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I. INTRODUCTION

The study of superoxide dismutase (SOD) (E.C. 1.15.1.1) started almost half a century
ago when the copper known to be present in blood was found to be associated with a protein.
This copper protein was isolated from red blood corpuscles and ox liver and named hem-
ocuprein and hepatocuprein, respectively. Purified preparations of hemocuprein and hepa-
tocuprein were found not to combine with oxygen as does hemocyanin, which is the copper-
containing respiratory protein of invertebrates. Also, both proteins were found not to promote
phosphorylation reactions and not to have polyphenoloxidase, cytochrome oxidase, perox-
idase, catalase, or carbonic anhydrase activity. The function of the protein remained unknown
until the work of McCord and Fridovich in 1969, when, as a result of various observations
carried out at Duke University on the reduction of cytochrome ¢ by the superoxide radical
O; generated from the xanthine/xanthine oxidase reaction, hemocuprein (erythrocuprein)
was identified as SOD.? This copper protein of previously unknown function was found to
catalyze the dismutation of superoxide radicals:

20; + 2H* > H,0, + O,

In the intervening period between the first isolation of hemocuprein and the discovery of
its function, it was realized that a whole family of cupreins was present in the various organs.
Porter and Folch* isolated a copper protein from bovine brain and called it cerebrocuprein.
A similar protein was isolated from normal human brain.® All the cupreins isolated from
the various organs in a single species were suggested to be identical.® Antibodies raised
against the human hemocuprein were found not to cross-react with beef hemocuprein,’
indicating a species difference. Human heptocuprein, cerebrocuprein, and erythrocuprein
were confirmed to be identical.® These proteins were observed to have a similar isoelectric
point, sedimentation velocity, molecular weight, electron paramagnetic resonance and visible
absorption spectra, immunological cross-reactivity, and amino acid composition and gave
similar peptide maps following trypsin digestion. Besides copper, the cupreins were also
found to contain zinc.’

Further investigations after the discovery of copper/zinc SOD led to the realization that
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the enzyme exists as a family of metalloproteins. Fridovich and collaborators isolated two
other SODs which contained either manganese or iron.'™!" The iron- and manganese-con-
taining enzymes have been shown to have similarities in amino acid composition and are
considered to belong to a class of SODs which is totally different from the copper/zinc-
containing class of the enzyme. The distribution of the various SODs is described in Section
II1.

The best way of distinguishing among the various SODs is to isolate the protein and
characterize the metal present. However, each isozyme has been found to have a particular
characteristic sensitivity towards a number of reagents. Cyanide was found to inhibit the
copper/zinc SOD but not the manganese SOD.'*'* Furthermore, the product of the dismu-
tation reaction, hydrogen peroxide, inactivates both the copper/zinc- and iron- but not the
manganese-containing enzymes,''® while azide inhibits the enzymes in the following order:
iron > manganese > copper/zinc SOD.!” Asada et al.'® have extensively used these inhibitors
to distinguish which isozyme is present in a variety of plant and animal species. Other
methods, also based on selective inhibition or reconstitution of a particular form of the
enzyme, have been developed. Kirby et al.'? prepared apo enzymes of the manganese- and
iron-containing SODs by treatment with guanidine hydrochloride at low pH. The apo en-
zymeswere then assumed to be reactivated by the metal characteristic of the native enzyme.
Kirby et al.'® considered that it would be improbable for the apo enzyme to be reactivated
by a metal other than that found in the native state. This may, however, not always be the
case because Gregory and Dapper® have been able to substitute manganese for iron in SOD
from Bacteroides fragilis without any loss of activity. Geller and Winge*' found that when
crude extracts are treated with 2% sodium lauryl sulfate at 37°C for 30 min only the manganese
SOD activity is inhibited in contrast to the copper/zinc activity.

The discovery of SOD opened a whole new area of research not only on the structure
and function of the enzymes, but also concerning the roles of free radicals in biology and
medicine. A number of texts have been published on the subject.?>*" This field of research
has today come to be of interest to physicists, biochemists, molecular biologists, and cli-
nicians. The aim of this review is to address as many of these diverse interests as possible.

II. ASSAYS FOR SOD

A. Introduction
The dismutation reaction:

20; + 2H + = H,0, + O,

is not easily followed by measuring the disappearance of the substrate or by the appearance
of the products. The main factor in the development of assays for SOD has been the instability
of the substrate, the superoxide radical, O; . The radical spontaneously dismutes, and its
lifetime is also drastically shortened by transition metal ions that may be present in the
reaction medium. Therefore a direct assay for SOD is not always conveniently possible.
Although such direct assays have proved useful for mechanistic studies, they require the use
of sophisticated equipment that may not be present in all laboratories. More conventional
are the indirect assays in which O is generated enzymatically or nonenzymatically. In these
assays, the flux of O; reacts with an indicator. This type of assay is classified as an indirect
negative assay because it records negative measurements, i.e., the inhibition by SOD of a
spectrophotometrically measurable product resulting from the reaction between the indicator
and O; . In one case, an indirect assay has been developed to record positive measurements.
This is the so-called dianisidine assay. Indirect assays offer the advantage of being inex-

pensive and very sensitive. While direct assays for SOD must be performed in the presence

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

Volume 22, Issue 2 (1987) 113

E e
Q
o
wn
o~
~
[ 7]
Q
| =
N
Q
[
o
V)
Q
< .
1 1 1 §
0 5 10 15 20
Time (s)

FIGURE 1. The effect of copper/zinc and manganese SOD on the dispro-
portionation of Oy . Stock solution of substrate is added to 50 mM 2-amino-
2-methyl-1-propanol HCl, pH 9.5, + 0.2 mM diethylenetriamine pentaacetic
acid + 100 mAM catalase. The decay at A,s, is followed in the absence and
presence of SOD. O, Spontaneous reaction; ©, 85-pM human copper/zinc SOD;
A, 350-pM bovine manganese SOD. (From Marklund, S., J. Biol. Chem.,
251, 7504, 1976. With permission.)

of ~10~* M superoxide, indirect assays can be carried out at steady-state levels of O; in
the range of 107'° to 10~% M. The indicators are used at concentrations which effectively
compete with the dismutation reaction so that virtually all the O; produced can be trapped
and detected.

B. Direct Methods of Assaying for SOD

There are two physical properties of O; that are utilized for its direct detection in the
presence and absence of enzyme. These are its paramagnetism and its ultraviolet (UV)
absorption. The superoxide radical contains one unpaired electron giving rise to an electron
paramagnetic resonance (EPR) signal which is unique and which can be extracted from a
complicated set of overlapping signals.?® In frozen aqueous solutions at a temperature below
220 K, the superoxide radical exhibits an axial type of EPR signal with a relatively broad
g, component with g,, = 2.1. However, due to rapid relaxation, the spectrum is evident
only at low temperatures. As the temperature is raised, the signal begins to broaden and is
no longer visible in aqueous solution at room temperature. Rapid-freeze EPR has been used
as a direct assay for SOD.> However, because of various technical difficulties, this method
has not resulted in a routine assay for SOD. Instead, direct assays are mostly based on the
optical properties of O; , which exhibits an absorption maximum around 250 nm, with a
molar extinction coefficient of 2000. The main difficulty with this type of direct assay is
the high absorption in the UV region of the biological samples to be assayed. The simplest
direct assay was described by Marklund.*® Superoxide was generated from its potassium
salt at alkaline pH, where its stability increases. The decay at 250 nm in the presence and
absence of SOD is observed spectrophotometically (see Figure 1). One unit of activity was
arbitrarily taken as the enzyme activity which results in the dismutation of O; at a rate
of 0.1 sec™!. The generation of O; from potassium superoxide and its stabilization in
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18-crown-6-polyether was also applied to stop-flow procedures.*! Although the preequilibrium
state cannot be properly investigated because of the time resolution of the instrument (~5
msec), the method has been applied for mechanistic studies. Another spectrophotometric
direct assay is based on the decay kinetics of O; generated within 10 msec by flash photolysis
of flavin mononucleotide in the presence of N,N,N’,N'-tetramethylethylenediamine and
oxygen.*?

Absorption spectroscopy has also been applied to the detection of radiolytically generated
superoxide radicals. The technique of pulse radiolysis has provided an important assay for
SOD which has proven useful for detailed mechanistic studies on all three isozymes of
SOD.#*-%¢ Several accounts of the technique have appeared in the literature.'5? The passage
of a single pulse of duration 10~# to 10 sec of ionizing radiation, usually in the 2- to 10-
MeV range, in water results in the formation of a number of species:

H,0 —» OH', ez, H', H,, H,0,

In the presence of an oxygenated buffer solution and 100 mM formate or ethanol, Oy is the
predominant species because of the following reactions:

OH' + HCOO- - H,0 + COO'-

COO'~ 22 0; + CO,

OH" + CH,CH,0H - H,0 + CH,CHOH
CH,CHOH % CH,CHO,0H

OH" + CH,CH,0H — H* + CH,CHO + O;
eq + 0, - 07

H + Oy - HO, == 0; + H*

All the reactions are rapid, and a maximum OJ concentration is reached within 5 psec of
the radiation pulse, allowing reaction times as short as 2 X 10-° sec to be measured. The
decay of O; in the presence and absence of enzyme is followed spectroscopically. In common
with the direct assays which utilize the UV absorption of O;, the problem of sample
absorption in this region arises. Also the maximum single pulse yield of O; (~200 pM) is
less than that obtained from a solution of potassium superoxide.

Direct methods of assaying for SOD have also been applied to the measurement of
products, particularly oxygen. Oxygen can be measured electrochemically with a variety of
electrodes. However, a peculiar property of the electrodes used for polarographic assays of
SOD is that they are able to produce convenient amounts of O; besides being sensitive to
the oxygen concentration. Rigo et al.** described a dropping mercury electrode which,
when coated by a surfactant, was a very convenient source of O; . Although 10~!' M SOD
could be assayed, the method could only be utilized at pH values = 10. Argese et al.>*
found that the enzyme could be assayed at neutral pH by utilizing an appropriately modified
rotating-disk electrode. The sensitivity of the rotating-disk electrode is, however, three orders
of magnitude lower than that of the dropping mercury electrode. Both methods are direct
assays and are not limited by sample turbidity or high UV absorption of the sample. The
rotating-disk electrode is particularly convenient for mechanistic studies on SODs whose
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activity is pH dependent.® It is however not suitable for assaying the SOD activity of a
biological sample because of its low sensitivity.

