts activated by enzymatically-generated 
H,O,, as in Figure 1. metmyoglobin, 30pM; AA-Fe (ascorbic acid, 200pM; FeCI,, IOpM); ADP-FeCI,, 
33 pM-30 pM; cytochrome c, 30pM; FeCI,, 30 pM; EDTA, 33 pM. 

rate of KTBA oxidation by metmyoglobin and FeCI, decreased at a high concentra- 
tion of H,02,  but that of cytochrome c increased. EDTA inhibited KTBA oxidation 
by ferric chloride or cytochrome c in a system which contained added H,Oz, very 
similar to the system by which H,O, was generated enzymatically. Cytochrome c was 
found to be a weak catalyzer of KTBA oxidation in the presence of H 2 0 2 .  As 
cytochrome c is known as a good catalyzer of linoleate peroxidation,6 this reaction 
was compared with the catalysts of metmyoglobin. Figure 5 demonstrates that 
cytochrome c’s ability to oxidize p-carotene in a B-carotene-linoleate model system 
was almost 50% of that of metmyoglobin. However, cytochrome c efficiency to 
oxidize KTBA was only about 10% of that of metmyoglobin. 
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26 S. HAREL AND J. KANNER 

0 50 I00 

FIGURE 3 The effect of haernprotein concentration on KTBA oxidation during incubation witn 
100pMH,O, at pH 7.0 and 25°C. 

The incubation of KTBA in the presence of the glucose-glucose oxidase system 
generated ethylene at a very low rate (0.08 pmole/30 min). Addition of a fresh solution 
of ferric chloride at a concentration of 30 ,uM increased ethylene generation to almost 
1 .O pmole/30 min. The breakdown of KTBA by ferric chloride was inhibited by 
hydroxyl radical scavengers (mannitol, formate and DMSO), superoxide dismutase, 
caeruloplasmin and catalase. EDTA and DETA were also found to inhibit ferric 
chloride catalysis of KTBA oxidation (Table I). Ethylene generated by metmyoglobin 
and methaemoglobin activated by the same system was almost 3-fold higher than that 
produced by ferric chloride. The oxidation of KTBA by H, 0, -activated metmyog- 
lobin and methaemoglobin was inhibited partially by mannitol and formate, and very 
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FERRYL AND HYROXYL RADICALS FROM HAEM PROTEINS 21 

0 I00 200 300 

FIGURE 4 The effect of H,O, concentration on KTBA oxidation by metmyoglobin, cytochrome c and 
FeCl, (30jiM), with or without EDTA (33jiM). 

slightly by DMSO. Superoxide dismutase inhibits only partially KTBA oxidation by 
activated methaemoglobin. Caeruoloplasmin, DETA and EDTA, which inhibit 98%, 
85% and 60%, respectively, of KTBA oxidation by ferric chloride, failed to inhibit 
the catalysis of this reaction by activated metmyoglobin and methaemoglobin. Hor- 
seradish peroxidase activated by the glucose-glucose oxidase system oxidized KTBA, 
forming ethylene at  a rate higher than other haemproteins; however, its inhibition by 
all the reagents treated in this research resembles that of metmyoglobin and methae- 
moglobin. The inhibitory effect of SOD, caeruoloplasmin and catalase toward KTBA 
oxidation by free iron/H,O, system was eliminated by autoclaving the enzymes at 
120°C for 15 min. 
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FIGURE 5 8-carotene linoleate coupled peroxidation as affected by metmyoglobin or cytochrome c 
concentration. 
The model system contained 8-carotene (14 pM); linoleate (2 mM); linoleate hydroperoxides (25 pM); 
Tween-20, 0.05%; Upper figure, the rate of j-carotene oxidation by haemproteins (0.2pM). 

The oxidation of KTBA by H202-destroyed metmyoglobin was inhibited by almost 
all the reagents which inhibit the catalysis by ferric chloride (Table 1). 