C. Indirect Assays for SOD

The indirect methods of assaying for SOD are the most widely used for routine assays.
In these assays, a unit of enzyme activity is generally defined as the amount of enzyme
which inhibits the reaction of O; with the indicator by 50%. The simplest of the indirect
negative assays are those in which O; is produced during the autoxidation of a compound.
The O; produced acts as the chain-propagating species, and the end product is usually
colored and its rate of formation can be followed spectroscopically. The effect of SOD is
to inhibit end-product formation. Such assays have been developed based on epinephrine, 57
hydroxylamine,*** pyrogallol,* and 6-hydroxydopamine.®® Photooxidation sensitized by
riboflavin,® phenazine methosulfate,®® flavins,% and tetra-hydropteridine®® have also been
developed as assays for SOD. Photoreduction of the dyes to an autoxidizable semiquinone
leads to the formation of O; on reoxidation. The indicator utilized in these cases has been
nitroblue tetrazolium, which reacts with O; to form blue formazan, although some caution
about its use has been advised by Auclair et al.® In the absence of oxygen, SOD was
observed to have no effect on formazan formation, indicating that the reduced dyes can
directly reduce the nitroblue tetrazolium. However, Nishikimi®® observed that only 7% of
the nitroblue tetrazolium was reduced by an oxygen-independent pathway, and Fridovich®’
reported that in air-equilibrated solutions 80% of the nitroblue tetrazolium reduction is
mediated by O; generated from the xanthine/xanthine oxidase reaction. The photoxidation
sensitized by riboflavin and phenazine methosulfate was developed into an assay for meas-
uring levels of SOD in crude extracts following polyacrylamide gel electrophoresis (PAGE).
The following are the reaction conditions utilizing riboflavin as the O, generator.%? Gels
are soaked in a solution of 2.45 X 1073 M nitroblue tetrazolium for 30 min followed by
an immersion for another 30 min in a solution containing 0.028 M N,N,N' ,N'-tetramethy-
lenediamine, 2.8 X 107* M riboflavin, and 0.036 M phosphate buffer, pH 7.8. The gels
are then removed from the solution and illuminated for 30 min. During the illumination
period, the gels become uniformly blue, except at positions containing the enzyme activity.
Scanning of gels loaded with crude extracts and of gels loaded with a known concentration
of purified enzyme allow the concentration to be determined from the peak height.

The generation of O; from the xanthine/xanthine oxidase reaction and its ability to reduce
cytochrome ¢ formed the basis of the first indirect assay to be developed for measuring the
activity of SOD.2 The assay mixture consists of 1 X 10~* M oxidized cytochrome ¢, 5 X
10-* M xanthine, sufficient xanthine oxidase, and 50 mM phosphate buffer at pH 7.8
containing 10~* M EDTA in a total volume of 3 mf. The reduction of cytochrome c is
followed at 550 nm. One unit of SOD is defined as the amount that causes 50% inhibition
of the rate of reduction of cytochrome c. Nitroblue tetrazolium can also be used as the
indicator. The dye provides the basis for an assay which is free of interference by other
catalytic activities which may be present in crude extracts such as cytochrome oxidase and
cytochrome ¢ peroxidase and which are capable of oxidizing ferrocytochrome c. Acetylation
and succinylation of the cytochrome ¢ was found to diminish its ability to be utilized as a
substrate following its reduction by O; .57 Fresh xanthine oxidase should be used because
preparations which have been stored for long periods, frozen and thawed repeatedly, or
exposed to high salt concentrations may be contaminated with the deflavo derivative, which
will directly reduce cytochrome c.¢’

Riboflavin was observed to photosensitize the oxidation of dianisidine, and all the SOD
isozymes were found to augment the oxidation.”-7* This result has formed the basis of an
assay which has been called an indirect positive assay. The assay was also found applicable
to polyacrylamide gels.” The oxidation of dianisidine is monitored at 460 nm, and the assay
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proceeds by a mechanism which is initiated by the photoxidation of riboflavin. The elec-
tronically excited state of riboflavin oxidizes the dianisidine, yielding the flavin semiquinone
and a dianisidine radical which, in the absence of competing reactions, would dismute to
yield the divalently oxidized dianisidine:

Rb* + DH, — RbH + DH"
DH' + DH'—> D + DH,

However, the flavin semiquinones RbH can reduce oxygen to O; , and this radical can in
turn reduce the dianisidine radical DH', preventing its net oxidation:

RbH + O,— Rb + H* + O;
H* + O; + DH'—> DH, + O,

SOD will scavenge the O; formed and therefore will inhibit the reduction of the dianisidine
radical, which can then dismute to yield the divalently oxidized dianisidine. The possibility
that O could reduce the final product of dianisidine oxidation and reverse the change in
absorbance at 460 nm was tested and excluded. The assay has been used to determine the
rate constant for purified swordfish liver copper/zinc SOD’* and could be applied to crude
extracts.

In principle, any chemical method for trapping O5 is an indirect assay. An EPR approach
of this type is the spin-trapping technique, which overcomes the difficulties encountered
with the direct detection of O; by EPR. Spin trapping is an integrative method in which
the unstable free radical, in this case O, reacts with a scavenger to yield a stable free radical
which can be monitored by EPR. The spin-trapping agents used for O; detection are usually
nitrones. Details of the technique have recently been published.” The spin-trapping agent
commonly used for O; is 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) and the spin adduct
formed is 5,5-dimethy1-2-hydroperoxypyrroline-N-oxide (DMPO-OOH). This gives a char-
acteristic EPR signal. The superoxide radical can be generated from the xanthine/xanthine
oxidase reaction. The inhibition of the rate of spin adduct formation by SOD can be developed
as an assay for the enzyme. The method would, however, only be useful for pure enzyme
since the spin trap may interact with the system under investigation and give erroneous
results. Recently Rosen et al.”® observed that a particular hydroxylamine, 2-ethyl-1-hydroxy-
2,5,5-trimethyl-3-oxazolidine (OXANOH), reacts with O; to form its corresponding ni-
troxide, 2-ethyl-2,5,5-trimethyl-3-oxazolidinoxyl (OXANO), which is a stable product.
OXANOH oxidation was used to detect O; formation in a number of biological extracts
and no interferences were found. Product formation could be inhibited by SOD, leading to
the development of an assay.

III. DISTRIBUTION OF SODs

A. Introduction

" All living cells are prone to oxygen toxicity. This arises from the production of reduction
products of oxygen or the excited singlet state. The univalent reduction of oxygen leads to
the formation of O;, which can react further to produce hydrogen peroxide (H,0,) and
hydroxl radicals (OH"). Superoxide radicals are generated in many biological oxidations.
These include the autoxidation of flavins,* hydroquinones,” catecholamines,” thiols,?-%
tetrahydropterines,®! hemoproteins,®>%* and reduced ferrodoxin.® Subcellular organelles such
as chloroplasts® and mitochondria® also produce superoxide radicals. The radical is also
formed by several oxidative enzymes — xanthine oxidase, aldehyde oxidase, dihydroorotic

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

Volume 22, Issue 2 (1987) 117

acid dehydrogenase, and by several flavin dehydrogenases.®” The radical may occur as an
intermediate in the reaction catalyzed by galactose oxidase,®® indoleamine dioxygenase,®®
and 2-nitropropane dioxygenase and other flavin-containing oxidases.**' Finally superoxide
radicals are formed by neutrophils and macrophages during phagocytosis.®? The toxicity of
the superoxide radical has been considered in terms of the possible indirect reactions it can
undergo with other cellular constituents, with the most important being hydrogen peroxide.
This reaction in the presence of trace-metal ions leads to the formation of hydroxy] radicals.
Clearly, therefore, the presence of SOD is to be considered as the first line of defense against
the toxicity of oxygen-centered radicals. This implies that the enzyme is essential to aerobic
organisms and is not required by anaerobic organisms. McCord et al.** proposed an enzyme-
based theory of obligate anaerobiosis, whereby the aerobic existence of an organism depends
upon its ability to produce SOD, following their finding that obligately anaerobic bacteria,
i.e., species which exhibit sensitivity to oxygen at 0.2 atm or less, did not possess any SOD
activity. However, Loesche® had found a wide range of oxygen tolerance which he defined
as maximum oxygen content in the atmosphere in which an anaerobic organism would
display growth. This meant that there exists a wide spectrum of oxygen tolerance among
anaerobic organisms, and detailed experimentation showed that the theory does not always
apply. In 1973, Bell®® reported that SOD activity was present in certain strains of anaerobic
sulfate-reducing bacteria, and certain aerobic bacteria have been shown to lack SOD ac-
tivity.*-%® The absence of SOD activity has to be treated with circumspection because the
levels of the enzyme may be so low that it may escape detection. Norrod and Morse®’
reported that only some strains of the obligate aerobe Neisseria gonorrhoeae lacked detectable
levels of SOD activity, and in a further investigation they reported the presence of the
enzyme in other Neisseria species.'® The absence of any SOD activity could also be due
to the fact that the organism has selected another form of defense against oxygen-mediated
damage. The aerotolerant bacterium Lactobacillus plantarum was shown to lack SOD ac-
tivity.'®' However, a careful study demonstrated that the bacterium maintains a high level
(20 to 25 mM) of manganese(Il) in a dialyzable form which takes the place of SOD in
scavenging superoxide radicals.'®?