Formate was found to inhibit the generation of ethylene by H202-activated haem- 
proteins by almost 50% (Table I). However, H202 activated metmyoglobin and 
methaemoglobin did not decompose formate to C 0 2  (results not shown). Methionine 
was decomposed by free iron in a model system containing H20, produced enzymatic- 
ally in the presence of ascorbic acid and especially when EDTA was added. However, 
in the same model system, metmyoglobin even in the presence of ascorbic acid and 
EDTA did not decompose methionine significantly (Table 11). 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

C
hi

ca
go

 o
n 

11
/0

2/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FERRYL AND HYROXYL RADICALS FROM HAEM PROTEINS 29 

TABLE I 
KTBA oxidation by several catalysts activated by H 2 0 2  generated enzymatically 

Ethylene pmole/30 min 

Treatments 
FeCI, MetMb'') MetMb MetHb HRP 

destroyed 

Control, glucose/gluc 
+ Mannitol 
+ Formate 
+ DMSO 
+ SOD 
+ Caeruloplasmin 
+ Catalase 
+ EDTA 
+ DETA 

0.99 (-) 1.11 (-) 2.76 (-) 3.12 (-) 
0.22 (78)'" 0.40 (64) 1.72 (48) 2.38 (24) 
0.04 (96) 0.30 (73) 1.41 (49) 0.91 (71) 
0.35 (65) 0.27 (75) 2.60 (6) 2.37 (24) 
0.47 (56) 0.46 (58) 2.82 (-) 3.09 (-) 
0.02 (98) 0.80 (28) 2.68 (3) 3.23 (-) 

0.40 (60) 0.62 (45) 2.70 (-) 3.20 (-) 
0.14 (85) 0.78 (30) 2.65 (4) 3.21 (-) 

0.20 (75) 0.20 (82) 0.34 (88) 0.54 (83) 

4.11 (-) 
2.92 (65) 
2.50 (40) 
3.71 (10) 
4.32 (-) 
4.21 (-) 

4.09 (-) 
1.60 (61) 

4.10 (-) 

Reaction mixture contained, in a final volume of 10 ml, the following reagents added in the order to give 
the final concentration in brackets; acetate buffer (50 mM); glucose (4 mM); KTBA (1 mM); scavengers, 
enzymes and chelates; glucose oxidase injected to produce H,O, at a rate of I nmole/ml/min at 25OC. 
Autoclaved enzymes for 15min gave results very similar to control. 

("MetMb (30pM) was destroyed by 600pM of H,O, and incubated for 18 h, reaction was done with 

(')% inhibition. 
more 200pM H,O, without glucose oxidase. 

TABLE I1 
Methionine oxidation by several catalysts activated by H,O, generated enzymatically 

Ethylene/pmole/30 min 

Treatment EDTA present EDTA absent 

FeCl, (30 PM) 0 0 
AA (200 PM) 0.01 0 
FeC1, + AA 18.58 0.38 
MetMb (30 PM) 0 0 
MetMb + AA 0.01 0 

Reaction mixture contained, in a final volume of 10 ml, the following reagents added in the order stated 
to give the final concentration in brackets: acetate buffer (50mM), pH 7.0; glucose. (4mM); methionine 
(10 mM); EDTA (33 pM); ascorbic acid (200pM); FeC1, (30 pM); MetMb (30 pM); glucose oxidase injected 
for generation of H,O, at a rate of I nmole/ml/min, at 25°C. 

Incubation of metmyoglobin with glucose-glucose oxidase system for 30 min re- 
leases 1&15% of the haemprotein iron, producing a concentration of 3-4pM iron 
ions (results not shown). 