Recent investigations concerning manipulation of the genes have confirmed a physiological
role for SOD. Escherichia coli, with defects in both the manganese and iron SOD gene,
was found to be hypersensitive towards paraquat and oxygen'%?, as was a mutant of yeast
with a defect in the manganese SOD gene.'°®® Conversely, when the gene for human copper/
zinc SOD is transfected into mouse L cells and human HeLa cells, a higher degree of
resistance to paraquat was observed. The increased resistance was considered to be due to
overproduction of SOD.'02

B. Distribution in Bacteria, Animals, and Plants

The distribution of the three forms of SOD has been extensively studied. The combination
of sensitivities and insensitivities of the three enzymes to cyanide, hydrogen peroxide, and
azide reported in Section I has allowed the determination of which form of the enzyme is
present in a crude extract. In general, such investigations have often been confirmed by the
isolation and characterization of the enzyme from the organism. The first detailed investi-
gation on the presence of SOD in obligate anaerobes was carried out by Hewitt and Morris,’®
who reported the presence of the enzyme in anaerobic photosynthetic bacteria, sulfate-
reducing bacteria, and clostridia. Activity was also detected in Clostridium acetobutylicum
and C. pastuerianum, which McCord et al.* had reported to be devoid of the enzyme. It
appears that the level of the enzyme in anaerobic species is low and that it can avoid detection.
Preliminary characterization indicated that the enzyme in C. perfringens was not inhibited
by 10~3 M cyanide, implying that it is either the iron or manganese form of the enzyme.
SOD activity was also demonstrated in other anaerobic species. Lumsden and Hall'® and
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Asada el al.'®:'% demonstrated the occurrence of a cyanide-insensitive activity in the an-
aerobic green and purple sulfur bacteria Chlorobium thiosulfatophilum and Chromatium
vinosum. Cyanide-insensitive activity was also found in various species of the anaerobe
Bacteroides.'”-'° Tally et al.'” and Gregory et al.!'® reviewed the presence of SOD in
various anaerobic bacteria of clinical importance, and in all the organisms investigated the
activity was detected. Various strains of halophilic vibrios'!! and ruminal bacteria''? were
also found to possess SOD activity. The insensitivity to cyanide indicates that the form of
the enzyme present in anaerobic bacteria is either the manganese or the iron isozyme.
However, the activity present in B. fragilis was rapidly inactivated by exposure to 5 mM
hydrogen peroxide and was also inhibited by 1 mM sodium azide, suggesting that the SOD
in B. fragilis is an iron enzyme. This was further confirmed by isolation and characterization
of the enzyme from the same species.?® An iron form of the enzyme has also been purified
from the anaerobes Desulfovibrio desulfuricans (Norway, 4),'* Chromatium vinosum,''*
Chlorobium thiosulfatophilum,''® Propionibacterium shermanii,"'® and the methanogen
Methanobacterium bryantii.’'” Therefore, the most primitive form of SOD appears to be the
iron enzyme, although a manganese SOD has also been isolated from the anaerobes P.
shermanii''® and B. fragilis.*?

In contrast to anaerobic bacteria, acreobic and facultative anaerobic species contain either
the iron or the manganese enzyme or both. The reason for this is unclear and may depend
on a variety of conditions as explained in Section IV. Facultative anaerobic bacteria such
as E. coli contain only the iron enzyme when grown anaerobically but, in the presence of
oxygen, the manganese enzyme is also present.'*® Aerobic diazotrophs possess both forms
of the enzyme. An iron SOD was isolated from the free-living Rhizobium japonicum'*' and
from Azospirillum brasiliense.'?* However, in R. phaseoli both forms of the enzyme were
present, with the manganese enzyme being the predominant form.'* A manganese SOD
was also isolated from Azotobacter chroococcum.'* However, a recent survey of various
Azotobacter species indicated they can possess either form of the enzyme.!?* The presence
of SOD in nitrogen-fixing bacteria was proposed to be a defense mechanism against oxygen
inactivation of the nitrogenase. 25127

SOD has been isolated and characterized from a number of bacterial species. An iron
enzyme has been purified from E. coli,'''*® Mycobacterium sp.,'*1*° Pseudomonas ovalis,'*'
Bacillus megaterium,'** Photobacterium sp.,'*® Pseudomonas putida,*>* and Thiobacillus
denitrificans,"* while a manganese SOD has been isolated from E. coli,'° Streptococcus
mutans,'*® Mycobacterium phlei,'® Mycobacterium sp.,'*® Rhodopseudomonas sphe-
roides,'® M. lepraemurium,'* Bacillus stearothermophilus,'*® Thermus acquaticus,'*' Strep-
tococcus faecalis,'* Thermus thermophilus,'® Paracoccus denitrificans,*** Bacillus subtilis,'*
and Serratia marcescens.'*¢ The content of manganese SOD in M. lepraemurium constitutes
about 6% of the soluble protein and appears to be the highest level of the enzyme in any
bacterial species.

Algae have also been found to possess iron and manganese SODs.'*” Although the form
of the enzyme purified from the blue-green algae (cyanobacteria), which are considered to
be among the most advanced prokaryotes, is the iron isozyme, !28-148-1¢ the manganese enzyme
has been isolated from the cytosol of the unicellular alga Porphyridium cruentum, which is
considered to be most primitive eukaryotic species.’*! Both forms of the enzyme have been
isolated from the eukaryotic Euglena gracilis.'** The enzyme isolated from the protozoan
Crithidia fasciculata contains iron.'*® However, two cyanide-insensitive activites which could
be separated subcellularly have been reported for the facultative anaerobic flagellates Tri-
trichomonas foetus and Monoceromonas sp. and the aerobic ciliate Tetrahymena pyrifor-
mis.'** While a copper/zinc SOD is still lacking in protozoa, its presence in fungi and slime
molds and the rest of the animal and plant kindgom has been definitely established, as has
the presence of the manganese SOD. Asada and Kanematsu'4’ report testing for SOD activity
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in two species of Mycomyceta (slime molds) and 43 species of Eumyceta (fungi).
In all the species, the presence of the cyanide-sensitive copper/zinc SOD could be dem-
onstrated, as could a cyanide-insensitive activity. This is probably the manganese SOD since
this form of the enzyme has been isolated from Saccharomyces cerevisiae'®® and the lu-
minescent fungus Pleurotus olearius.'*® The copper/zinc SOD has been isolated from .
cerevisisae,'s”'*® Neurospora crassa,"*® and Dactylium dendroides.'® Bryophytes (mosses),
Pteridophytes (ferns), and gymnosperms and angiosperms (both seed plants) have been
demonstrated to contain the copper/zinc enzyme in addition to a cyanide-insensitive form,
which is probably the manganese enzyme.'*” The copper/zinc enzyme has been purified
from green peas,'®!'®2 wheat germ,'®® spinach leaves,!®* kidney beans,'s* tomato fruit,'s6
and maize.'¢”-'%® Various plant extracts have been shown to contain cyanide-sensitive ac-
tivity.'>'"2 In the plant kingdom, a manganese SOD has only been purified from green
peas'’?!"* and maize.'®’ Cyanide-insensitive activity has, however, been detected in extracts
from wheat germ,'®® kidney beans,'®® corn,'®’ tea,'”® spinach,'’® Jerusalem artichoke,'’” and
in several mosses and ferns.'%:147

In invertebrate species, the distribution of SOD has been poorly investigated. SOD activity
has been demonstrated in a limited number of helminth tissues,'”®17 in the hemerythrocytes
of sipunculids,'®® in the sea anemone,'®? and in the cephalochordate Amphioxus lanceola-
tus.'® The presence of the copper/zinc and manganese SODs has been reported in the fruit
flies Ceratitis capitata'®® and Drosophila melanogaster.'**'** The copper/zinc enzyme has
been isolated and characterized from the nematode Trichinella spiralis,'® the hepatopancreas
of the lamelli-branch mollusk Mytilus galloprovincialis,'® and from D. melanogaster.'®*'%
No manganese enzyme has been characterized from invertebrates or from lower vertebrates,
where the copper/zinc enzyme has been isolated and characterized from the liver of the
swordfish Xiphias gladius'® and from various teleost fish.'®! The swim bladder of the
toadfish Opsanus tau was found to have the highest concentration of SOD compared to its
other organs.'*? Copper/zinc and manganese SOD activities were reported in carp erythro-
cytes,' in heart muscle extracts of the pike Esox lucius,’® and total activity has been
determined in various fish species.'**

In the other vertebrates, copper/zinc and manganese SODs appear to be present in all the
tissues investigated. A report that enzyme is absent from adipocytes'®® has been shown to
be in error.'®” The copper/zinc SOD has been purified from bovine erythrocytes,>!*® human
erythrocytes,'#*2® horse?®! and pig livers and erythrocytes, 222 bovine retina,?* and bull-
frog Rana catesbeiana liver.?®® The manganese enzyme has been purified from the livers of
chickens,'? humans,?* and rats.?”’

C. Anomalous Distribution of SOD

The general pattern of the SODs indicates that the copper/zinc SOD is essentially a
eukaryotic enzyme, while the iron SOD is essentially a prokaryotic enzyme. The manganese
enzyme is present in both prokaryotes and eukaryotes. However, a number of exceptions
to this rule have been discovered. Eukaryotic algae do not possess the copper/zinc enzyme,
while this form of the enzyme was found in two bacterial species, Photobacterium leiognathi®®
and Caulobacter crescentus.” The presence of copper/zinc SOD in the free-living C.
crescentus remains a mystery, as well as does a recent report indicating the presence of the
enzyme in two Pseudomonad species.*'° However, its presence in P. leiognathi, which is
a symbiont on the ponyfish Leiognathus, was proposed to be a case of eukaryote to prokaryote
gene transfer.''!! It is unclear why gene transfer has taken place and has been preserved
because the bacterium already possesses an iron SOD."** Not all symbionts gain access to
the genetic information contained in the host cells. None of the nitogen-fixing bacteria
present in the roots have been found to acquire the host cell enzyme. The malarial parasite
Plasmodium berghei was found to have the cyanide-sensitive copper/zinc SOD activity when
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present in mice red blood cells (RBC). However, a concomitant decline in host cell SOD
with an increase in parasite-associated SOD activities was observed.?'? This indicates that
the parasite adopts the host cell enzyme. A similar phenomenon appears to be present in
the spirochete Treponema pallidum which is extracted from rabbit testicles.®® A cyanide-
sensitive SOD activity was also demonstrated in the prokaryote P. denitrificans.?'* However,
the isolated and characterized enzyme was found to have different molecular properties and
much lower enzymatic activity than the copper/zinc SOD.?'*

Eukaryotic algae are not the only eukaryotic species to contain an iron SOD. Several iron
SOD isoenzymes were identified in the leaves of lemon trees.’* The enzyme was also
isolated and characterized from the leaves of the mustard Brassica campestris,®'® and a
survey of 43 plant families showed that the iron SOD is present in three families: Ging-
koaceae, Nymphaceae, and Cruciferae.'”> The enzyme has also been purifed from the water
lily Nuphar luteum,?'’ tomato (Lycipersicon esculentum) leaves,?'® and from the most pri-
mitive of higher land plants, Ginkyo biloba.?"

D. Subcellular Distribution of SOD

Copper/zinc SOD was exclusively localized in the soluble fraction of rat liver homoge-
nates.??® However, a detailed investigation of the subcellular distribution of the eukaryotic
SOD by Weisiger and Fridovich'2??! resulted in the first evidence of compartmentalization
of the eukaryotic SODs. Intact mitochondria were found to contain the manganese SOD in
the matrix space, and the copper/zinc SOD previously thought to be exclusively localized
in the cytosol was also found in the mitochondrial intermembrane space. A similar subcellular
distribution of the two enzymes was subsequently found in rat liver,’®6-22222* human neu-
trophils,®*** and in N. crassa.?® In rat liver, copper/zinc SOD was also found in the
lysosomes, with the amount varying with the nutritional state of the animal.??’ An exami-
nation of the subcellular distribution of the manganese SOD in human liver>*-2?® revealed
that human liver was found to contain 20 times more of the manganese enzyme than an
equivalent weight of rat liver and that it is not exclusively located in the mitochondria. The
possibility that mitochondrial rupture may have occurred between the time of death and
autopsy could not be discounted. However, detailed investigations on fresh liver from a
primate, the baboon Papio ursinus, also showed that the manganese SOD is present in the
cytosol as well as in the mitochondria.

The subcellular distribution of SODs in plants is a matter of debate. Cyanide-sensitive
copper/zinc SOD has been found to be localized in the cytosol,>2*¢ chloroplasts,!64229-231
and mitochondrial intermembrane space.!7”-#3!:232 The distribution of the manganese SOD
remains unclear. Baum and Scandalios®*® and Salin and Bridges?*? found the manganese
SOD in the matrix space of mitochondria isolated from maize and mustard leaves. However,
Del Rio et al.?** claimed that the enzyme is also localized in the peroxisomes in green pea
leaves. Various investigators have reported that chloroplasts also contain manganese
SOD,¢%.234.235 while others have disagreed with this finding.?2-2*0-23 Jackson et al.'’¢ found
that intact chloroplasts isolated from the leaves of spinach and other C, plants have cyanide-
insensitive activity presumed to be from the manganese enzyme, but the activity was located
on the outside of the chloroplast and was presumed to be absorbed during the preparation.
Chloroplasts isolated from the leaves of the mustard B. campestris were found to contain
the copper/zinc SOD, the iron SOD, which is unique to this species, and an unidentified
protein exhibiting SOD activity.?' It was unclear whether this protein is the manganese
SOD or not. All the activity was localized in the chloroplast stroma. This is in contrast to
the earlier observation of Okada et al.,*” who found that in three species of blue-green algae
— Plectonema boryanum, Anabaena variabilis, and Anacystis nidulans — the manganese
SOD is localized in the thylakoids. In the blue-green algae, the iron SOD is localized in
the cytosol. Bacterial iron SOD is entirely localized in the cell matrix. A report indicating
its presence in the periplasmic space in E. coli®*® was withdrawn.?*
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The SODs are regarded as intracellular enzymes, however, in recent years evidence has
been accumulating that they may be present in the extracellular fluid. The nematode T.
spiralis was found to excrete into the culture fluid the intracellular copper/zinc SOD.'%¢ In
mammals and in Nocardia asteroides, a new class of extracellular SOD has been demon-
strated. In man, pig, sheep, cow, rabbit, and mouse tissues, a high molecular weight cyanide-
sensitive copper-containing SOD was demonstrated,?*-2*! while N. asteroides possessed an
iron-, manganese-, and zinc-containing high molecular weight SOD which was associated
with the outer cell wall.>*? This enzyme was shown to be selectively secreted into the culture
medium. The mammalian extracellular enzyme has been extensively purified and its prop-
erties investigated.?¢3.244

IV. BIOSYNTHESIS OF SODs

A. Introduction

The discovery of SOD led to several investigations concerning the biosynthesis of the
enzyme. This is because in some organisms the manganese SOD is inducible while in others
it is the iron SOD which is inducible. In addition, although much effort has been devoted
to the effect of oxygen and oxygen radicals on the biosynthesis of the enzyme, it is also
clear that the active site metals do play a significant role in this process.

B. Induction of SOD by Oxygen

There is compelling evidence to indicate that SOD in prokaryotes and eukaryotes is induced
in response to oxidative stress. The degree of oxygenation has been shown to reflect the
level of SOD in Streptococcus faecalis,*** E. coli,®2%247 §_ cerevisiae,**® rat lung,2*-2%
guinea pig leukocytes,?' B. fragilis,*** blue-green algae,?* and green algae.?** Exposure to
air of E. coli anaerobically grown and containing only the iron SOD led to the induction of
the manganese SOD.2*%-247-255 No response was, however, observed in cotton leaves.?*¢ Cotton
leaves contain a high level of copper/zinc SOD, which was considered sufficient to allow
them to tolerate large fluctuations of oxygen in the atmosphere. The sea anemone Anthopleura
elegantissima containing the symbiotic dinoflagellate Symbiodinium microadriaticum in its
gastrodermal tissues has SOD activities nearly two orders of magnitude greater than in
individuals totally lacking symbiotic organisms.?” The increase in the level of SOD activity
in these animals was ascribed to the fact that high oxygen levels may occur in tissues of
organisms that harbor symbionts which in the presence of light generate more oxygen than
is consumed by the combined host and symbiont.

Extensive investigations on the induction of SOD have been carried out using the redox
active compounds streptonigrin and paraquat (methyl viologen). Inside the cells, these com-
pounds are reduced to a form which reacts with oxygen to produce superoxide radicals.
Increased levels of manganese SOD were observed in E. coli B in the presence of strep-
tonigrin;#*® similar effects were observed in E. coli K12.2

A third form of SOD was also found to be induced.'* This form was also shown to be
induced under aeration.'?*%% This third form was found to have an electrophoretic mobility
midway between that of the manganese and the iron SODs and when isolated was found to
contain one subunit from the manganese SOD and one from the iron SOD and to contain
0.8 atoms of iron per mole but negligible manganese.'?® However, a recent examination of
the hybrid SOD in E. coli has shown that it may contain manganese as well.%®

Paraquat was also shown to increase the rate of biosynthesis of the manganese SOD in
E. coli.®*?° A marked decrease in the cellular content of this enzymic activity was observed
within 30 min after addition of the paraquat to the medium. Cells whose content of manganese
SOD had been augmented by paraquat or streptonigrin were found to exhibit increased
resistance towards oxygen toxicity.
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The induction of manganese SOD in prokaryotes is, however, by no means universal,
and a clear picture of the processes involved still remains to be elucidated. In the presence
of increased oxygen or superoxide radical levels, the inducible enzyme in R. japonicum'*
and A. brazilense'? is the iron enzyme as determined from inhibition studies, while in B.
fragilis it is the manganese enzyme.’"? In the obligate aerobe Bdellovibrio stolpii, two iron
SOD isozymes which are structurally distinct from the constitutive iron SOD are induced.
Also wild-type and paraquat-resistant mutants of E. coli were found to possess comparable
levels of SOD.?5? In the presence of paraquat, the wild type responded to the addition of
paraquat by inducing more manganese SOD than the mutant. This result has been taken to
indicate that the mutant strains must have an alternative mechanism that allows them to
grow in the presence of higher concentrations of paraquat without increasing their level of
SOD. A decreased paraquat uptake by these cells which in turn affects their rate of intra-
cellular superoxide generation and induction of the manganese SOD was demonstrated.

C. Effect of Active Site Metals in the Biosynthesis of SOD

The effect of metals on the biosynthesis of SOD was first investigated by Shatzman and
Kosman, '6%-25* who observed that removal of the copper from the growth medium of cultures
of the fungus D. dendroides, in which 80% of the total activity is the copper/zinc and 20%
is the manganese SOD activity, resulted in the decreased synthesis of the copper/zinc enzyme.
However, in copper-poor medium, the fungus was observed to increase the level of the
manganese enzyme such that the total level of the cellular SOD activity remained the same.
A switching back to normal synthesis (80% copper/zinc and 20% manganese SOD activity)
was observed when copper was restored to the growth medium.

Injection of copper sulfate solution subcutaneously in the rat (5 mg copper per kilogram
body weight) caused an increase in SOD activity in the cytosol and mitochondrial inter-
membrane spaces where the copper/zinc enzyme is localized.>* The appearance of new
electrophoretic SOD activity in the intermembrane space preparations was also observed.
The level of activity observed indicated that in the cytosol it was augmented by 35% and
in the intermembrane space by 100%.

The metal supply was also found to influence the synthesis of the iron and manganese
SODs. The anaerobic bacterium P. shermanii was found to produce either the iron or
manganese SOD, depending on the metal supplied.’’® Data consistent with synthesis by the
anaerobic B. fragilis of a single SOD apoprotein capable of binding either manganese or
iron have also been obtained.” A similar effect has been observed in §. mutans®s® and P.
shermannii.''®

A detailed study on the role of iron and manganese on the biosynthesis of the enzyme in
E. coli has recently been carried out.?%-267 These investigations have shown that the evidence
that the iron SOD is constitutive whereas the manganese SOD is under repression control
is an inadequate interpretation of the controls of biosynthesis of these enzymes. The pre-
viously observed induction of the manganese SOD by paraquat has been found to be inhibited
by inhibitors of transcription or of translation but not by inhibitors of replication.?* Chlor-
amphenicol and rifampicin inhibited the increase in manganese SOD biosynthesis whereas
hydroxyurea did not. A twofold increase in manganese SOD biosynthesis was observed in
the presence of nalidixic acid. This effect was interpreted to be due to its ability to chelate
iron(II) rather than to an increase in the intracellular flux of superoxide radicals.?®® Other
chelating agents were found to have a similar effect.

Two models have been proposed to account for this oxygen-independent control of SOD
biosynthesis. Moody and Hassan 2% have proposed a scheme (Figure 2) whereby the bio-
synthesis of the manganese SOD is under the control of iron-containing regulatory protein
and that removal of this iron ‘‘turns on’’ the biosynthesis of the manganese SOD. The active
regulatory protein or repressor has iron(Il) associated with it (RP-Fe?*), while the inactive
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FIGURE 2. Schematic model for the regulation of manganese SOD by oxygen super radicals and iron chelators.
RG, regulatory gene; P, promotoer; O, operator; SG, structural gene (manganese SOD); RP, apo-repressor protein
(inactive); RP-Fe, ferric repressor (inactive); RP-Fe, ferrous repressor (active). (From Moody, C. S. and Hassan,
H. M., J. Biol. Chem., 259, 12821, 1984. With permission.)

repressor has either iron(IIl) (RP-Fe**) or no iron at all (RP). Superoxide radicals play a
role in the scheme by changing the valence state of the iron associated with the repressor
protein.