DISCUSSION 

Iron in several haemproteins is activated by H,02 to higher oxidation s t a t e ~ . ~ ' ~ ~  
Haemproteins are also destroyed when they are incubated with peroxides and free 

iron release. Iron release from haemproteins is rapid when they are incubated with a 
high concentration of H,Oz in the absence of reducing  agent^.'^.^.'^ In order to 
decrease iron release from haemproteins in our model system, we hept consecutively 
a low concentration of H,O, by generating it enzymatically. 
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30 S. HAREL AND J. KANNER 

The results demonstrated that free ferric ions derived Fenton reaction oxidize 
KTBA, and this was strongly inhibited by hydroxyl radical scavengers, such as 
mannitol, formate or DMSO and by antioxienzymes like caeruloplasmin, superoxide 
disrnutase and catalase. The results resemble those obtained by Gutteridge et al.I9 
However, when metmyoglobin, methaemoglobin or horseradish peroxidase was tes- 
ted in the same model system, hydroxyl radical scavengers suppressed only partially 
KTBA oxidation and caeruloplasmin, or SOD failed to inhibit the reaction. 

The partial suppression of KTBA oxidation by H2 0, -activated haemproteins with 
mannitol and formate could be explained by the interaction of the hydroxyl radical 
scavengers with free radical intermediates of degradated KTBA. Ethylene production 
from KTBA is a complex process, involving several products and at least three 
short-lived  intermediate^.^^ It is proposed that scavengers may inhibit oxidation by 
reacting with the initiating species, but their effects can also be due to reaction with 
other  intermediate^.^' H,O,-activated metmyoglobin and methaemoglobin did not 
decompose formate to CO," and for this reason it seems that the inhibitory effect of 
formate is by interaction with KTBA intermediates and not directly with oxene-ferry1 
metmyoglobin. Very similar results were obtained by Winterbourn" determining 
KTBA oxidation by a xanthine oxidaseliron system in the absence of EDTA. For- 
mate was found to inhibit ethylene production from KTBA; however a xanthine 
oxidase/iron system failed to break down directly formate to C02-38 

Dimethylsuiphoxide seems to be resistant to oxidation by oxene ferryl-haem- 
proteins or by KTBA breakdown intermediates. For this reason, DMSO inhibits 
KTBA oxidation especially by ferric ions-dependent reaction. 

Methionine, another known hydroxyl radical scavenger,39 was found to be oxidized 
to ethylene only in the presence of an active system which generates hydroxyl radicals 
(Table 11), and not by H,O,-activated haemproteins. Metmyoglobin activated by 
H,02 generated enzymatically, even in a system containing ascorbic acid and EDTA, 
did not oxidize methionine at a significant amount. Very similar effects were obtained 
by the Elstner group4 using oxoferrin to activate haemoglobin, myoglobin or 
peroxidase. Methionine was not oxidized by oxoferrin-activated haemproteins, but 
only by hydroxyl radicals. 

Superoxide-dismutase and caeruloplasmin, which totally failed to inhibit H2 0, - 
activated haemproteins catalysis, were found to be very efficient in inhibiting the free 
ferric ions-dependent Fenton reaction. These results could be explained only if ferric 
ions during interaction with H20, produce superoxide and ferrous ions. Our data 
support those obtained by Gutteridge et aI.l9 concerning oxidation of deoxyribose 
caused by hydrogen peroxide and ferric-EDTA. 

EDTA is a known enhancer of the superoxide iron-dependent Fenton reac- 
t i~n.~**~' ," However, in our model system EDTA was found to inhibit the degradation 
of KTBA by ferric ions and not to affect those of H,O,-activated haemproteins. 
Similar inhibitory effects of EDTA were found in systems in which the superoxide 
iron-derived Fenton reaction decomposes DMS0,43 and deoxygalactose or deo- 
xyglucose is known to chelate iron.4' KTBA also chelates iron,44 and hydroxyl radicals 
seem to be generated by a site-specific mechanism, attached to a target molecule. 
EDTA seems to remove iron from KTBA, which causes hydroxyl radicals to be 
generated in free solution, thus reducing radical attack; this could explain our data. 
It is also known that the redox potential of the Fe2+ /Fe3+ pair can vary by complexing 
ligands.4-' EDTA decreases the redox potential of the electron from Hz02 to Fe3+ 
and thereby affects the rate of KTBA oxidation. In the system containing methionine 
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FERRYL A N D  HYROXYL RADICALS FROM HAEM PROTEINS 31 