What is perhaps a more simple model has been proposed by Pugh and Fridovich.?¢? In
this scheme (Figure 3), the manganese SOD is not synthesized anaerobically because the
manganese(IT) cannot compete with the iron(Il) for the apomanganese SOD. This means
that the manganese-containing enzyme will only be synthesized anaerobically in the presence
of chelators selective for iron(II). This has in fact been shown to be the case.2*? This scheme
also proposes autogenous repression by the apo enzymes and by the incorrectly metal-
substituted enzymes.

D. Characterization of the Genes Encoding for SOD

A detailed view of the mechanism controlling the biosynthesis of SOD will probably only
become known from studies involving in vitro transcription and translation of the corre-
sponding genes. A number of investigations have already been carried out in this direction.
Isolated mRNA from human placenta®™ and from human cell cultures®”* when translated in
a rabbit reticulocyte cell-free system was shown by immunoprecipitation to produce the
copper/zinc SOD. The mRNA for this isozyme was found to have a molecular weight of
130,000. A cDNA clone was constructed and was utilized for determining the expression
in different cells.?” The nucleotide sequence of one clone ps61-100 was determined (Figure
4).2* The sequence was found to contain 459 nucleotides followed by a single stop codon
(TAA) and by a noncoding sequence of 95 nucleotides. The amino acid sequence for human
copper/zinc SOD determined by Barra et al.?’* was found to agree with the nucleotide
sequence rather than the primary structure determined by Jabusch et al.?”

Hybridization of the clone to mRNA from human cells revealed the presence of two
mRNA species of 0.7 and 0.5 kb in size.?” The two mRNA species were found to code
for the same polypeptide chain and were transcribed from the same gene; in addition, the
major 0.7 kb mRNA was approximately four times more abundant than the smaller mRNA.
The larger mRNA was found to contain 222 additional nucleotides at the 3’-polyadenylatcd
terminus, and both species had multiple 5" ends.
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FIGURE 3. Effect of metals on the biosynthesis of manganese and iron
SODs. m-apo, apoprotein of manganese SOD; f-apo, apoprotein of iron SOD.
The valences of the metals are not shown; however, it is assumed that iron(II)
binds to both m- and f-apo more avidly than manganese(Il), but not more
avidly than manganese(IIl). The reactions illustrated at the bottom indicate
why O; increases the availability of manganese(IIl). (From Pugh, S. Y. R.
and Fridovich, 1., J. Bacteriol., 162, 196, 1985. With permission.)
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FIGURE 4. The cDNA and predicted amino acid sequence for human copper/zinc SOD. (From Sherman, L.,
Dafni, N., Lieman-Hurwitz, J., and Groner, Y., Proc. Natl. Acad. Sci. U.S.A., 80, 5465, 1983. With permission.)
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FIGURE 5. Nucleotide and amino acid sequence of the human copper/zinc SOD gene. The sequence of all coding
regions and adjacent nucleotides are shown with 110 bases per line. The ‘TATA’, ‘CAT’, and polyadenylated
sequences are boxed. The splice junctions are undertined. The exons were identified by comparison with the cDNA
sequence given in Figure 4. The arrows mark the two 9-nucleotide direct repeats at the 3-noncoding region. (From
Levanon, D., Lieman-Hurwitz, J., Dafni, N., Meir, W., Sherman, L., Bernstein, Y., Zehava, L.-R., Dancigen,
E., Stein, O., and Groner, Y., EMBO J., 4, 77, 1985. With permission.)

The gene for human copper/zinc SOD located on chromosome 21 was finally isolated
and characterized.?”” The gene was found to be around 11 kb in length, and the nucleotide
sequence (Figure 5) reveals five exons and four introns. The donor sequence at the first
intron was found to contain an unusual variant dinucleotide 5'-GC rather than the highly
conserved 5'-GT. In addition to the functional gene, four processed pseudogenes were
isolated.
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The nucleotide sequence of the gene for the yeast mitochondrial manganese SOD has also
been determined.?”® The sequence of this gene was initially inadvertently identified as the
gene for the Rieske iron-sulfur protein. The predicted amino acid sequence, however, re-
vealed the primary structure to be identical with the manganese SOD* rather than the Rieske
protein, except for an N-terminal extension of 27 amino acids and an extra 4 amino acids
at the C-terminal end. The plasmid isolated from the genomic clone bank of S. cerevisiae
FL-100 was found to synthesize in E. coli a protein of about 27,000 mol wt. The gene sequence
(Figure 6) predicts a molecular mass of 26,123, and the yeast manganese SOD has been
shown to be synthesized as a precursor protein which has a 2000-dalton extension.?*® This
extension probably corresponds to the 27 amino acid extensions obtained from the gene
sequence. The nucleotide sequence is 699 bases long and starts at the ATG codon triplet.?”®

In prokaryocytes, the cloning and mapping of the E. coli genes for the iron and manganese
SODs has been described.?!282 The chromosomal manganese SOD locus was found to lie
near 87 min on the E. coli map,*® while for the iron SOD it was near 50 min.?*! The
possibility of having E. coli strains overproducing SOD opened the way for the study of
regulation in this bacterium. Nettleton et al.”* isolated the iron SOD gene from an E. coli
plasmid library, and strains overproducing this isozyme were obtained. In agreement with
previous observations,2**-246-2 oxygen was found to induce the manganese SOD in the
strains overproducing the iron isozyme. The level of the manganese isozyme was, however,
found to be independent of the iron isozyme. A seven- to tenfold difference in the concen-
tration of the iron protein had no effect on the level of the manganese protein. This result
was interpreted to mean that superoxide radicals do not directly increase the level of the
manganese SOD since the strain is already overproducing the iron SOD and consequently
has sufficient enzyme to remove an excess of superoxide radicals. Increased oxygenation
was also found to repress the iron SOD production. The significance of the results is unclear.
They do, however, appear to lend credence to the model suggested by Moody and Hassan,2%
whereby an iron-containing repressor protein is probably regulating the biosynthesis of these
SODs.

V. CHEMICAL ASPECTS OF THE STRUCTURE OF SODs

A. Introduction

The purification of copper/zinc SOD from bovine erythrocytes was followed by purification
of this isozyme from a variety of animal and plant sources. The search for SOD activity
also led to the discovery of the iron and manganese isozymes. The purification procedure
employed for purifying these isozymes has been described in detail 28457 A recent report
describes the use of a red dye for the purification of the manganese SOD. ¢ However, the
exact mechanism of the binding and release of the enzyme from the dye is unknown. The
muititude of isozymes purified and characterized has led to a clear picture of the chemical
properties of the SODs.

B. Primary Structure of Copper/Zinc SOD

The copper/zinc SODs are homodimers with a molecular weight of around 32,000. The
two identical subunits are associated solely by noncovalent interactions and each subunit
contains a l-g atom each of copper and zinc. Initially, the subunits were thought to be
covalently linked®®® and to be nonidentical.?*® However, primary structural investigations
have confirmed their identity and the noncovalent linkage. The complete amino acid sequence
has been determined for 11 copper/zinc SODs (Figure 7).274:275:2%.30° Gapg and insertions
have been included to optimize the sequence homologies. Only the enzymes from higher
vertebrate species have a block N-terminal group. These enzymes are generally considered
to be more stable. However, whether the increased stability is due to acetylation of the
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CATCCAAAGCCATATTTCGACGCCACCATCCTATCTTAATCAAGCCGAGGAGTAATAAGCTCAAGAAAACTATAT

GCACAAATTTGTACATATAAGAGCTTATTTATTTATATATTTAAAATTTCTGAGGCCATTTAATCTCTATATATT
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TAACGAATACCTAAATCTATATATTTCTTTTTTTTTTTTTTTTCTCTCTCTCTCTCTCTTTCTCTTTCTCTCTTC

CCCTCTATCCTATTTGCCCTTCCGTATCTACCCATTCCACCTCTACTATTCCACTTGACCTTCACCTCATTACTA

ATTCCTATTATCATTGTTCGCGCCGACCTTAAACCTGCACCAATAACACAGGCCGAACCACTACCTTGGCAAAAAA

AAAAAGTAGGGATGTGCCGAAAAATTTCCCCCACCGTAGCAGACACCCCTGATCAAGAAGCTATAACTTGTATAT
AAGAGCCTTGCATCCCCAMAATATACAAGCTACCTACACCGATTCCTTTTCACTTGCTACAGGAACGAAACCCCA

M F AKTAAANLTTIKTIKSG
ATTGATAACTATACCTCCTAAAAACGTACCAGGATGTTCGCGAAAACAGCAGCTGCTAATTTAACCAAGAAGGGT

¢ L S LL STTARU RTIKUVTLZPUDLIEKTUWDTFGCA
GGTTTGTCATTGCTCTCCACCACAGCAAGGAGAACCAAAGTCACCTTGCCAGACTTGAAGTGGGACTTCGGTGCA

LEPY 1 S G QI NEULHYTI KU HUHOGQTTYUVNGS GTF
CTGGAACCTTATATCTCCGCTCAAATCAACCAATTGCATTACACCAAGCACCATCAAACTTATGTGAACGGATTC

N T A VDGQQF Q EL S DLULATIKTEUTPSUPANA AR RK
AACACTGCTGTTGACCAATTCCAACAACTCTCAGATCTTCTGGCCAAGGAGCCCTCTCCCGCAAACGCAAGAAAA

M I A I Q Q NT K F HG GG TFTNUHTCLTFWENL
ATGATTCGCTATCCAACAGAACATCAAGTTCCATCGCGGTGGTTTCACAAACCACTGTCTATTCTCCGAAAACCTG

AP E S QGG GEUZPUPTGALAKXATILIDETG QT FGS
GCTCCAGAGTCGCAGGGCGGTGGTGAACCACCCACCGGCCCTTTGGCAAAGGCAATCGACCAGCAGTTTGGCAGT

L DELTI XKL TNT I KILAGVY QG S G W ATFTIUVIK
CTGGACCAGCTGATTAAGTTGACCAACACAAAGCTAGCAGGCGTGCAGGCCTCCGGATGGCCCTTCATTGTGAAG

N L S NGG XK LDVVQTYNQDTUVTGU?PLVEFP
AACCTCTCTAATGGAGGCAAGCTGGACGTTCTTCAAACCTACAACCAGGATACCGTCACAGGCCCACTAGTTCCT

L VA 1 DA WEUHRAYZYULQVY QQNJIKIKADYF KA
CTAGTTCCCATTGACGCCTGGGAACACCCCTACTACTTGCAGTACCAAAACAAGAAAGCCGACTACTTCAAAGCC

1 W NV VNUWIKTEA ASTR RTRBRTFDAGCKTI®*
ATTTGGAATGTCGTCAACTGGAAAGAAGCATCCAGAAGATTCCATGCTCGCAAGATCTGAAGAAAGAAAGAAAGA

AAATACCTTTTTTTTTCCACTGTGTCCTTTTTATTCTAACTACTCTACTAAATCACACAACCACACTCCCCTATT
TAATAATATATTTTACTATTAAAATACATATACATGCATCGTAAAAAAACAAAAAAAGAAAACAAAACAACCGAA
AAAGACAATACAACCAACCTTCCTCCATTTTTTTTTTTTCCTTGTTCTCTCTCGCTTCCTACGTTACTCGCGCCT
GTGCACTACATTCCCACCACATTAACTCACCACCAGGCAGAGAACCAATTGTTCTTGTTATTGTTCCAACCCATA
ATTGTAAAGCCATTAAGGTCCTAAACGACTGCTTACTCAGGCAGATCTCCGAGAACGGCAAGTTGCTCTGCACCG
TGCGGACGTTATGATCTCTCGTATATCTTGATACCAACTGCAAGTCATTATAATATTTAGACTTTTCATTACCTT
AATACAGAGTCACTTTAACACCAGGGCAAAAAACACATACCCCTCCCTTCGAGGTAATCTTCCGGTAAGATCTTC
CCTGTATGCAGTTCCCGGGCATACGCGGCTTTAACATCTTGCTAAAGAACTATCCCACTAACCCTCTGCTACCCA
ATGCCGANATTCCGTCATGCGGCACGGCACTACCCGAAAAAAACTACAATTCTAACTCTACCCCCCCCCTTACCA
AACACCCTAGCTCAACCATTCCGACCGATAAAAAGTTCCCGCGATCCCCTCGATCCCATTTCCTTTTGAGGTAAA

AAAACAAAGCGACACGCATC

FIGURE 6. Nucleotide sequence and deduced protein sequence of yeast manganese SOD. The sequence shown
is that of the entire Bam HI fragment comprising the structural gene and 1300 nucleotides of the flanking regions.
The numbers to the left of the DNA sequence represent the first nucleotide in each row relative to the A in the
translation-initiation ATG. The first amino acid residue of the mature protein is indicated by an arrow. Sequences
similar to the CYCI-UAS sequences are underlined. (From Marres, C. A., Van Loon, A. P. G. M., Oudshoorn,
P., Van Steeg, H., Grivell, L. A., and Slater, E. C., Eur. J. Biochem., 147, 153, 1985. With permission.)
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FIGURE 7. Amino acid sequences of copper/zinc SOD.

N-terminal amino acid remains to be investigated. The alignments obtained indicate that the
metal-binding sites appear to be conserved in all the enzymes. These are His48, 50, 77,
and 135 for the copper and His77, 86, 95, and Asp98 for the zinc. These refer to His44,
46, 61, and 118 for the copper and His 61, 69, 78, and Asp81 for the zinc in the original
bovine amino acid sequence.?®® Also conserved are Arg158 (bovine 141), which is considered
to be important for activity,***%2 and the intrachain disulfide bridge formed by Cys60 and
161 (bovine 55 and 144).® A high degree of homology is evident between the vertebrate
SODs (Table 1). This indicates that the various copper/zinc proteins have diverged very
slowly. The sequences conservation is almost as great as that of eukaryotic cytochrome c.
The highest degree of homology is observed between the bovine and pig sequences and the
Jowest identity is between the bacterial and all the other enzymes. Since prokaryotes are
generally believed not to possess the copper/zinc SOD, the presence of this enzyme in the
luminescent bacterium P. leiognathi has been considered to be a case of gene transfer from
eukaryotic to prokaryotic species.'®! This is because this bacterial species, although found
free living, is also a symbiont of ponyfish. In the absence of any structural information on
the ponyfish copper/zinc SOD, the amino acid sequences of the two enzymes from P.
{eiognathi and swordfish liver were compared. The swordfish liver enzyme has been shown
to be closely related to the unsequenced enzyme of the bacterial host, the ponyfish.'®! The
alignment of the two sequences together with the frequency of substitutions determined
according to McLachlan®® is given in Figure 8. The aligned sequences reveal a relatively
Jow degree of homology. However, when mutations are taken into account, long stretches
of closely related sequences are obtained, and the weighted similarity between the two
enzymes rises to 44%. The bacterial enzyme, despite having a low sequence homology,
also has a similar secondary structure to the other copper/zinc SODs. The amino acid sequence
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Table 1-
SEQUENCE HOMOLOGIES BETWEEN COPPER/ZINC SUPEROXIDE
DISMUTASES®

Cow Human Horse Pig Rat Fish Fly Cabbage Yeast Fungus Bacteria

Cow — 82 78 84 8 71 55 53 53 55 28
Human 82 — 78 82 8 66 58 52 55 55 25
Horse 78 78 — 75 8 66 S5 49 56 54 26
Pig 84 82 75 — 8 67 S5 56 52 53 28
Rat 82 83 80 80 — 64 57 52 56 54 26
Fish 71 66 66 67 64 — 54 52 53 54 30
Fly 55 58 55 5 57 54 — 56 50 50 24
Cabbage 53 52 49 56 52 52 56 - 50 52 26
Yeast 53 55 56 52 56 S3 50 50 — 70 26
Fungus 55 55 54 53 54 54 50 b7 70 — 26
Bacteria 28 25 26 28 26 30 4 26 26 26 —

*  Values are given as percentage of sequence homologies.

t 10 20 &0
Swordfish VLKAVCLRGAGETGT - YFIEIGEGINJANAIVIGKG | | KG-
Bacterial --QDLTNVIKMTOLOQUIGKKIYIGT IEIL S KYGIVMIVFTPELUWAD-
CO0OB@eBALALLOLLGOLBALGS CLOALBLAA®LGOANLNODLALNL o0 -
S dfish GIE VSOG DNTNG GlO o PHIF N
wordfis PIOIEHIOIFIHIVIHIC FIGIDN T NGICIHTIS]- = = == = = = = = = =« H
AAANAAAABRADLOAODOOBQOOAALADOOOOOOOODOODOAA®ANSBA
80 100 1) 120
Swordfish A-SKAG KDEB’RVGNVTADV@KIDITD—K!S
Bacteriat EHTN G FPIW T DIDIN|HIK LIPALFVS LIAITNPVLAP--R
000 BAAGCALODAGALAALAALAGORLSOAAANABLOEBO O0ODO0SS
10 140 150 160
Swordtish GPYSIIIS]RTMVEKADLGRGGNEESLKTNA@S@L
Bacterial -LKELKIGHAI HIAGGIDIN- -H- -SDMP K A LIGIGGIGIAIRIVIA
AAOAAIIAA..IIAAIOOAlOOlOOIlA.AO.A..A.AIA
168
Swordfish CIGIV(IIGTE -
Bacterial CiGV{l{- - Q-
AAAADOS -

FIGURE 8. Amino acid sequences of swordfish liver and bactenial (P. leiognathi) copper/zinc SOD. Identical
residues are boxed. Symbols refer to the frequency of substitutions. A, Identity; 8, frequently found substitution;
o, medial substitution; A, infrequent substitution; O, rarely found or no substitution. Common gaps are due to
alignment to other eukaryotic enzymes shown in Figure 7. (From Bannister, J. V. and Parker, M. W., Proc. Natl.
Acad. Sci. U.S.A., 82, 149, 1985. With permission.)

could also be built into the known bovine erythrocyte tertiary structure without disruption
to the fold.?!! All this evidence clearly supports the view that gene transfer from the ponyfish
to the P. leiognathi may have taken place. However, definitive evidence remains to be
obtained at the molecular level. An alternative possibility could be that independent evolution
of copper/zinc SOD took place in both eukaryotes and prokaryotes or perhaps that the enzyme
originated in prokaryotes and was transferred to eukaryotes. This could also imply that the
prokaryote and eukaryote copper/zinc SOD had a common ancestor. This possibility should
not be discounted because a second copper/zinc SOD has been discovered in the nonsymbiotic
C. crescentus® and, more recently, in two pseudomonad strains, Pseudomonas diminuta
and P. maltophilia.*"
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Table 2
METAL CONTENTS AND MOL WTS OF
VARIOUS SPECIES

Source Metal content Mol wt

Escherichia coli B I-g atom Fe 38,000
Plectonema boryanum 2 41,700

1 36,500
Bacillum megaterium 1 40,000
Pseudomonas ovalis 1.4 40,000
Desulphovibrio desulfuricans 1.60 43,000
Photobacterium leiognathi 1.61 40,660
Chromatium vinosum 2 41,000
Chlorobium thiosulfatophilum 1.8 43,000
Thiobaciilus denitrificans 1.35 43,000
Anacystis nidulans 1 37,000
Crithidia fasciculata 14 43,000
Strepthococcus mutans 2-g atoms Mn 39,500
Escherichia coli 1.6 39,500
Pleurotus olearius 2 76,000
Chicken liver mitochondria 23 80,000
Saccharomyces cerevisiae 4 96,000
Mycobacterium lepraemurium 1.29 45,000
Thermus aquaticus 2 80,000
Rat liver mitochondria 4 89,000
Bovine heart mitochondria 2 86,000
Pisum sativurm 1 94,000
Paracoccus denitrificans 1.34—2 41,500

Table 3
HETEROGENEITY OF SOME BACTERIA SPECIES
Source Metal content Mol wt
Mycobacterium phlei 1.7-g atoms Mn 0.7-g atoms Zn 80,000
1.2-g atoms Fe
Thermoplasma acidophilum 2.0-g atoms Fe 1.0-g atoms Zn 82,000
Methanobacterium bryantii 2.7-g atoms Fe 1.7-g atoms Zn 91,000
Nocardia asteroides 1.2-g atoms Fe }-—2-g atoms Zn 100,000

]—2-g atoms Mn

C. Primary Structure of Manganese and Iron SODs

The manganese- and iron-containing SODs have not been as thoroughly investigated
compared to the copper/zinc SODs. The iron and manganese enzymes have a subunit mo-
lecular weight of about 23,000 daltons and, while the iron enzyme has been shown to exist
in dimeric form, the manganese enzyme has been found to form tetramers as well as dimers.3*
The metal content of both isozymes varies between 1- and 2-g atoms per dimer (Table 2).
It is as yet unclear whether or not this variation in metal content is due to the loss of the
metal during the purification procedure. Crystallographic data on the iron SOD have indicated
two metal-binding sites per dimer.?** A number of SODs have been found to be heterogeneous
in the type of metal present (Table 3). The possibility that these enzymes may represent a
new class of SODs has to be entertained.