and ascorbic acid, the reduction of Fe+3 is not the limiting factor in this system; 
EDTA alters the potential of Fe+2 to reduce H202 to hydroxyl radicals. As EDTA 
could not remove iron from haemproteins, it is not surprising that the chelator did not 
affect KTBA oxidation by activated haemproteins. 

Our data demonstrated that in systems containing myoglobin and haemglobin, 
where H 2 0 2  was kept at a low concentration, ferry1 ions seem to be the main oxidant 
affecting target molecules. Similar conclusions were assumed analyzing the data 
collected using membrane lipid peroxidation as a model for determining the differen- 
ces between the activity of haemproteins and ferric ions. 

Membrane lipid peroxidation, initiated with metmyoglobin or methaemoglobin 
(results not shown) activated with enzymatically-generated H202 was not affected by 
EDTA. Ferric ions chelated to membranes or ADP failed to initiate lipid peroxidation 
in the same model system which generates hydrogen peroxid:: enzymatically. Mem- 
brane lipid peroxidation was initiated by ferric ion only in the presence of ascorbic 
acid and enzymatically-generated H,O,; however, this reaction was inhibited by a low 
concentration of EDTA. EDTA, which could transfer iron from a low molecule target 
of biological complexes, seems to remove chelatable iron also from membranes into 
the exogenous environment and by this to decrease membranal lipid peroxidation.2a 
This assumption, made previously, was more recently proved by Vile and Winter- 

The results provide further evidence on the differences between the behavior 
of ferric ions and ferric-haemproteins as oxidants activated by H 2 0 2 .  

The iron in cytochrome c is covalently attached to the polypeptide chain by 
thioether bridges from cysteines 14 and 17, so that the 5th and 6th iron coordination 
is occupied. The reduction-oxidation of cytochrome c is often used as a “marker” 
protein for detection of superoxide anions and hydroxyl radicals! Iron cytochrome 
c could interact also with H20,’ and hydroperoxides6 without forming a complex. 
This interaction seems to form hydroxyl and lipid radicals. Hydroxyl radicals 
generated in such a system will most probably interact with the haem pocket, leading 
to its oxidative degradation and release of iron, as was actually found in our study” 
and by others.36 

The low efficiency of ferricytochrome c to oxidize KTBA, in the presence of low 
concentrations of enzymatically-generated H202,  seems to be due to the fact that very 
small amounts of HO. escape the haem edge. The “site specific” generation of 
hydroxyl radical by cytochrome c seems to be in the vicinity of the iron ion. The 
hydroxyl radical is so reactive’* that it will attack the haem edge with a rate-constant 
usually of the order of 109M-’s-’. It may also be assumed that, in part, KTBA 
oxidation by ferricytochrome c is affected by free iron ion release from the molecule 
and thus was affected by the addition of EDTA. 

The interaction of ferricytochrome c with hydroperoxides leads to the formation of 
lipid free radicals, which seem to diffuse more efficiency out of the haem edge, 
oxidizing B-carotene. The exact mechanism by which ferricytochrome c produces 
active oxygen species from H,02 or hydroperoxides is unknown. We assume that it 
could derive from the following reactions: 

Cyt-Fe3+ + ROOH - CytFeZ+ + ROO. 
Cyt-Fe2+ + ROOH - CytFe3+ + RO. + HO- 

R = lipid or hydrogen. 
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Graf et u I . ~ ~  assumed that occupation of all iron coordination sites by a chelator 
precludes the binding of H202 to Fez+ and the subsequent Fenton reaction. The 
observation reported by us and others5p6 was that occupation of all iron coordination 
sites does not prevent the interaction of iron valence electrons from eg and t2g orbitals 
with H202 or ROOH valence orbitals. However, the availability of a free coordination 
site is a stringent requirement for H 2 0 2  activation of ferric-haemproteins to ferryl 
species. 