The amino acid sequence has been determined for only four manganese SODs (Figure
9),279:306:309 and the crystal structure of the enzyme from Thermus thermophilus at 2.4-A
resolution has been determined.?!® The ligands to the metal are three histidines and one
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aspartic acid residue which, when combined with the primary structure in Figure 9, corre-
spond to His26, His81, Asp175, and His179. There is as yet no complete amino acid sequence
for an iron SOD; however, the ligands to the manganese are also present in identical positions
in the iron protein,®'' and there are strong indications that the manganese and iron proteins
are structural homologs.*'

VI. RELATIONSHIPS AMONG PRIMARY STRUCTURE, CONFORMATION,
AND MECHANISM OF SODs

A. Introduction

The basic structure-function relationship in the SODs is considered to be twofold. The
active site metal (copper, manganese, or iron) carries out a one-electron transfer between
two superoxide radicals. This fact relates to whether a complex is formed between the metal
and the substrate prior to electron transfer and, if this is the case, whether it may be formally
considered to be an inner- or an outer-sphere type of interaction. The second problem is the
presence around the active site metal of a protein pocket strategically lined by positively
charged amino acid residues. This structural feature would create an electrostatic sink for
superoxide radicals which enhances the rate of encounter.

This general picture favors a *‘simplistic’’ view of the structure-function relationships of
these enzymes. It has, however, been generated by a great deal of spectroscopic, mechanistic,
chemical, and crystallographic studies over more than a decade. These were mostly carried
out on the bovine copper/zinc isozyme. Recently, data have become available in comparable
detail for the manganese and iron isozymes. At the same time, however, questions have
been posed that challenge the ‘‘simplistic’’ aspects of the conventional model.

B. The Crystallographic Model for Copper/Zinc SOD

A popular presentation of the conventional model has been set forth.>'**¢ The model is
an attempt to describe the functional anatomy of the enzyme in terms of the published data,
including X-ray structure,®® redox and catalytic reactions,'s-*>#4:316323 apnjon-binding pat-
tern,’?+3% and effects of covalent modification of positively charged amino acid side
chains,301+202.331-333 Iy particular, the electrostatic recognition data are extensions of previous
calculations of the dipole and electrostatic potentials of the enzyme by Koppenol.*** The
essential features of the refined model are the following and can be defined as the product
of extensive application of computer graphics to incorporate all the available experimental
data.

First, the copper(Il) and zinc(Il) are bridged by His77 (bovine sequence 61). Copper(II)
is coordinated also to His48, 50, and 135 (bovine sequence 44, 46, and 118) in a square
planar geometry with tetrahedral distortion. The geometry of zinc ligands (His77, 86, and
95 and Asp98) which correspond to bovine sequence His61, 69, 78 and Asp81 is tetrahedral.
The presence of the intermetal bridge is essential to the tetrahedral distortion of the copper(II)
site and to its relatively high redox potential (+0.42 V; see References 335 and 336). The
bond from His77 (bovine 61) to the copper is released upon copper reduction with concurrent
protonation of the His77 (bovine 61) nitrogen not liganded to zinc (NE2). The assumption
concerning the copper(l) state of the enzyme lies on the pH dependence of the redox
potential®*® of the enzyme-copper(I) by O;, and the only direct evidence comes from an
EXAFS study®’ which suggests one less imidazole is coordinated to reduced copper as
compared with oxidized copper enzyme.

Second, there is a single, highly complementary position or ‘‘pit’’ for O; to bind to the
copper(Il), determined from interactive computer graphics, where substrate can be accom-
modated while binding to Arg158 (bovine 141) as well. The involvement of Arg158 (bovine
141) has been confirmed by chemical modification with phenylglyoxal or butanedione to be
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important to the normal catalytic activity of copper/zinc SOD since the residual activity after
modification varies between 2 to 15%.3%'->*2 The same ‘‘pit’’ accommodates cyanide, which
is the most effective competitive inhibitor of the enzyme activity, 32

Third, the minimal scheme for catalysis has been established by pulse radiolysis work on
the copper/zinc enzyme*** and then confirmed for the manganese and iron SODs.**% It
consists of two steps with equal rates and is referred to as the ‘‘conventional mechanism’’.
In the case of the copper/zinc SODs, this is represented as follows:

E Cul) + O; — E Cu(l) + O, 6}
ECu@) + O; + 2H* — E Cudl) + H,0, )

The three-dimensional structure, as refined in the computer-graphics model, is compatible
with the O; displacing an axial water molecule and thus binding one oxygen to the copper(II)
about 2 A away, and the other oxygen, via H-bonding, to a guanidinium N of Argl58
(bovine 141) about 3 A away. Displacement of copper-bound water by inhibitory ions and
thus, presumptively, by O; is indicated more or less directly by a number of spectroscopic
approaches, including EPR at high pH,??* pulsed 'H NMR,** anion titration of water proton
T,,’” *F NMR,** electron spin echo,**® ENDOR,**! and EXAFS.%’ No direct X-ray anal-
ysis, however, is available yet because although the CN adduct can be crystallized the
crystals have been found to collapse under the electron beam.**? The crystallographic model,
in agreement with EPR data®?*-34334 which show a rhombic-axial interconversion of the EPR
line shape in the presence of azide, cyanide, fluoride, and hydroxide, suggests that anion
binding reorientates the coordination sphere such that one imidazole ligand is displaced from
an essentially equatorial to an axial position, with the entering anion occupying the vacant
equatorial site. Such a ‘‘fluxional’’ change is suggested to happen also with O; in the
computer-refined model, and His50 (bovine 46) is indicated as the axial ligand in the copper-
superoxide complex. The copper is then reduced, His77 (bovine 61) NE2 becomes proton-
ated, and O, is released by a reentering water molecule. Actually, fast protonation-depro-
tonation of the His77 (bovine 61) NE2 during catalysis has been strongly supported by
elegant pulse radiolysis-rapid spectrophotometry experiments.?'® Water coordination to en-
zyme-copper(I) obtained by static reduction is suggested by **CI-NMR experiments.** Ox-
ygen has been shown to be kinetically unreactive with enzyme-copper(I) as compared with
O .34 The copper(I) is four-coordinated in tetrahedral geometry, and this explains the high
E, and the very high reduction rates, which are quite unusual for a ‘‘non-blue”’ protein-
bound copper site.3?” In fact, the crystallographic model shows that all the movements
proposed by this mechanism are less than 1 A. This means that the copper can shuttle
between two proper symmetries, for the respective valence states, namely, five-coordinate
enzyme-copper(Il) and tetrahedral enzyme-copper(I), with minimal rearrangement of li-
ganding nuclei.?”’

Binding of a second O; to the copper(l) at the water coordination site then positions the
substrate with one oxygen H-bonded to Argl58 (bovine 141), while the other oxygen H-
bonds to the protonated His77 (bovine 61). At this point, the model introduces a catalytic
role for the zinc since it ensures protonation of the His77 (bovine 61) NE2 throughout a
wide pH range. This nitrogen is considered to be the source of the proton required to stabilize
the peroxide anion produced by the second electron transfer from ECu(I) — O; . In fact the
zinc-free protein®?3347 is fully active only between pH 5 and 7 compared with the copper/
zinc enzyme which retains full activity between pH 5 and 10.34%-*4° The drop below pH 5
is due to the alteration of the metal-binding sites,>* while the alkaline drop might be due,
at least in part, to deprotonation of His77 (bovine 61) NE2, which occurs at lower pH in
the absence of zinc. Under steady-state conditions, hydrogen peroxide is released since it
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does not compete kinetically with O; for reduction of the enzyme-copper(Il) at pH <10.%-3!7
Only the oxidized copper enzyme, in the absence of a flux of O; capable to bring the
enzyme into the steady state, is reduced and then inactivated by H,0O, in a complex reaction.
This reaction involved reduction and reoxidation of the enzyme by H,0, in a catalase type
of reaction, although at a rate several orders of magnitude lower than with superoxide.®*!
It has been shown, however, that the reaction of the conventional mechanism can be reversed
under particular conditions such as high pH and scavenging of the Q5 346351352

The final essential feature of the refined model is that the rate constant for superoxide
dismutation by copper/zinc SODs is approximately 2 X 10° M~* sec~' at pH 5 to 10 and
I = 0.05.4%4 This value is very high — about 10% the maximum diffusion-controlled limit.
This conflicts with the catalytic copper site being only 0.1% of the enzyme surface and
having only one coordination site available to solvent exchange. Electrostatic facilitation
has been proposed.*** Tainer et al.?!**'* have calculated that the copper is at the bottom of
an active site channel, forming 10% of the entire molecular surface of the enzyme and very
suitable for electrostatic facilitation of the recognition between O; and the enzyme. Indi-
vidual residues near this channel were examined to evaluate their contribution to precollision
orientation and facilitated diffusion of O; . Besides Argl58 (bovine 141), a more proper
candidate for short-range docking of superoxide at the copper site are the pair Lys151 (bovine
134)/Glu148 (bovine 131) and, to a lesser extent, the pair Lys137 (bovine 120)/Glul36
(bovine 119) (not always conserved) are in suitable positions to create significant electrostatic
attraction toward O . This conclusion is suggested by a color computer-graphics display of
the electrostatic potential and the electrostatic field vectors. Pairing with an opposite charge
is essential to prevent nonproductive association of O; with Lys151 (bovine 134). Neu-
tralization or inversion of the lysine charges by extensive carbamoylation®*? or acylation?3!-332
of the enzyme decreases the catalytic efficiency of the enzyme thereby giving support to
this picture. It is also true that the enzyme activity is typically inhibited by high ionic
strength. 26 The residual activity after enzyme modification is much less sensitive or even
positively sensitive (i.e., the activity increases) to increasing salt concentration, depending
on whether the charge on the lysine residues is neutralized or inverted. Elimination of the
charge on the lysine residues by pH titration of the residues produced similar effects.