In summary, our results demonstrated that most of the KTBA oxidation and 
membrane lipid peroxidation, in a system containing low concentrations of H202 and 
metmyoglobin or methaemoglobin, is catalyzed mostly by ferryl species. Only high 
concentrations of H20, ,  10-30-fold higher than that of the haemproteins, destroyed 
haem molecules and released iron significantly forming a system by which oxidation 
is dependent on free iron and HO.. 

References 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 

9. 
10. 
11. 
12. 

13. 
14. 

15. 
16. 
17. 
18. 
19. 
20. 
21. 
22. 
23. 

24. 
25. 
26. 

27. 

28. 
29. 
30. 
31. 
32. 
33. 
34. 

King, N.K. and Winfield, M.E. J. Biol. Chem., 238, 152C1528, (1963). 
Fox, J.B., Nicholas, R.A., Ackerman, S.A. and Swift, C.E. Biochemistry, 13, 517&5186, (1974). 
Chance, M., Powers, L., Kirmar, C. and Chance, B. Biochemistry, 215, 1259-1265, (1986). 
Koppenol, W.H. and Butler, J. Isr. J .  Chem., 24, 11-16, (1984). 
Vandewalle, P.L. and Peterscn, N.O. FEES Letters, 210, 195-198, (1987). 
Tappel, A.L. Fd. Res., 18,560-573, (1953). 
Shiga, T. and Imaizumi, K. Arch. Biochem. Biophys., 167, 469479, (1975). 
Ames, B.N., Catheart, R., Schwiers, E. and Hochstein, P. Proc. Narl. Acad. Sci. U.S.A., 78, 6858- 
6892, (1981). 
Rice, R.H., Lee, Y.M. and Brown, W.D. Arch. Biochem. Biophys.. 221,471-427, (1983). 
Kanner, J. and Harel, S. Arch. Biochem. Biophys., 237, 314321, (1985). 
Kanner, J. and Harel, S .  Lipidr, 20, 625-628, (1985). 
Chance, B., Powers, L., Ching, Y., Poulos, T., Schonbaum, G.R., Yamazaki, I. and Paul, K.G. Arch. 
Biochem. Biophys., 235,596611, (1984). 
Hemler, M.E., Cook, H.W. and Lands, W.E.W. Arch. Biochem. Biophys., 193, 3W345, (1979). 
Sadrzadeh, S.M., Graf, E., Panter, S.S., Halloway, P.E. and Eaton, J.W. J. Bid.  Chem., 259, 
14354-14356, (1984). 
Whitburn, K.D. Arch. Biochem. Biophys., 253,419-430, (1987). 
Gutteridge, J.M.C. FEBS Letters, 201, 291-295, (1986). 
Puppo, A. and Halliwell, B. Biochem. J. .  249, 185190, (1988). 
Walling, C., Partch, R.E. and Weil, T. Proc. Natl. Acad. Sci. U.S.A., 72, 140-142, (1975). 
Gutteridge, J.M.C. FEES Letters. 185, 19-23, (1985). 
Halliwell, B. and Gutteridge, J.M.C. Molec. Aspects Med., 8, 8%193, (19%). 
Diguiseppi, J. and Fridovich, I. Arch. Biochem. Biophys.. 205, 32-329, (1980). 
Cohen, G. and Cederbaum, A.I. Science, 204, 6668, (1979). 
Repine, J.E., Eaton, J.W., Anders, M.W., Hoidal, J.R. and Fox, R.B. J .  Clin. Invest., 64, 1642-1657, 
(1979). 
Slivka, A., Kang, J. and Cohen, G. Biochem Pharmacol., 35, 553-556, (1986). 
Mapson, L.W., March, J.F. and Wardale, D.A. Biochem. J., 115, 653-658, (1969). 
Deby, C., Pincemail, J., Deby-Dupont, G., Braquent. P. and Goutier, R. in Icosanoidr and Cancer 
(Thaler-Deo, H., ed.) pp. 3 1 4 .  Raven Press, New York, (1984). 
Lawrence, G.D. in Handbook of Methodr for Oxygen Radical Research (Greenwald, R.A., ed.) pp 
157-163, CRC Press Inc., Boca Raton, FL, (1985). 
Kanner, J., Harel, S. and Hazan, B. J.  Agr. Food Chem., 34,506-510, (1986). 
May, J.M. and Haen, C. J.  Biol. Chem., 254, 22142220, (1979). 
Apgar, M.E. and Hultin, H.O. Cryobiology, 19, 154-162, (1982). 
Markwell, M.K., Haas, S.N., Bieber, L.L. and Tolbert, N.E. Anal. Biochem., 87,206-210, (1978). 
Bidlack, W.R., Okita, R.T. and Hochstein, P. Biochem. Biophys. Res. Commun., 53,459-465, (1973). 
Kanner, J. and Kinsella, J.E., Lipids, 18, 198-203, (1983). 
George, P. and Irvine, D.H. Biochem. J., 52, 511-515, (1952). 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

C
hi

ca
go

 o
n 

11
/0

2/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FERRYL AND HYROXYL RADICALS FROM HAEM PROTEINS 

35. Cantoni, L., Gibbs, A.H. and De Matteis, F. Int. J .  Biochem., 13, 823-830, (1981). 
36. Florence, T.M. 1. Inorg. Biochem., 23, 131-141, (1985). 
37. Bors, W., tengfelder, E., Saran, M. Fuchs, C. and Michel, C. Biochem. Biophys. Res. Comrnun., 70, 

38. Winterbourn, C.C. Free Radical Biol. and Med.. 3, 33-39, (1987). 
39. Youngman, R.J. and Elstner, E.F. In “Handbook of Methods for  Oxygen Radical Research (Green- 

wald, R.A., ed.) pp. 165-168, CRC Press Inc., Boca Raton, FL, (1985). 
40. Youngman, R.J., Wagner, G.R., Kuhne, F.W. and Elstner, E.F. 2. Naturforsch, 40e. 409414, (1985). 
41. Gutteridge, J.M.C. Biochem. J., 224, 761-766, (1984). 
42. Sutton, H.C. J .  Free Rad. Biol. Med.. 1, 195-202, (1985). 
43. Graf, E.. Mahoney, J.R., Bryant, R.G. and Eaton, J.W. J. Biol. Chem., 259, 362&2634, (1984). 
44. Winston, G.W., Eibschultz, O.M., Strekas, T. and Cederbaum, A.I. Biochem. J.. 235,521-529, (1986). 
45. Schwarzenbauch, G. and Heller, J. J. Helv. Chim. Acta, 34, 576582, (1951). 
46. Richter, W.W. and Waddell, W.H. in OxyRadicals and their Scavenger Sysrems (Cohen, G. and 

Greenwald, R.A., eds.), Vol. 1, p. 89, Elsevier Biomedical, New York, (1983). 
47. Koppenol, W.H. Pholochem. Photobiol.. 28, 431, (1978). 
48. Vile, G.F. and Winterbourn, C.C. (1987) FEES Letters, 215, 151-154, (1987). 
49. Harel, S., Salan, M.A. and Kanner, J. (1988) J .  Free Rad. Res. Comrnun.. (in press). 

33 

81-87, (1976). 

Accepted by Dr. B. Halliwell 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
U

ni
ve

rs
ity

 o
f 

Il
lin

oi
s 

C
hi

ca
go

 o
n 

11
/0

2/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.