Although the picture worked out on the basis of the computer-graphics-refined crystal-
lographic model relies on, and coincides with, the experimental work and conclusions, a
number of ambiguities, which have given rise to various controversies, are still present.

First, is the His77 (bovine 61) copper-zinc bridge present in solution? The only possible
experimental approach to this question is spectroscopic. In this regard, zinc replacement by
other metal ions more suitable for this type of approach has been rewarding. The initial
evidence for a bridge came from the very first of such substitutions. Calabrese et al.?s*
showed that when substituting cobalt for zinc the copper(Il)/cobalt(Il) SOD gave samples
lacking the EPR spectra for both metals, although the respective optical bands were present
and indicative of paramagnetic, EPR-detectable states. Reduction of the copper led to ap-
pearance of the cobalt(IT) EPR spectrum.®* In the same publication, the magnetic interaction
leading to obliteration of the EPR spectra was shown to occur over a large temperature range
(in the frozen state) and therefore assigned to antiferromagnetic exchange through a common
aromatic ligand. The first X-ray analysis at high resolution®** indicated that His77 (bovine
61) might be such a ligand, and this has been shown to be the case in the refined model.
It has been shown®* that the optical and EPR spectra of cobalt in the copper(I)/cobalt(II)
protein were identical to those of the cobalt(Il) protein, i.e., enzyme deprived from copper
but containing cobalt(Il) at the native zinc place. This result, suggesting protonation of the
His77 (bovine 61) N facing the copper, was the basis of the catalytic experiment®'? showing
that in the copper/cobalt SOD protonation-deprotonatoin of the imidazolate bridge occurred
in turnover with the same rates as the catalytic cycle. All other spectroscopic approaches to
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the problem are variations of this model: *'Cd NMR with cadmium in the zinc site®” or
'H NMR with the copper/cobalt protein.3s® The only work carried out with the native protein
is the EXAFS study of Blackburn et al.”>” The conclusion of this work can be accepted,
provided one accepts the model used for best-fitting calculation of the solution spectrum,
namely, the freeze-dried enzyme. This is not completely acceptable since EPR*' and activity®*!
investigations point out that the lyophilized enzyme undergoes structural alteration. The
problem is therefore twofold. First, is the copper/cobalt SOD a perfect copy of the native
protein? Second, what is the proof that such a bridge can exist in solution since silent EPR
is not enough to indicate that a chemical bond is actually responsible for magnetic coupling
between paramagnetic centers, especially if a sufficiently large temperature range is not
explored?*¢ The first question lacks the confirmation of X-ray analysis of crystals; however,
extensive X-ray absorption spectroscopy (XANES and EXAFS) investigations appear to
indicate overlapping of structure at the metal-binding sites of native and cobalt-substituted
protein.*®':3¢2 Answering the second question requires a precise statement of the conditions
(temperature, physical state of the sample) under which the appropriate measurement (EPR,
magnetic susceptibility) has been carried out. The protein sample should not be subjected
to prior freeze-drying and the temperature range explored should include the ambient tem-
perature in order to be functionally significant. The EPR** and magnetic susceptibility
studies** conducted over a significant temperature range were not able to measure the
coupling constant; however, the upper limit of the temperature was always far below 0°C.
The only magnetic susceptibility measurement available for a solution of the copper/cobalt
enzyme** is at a single temperature (25°C). The magnetic moment measured was identical
to the two independent magnetic moments of copper(I) and cobalt(II) measured in the zinc-
free and cobalt(Il) protein, respectively. Thus, magnetic susceptibility of the copper(Il)/
cobalt(IT) SOD, the derivative used for mechanistic studies, is not in straightforward agree-
ment with the refined crystallographic data.

A second ambiguity is that Argl58 (bovine 141) is conserved in all the copper/zinc SODs
so far examined. All activities assayed to date in various tissues and organisms are inactivated
by phenyglyoxal.*°!-302-35 However, phenyglyoxal is a rather bulky reagent and may block
the entrance of O; to the active site channel by steric hindrance. This criticism applies even
more to experiments when the modified enzyme was shown to be less susceptible to the
presence of the anionic inhibitor phosphate,*® which is clearly of a larger size than O3 .
Such experiments cannot be definitive evidence for phosphate binding to Argl58 (bovine
141). Only the site-directed mutagenesis approach will rule out the steric hindrance criticism
affecting these types of studies.

The single steps of the catalytic mechanism are also the object of much discussion. There
is a general consensus that small, single-charged anions behave like superoxide in their
interaction with the copper. Rigo et al.?*® showed by 'H-pulsed NMR and polarographic
activity assay that the water coordination to the copper was affected by chloride (3.63-A
radius) in both the copper(Il) and copper(I) enzyme, Br~ (3.90 A only in the copper(lI)
enzyme, and iodide (4.32 A) in neither copper-enzyme form. Thus, the size of the active
site channel was functionally probed and the coordination of the substrate and substrate
analogs to copper by displacing a water molecule was once more supported. Recently, an
'H NMR study of the histidine resonances in the copper(Il)/cobalt(II) SOD showed that the
residues ligated to the copper can also be detected.>*® This was expected since in binuclear
systems with even weak magnetic coupling the electronic relaxation time is uniquely short
and involves both metals, as was already demonstrated for the copper(II)/cobalt(II) SOD in
the T, study of Rigo et al.*’ Addition of excess azide or thiocyanate or cyanate caused large
variations of the histidine proton signals, which were interpreted as signaling the removal
of His48 (bovine 44) from coordination to the copper(Il) by the anion ligand (not just
lengthening the bond). It is unfortunate that this experiment was not performed with cyanide,
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the only anion that closely fits the O site in the refined model. Cyanide binds to the enzyme
with a three-order-of-magnitude higher association constant than azide, the second best
inhibitor.>?® Furthermore, azide binding is significantly inhibited by doubling the concen-
tration of the inert salt perchlorate, while cyanide inhibition is not.*** This indicates that
azide does not only probe the copper-water exchange but may bind somewhere else, especially
at high concentrations. Extra-bonding may in turn affect protein conformation at the copper
site. Cyanate modifies covalently all the lysine residues of the enzyme.**? Thiocyanate has
no effect on either the enzyme activity*?® or the EPR spectrum at room temperature®® and
causes gross alterations to the protein.**

Since cyanide is the model for studying the O; enzyme (interaction) the question is does
this similarity imply that an inner-sphere copper(I)-O; complex is actually formed? The
straightforward presentation of Tainer et al.*'? is as yet rather speculative. Kinetic saturation
of the enzyme was actually observed at [O5] = 0.4 pM by Rigo et al.,*'® but this result
obtained with the polarographic methods of catalytic currents has not been confirmed with
other methods.>*® The same caution has to be applied to the competitive pattern of inhibition
shown by Rigo et al.?*® with singly charged anions, suggesting displacement of cyanide by
excess O5 .

The formation of H,0, is the most controversial point in the mechanistic scheme as far
as both the weak oxidizing properties of O; and the source of protons are concerned in a
reaction that apparently has the same rate as the far more facile reduction of the copper(Il)
by the first O; . This is the proper context to introduce a new mechanism, proposed on
purely theoretical grounds, which should, however, be taken into consideration.>’® On the
basis of quantum chemical calculations of the interaction of O; with a model of the enzyme
active site, this mechanism proposes that the role for Argl58 (bovine 141) is, besides
positioning O; in the active site, to change its redox chemistry in such a way that it forms
a stable complex with the copper(Il) without reducing it. Copper reduction occurs, by an
outer-sphere process, when another O; is oxidized by the stable intermediate

E-Cu(ll) — H,0--HN* — Arg + Of @
E-Cu(Il) — O;--HN* — Arg + H,0 an
E-Cu(l) + O;—-HN* ~ Arg + O, 1))

The reduced form (III) ‘‘isomerizes’’ to a form where a proton transfer occurs to O; from
Arg158 (bovine 141), giving the hydroperoxyl radical, now oxidizing enough to restore the
oxidized form of copper with concomitant production of the hydroperoxide anion product

E-Cu(l) — O;--HN* — Arg (11
E-Cu(ll) — O;H-N — Arg av)
H,0 + H*-E-Cu(ll) — O,H — HN* — Arg — HO; )

The source of proton for the outgoing peroxide is therefore Argl58 (bovine 141), and there
is no need for dissociation of the copper-NE2 (His77 [bovine 61]) bond and the protonation
of the resulting imidazolate anion. With some assumptions, many experimental facts can be
explained by this mechanism. For instance, catalysis can start from the reduced enzyme as
shown by Fielden et al.,* beginning with structure (IIT) above. More difficult is to show
chemical identity between the catalytically ‘‘reduced’’ enzyme and the copper-free form as
shown with the cobalt derivative, while this is straightforward in the conventional mechanism
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of McAdam et al.*'? It should also be rationalized why the steady-state enzyme-O; system
is spectroscopically identical by any means to the [E Cu(l) J/[E (Cu [II])] = 1 system.

There are interesting variations also within the conventional mechanism as far as the
source of proton in the second step is concerned. Fee and Ward*** have proposed that the
metal-bound peroxide is protonated by water and hydrogen-bonded to the enzyme copper
(I)-O; complex prior to electron transfer. Actually, no isotope effect in D,O on K_,, in H,O,
which would have indicated a rate-limiting proton transfer from water, has been observed. ¢
Once again, a definitive demonstration is difficult, and more experimental work is needed
to elucidate the mechanism of action beyond the ‘‘conventional’’ scheme and the ‘‘sim-
plistic’’ model.

Finally, it must be considered that lysines are certainly an appropriate site for the binding
of anions. Perchlorate and cyanate,** which cause no perturbation to the copper(Il) spectral
properties, still inhibit the enzyme activity. The covalent modification experiments support
this idea. Cyanate is a special case as it perturbs the copper(Il) EPR spectrum and also
carbamoylates lysine.?*? The carbamoylation per se has no inhibitory effects but renders the
enzyme less susceptible to inhibition by perchlorate. Azide and halides are likely to bind
both copper and lysine residues and therefore show complex behavior. Some halides also
have different affinity towards the oxidized and reduced form of the protein. Binding of
anions which do not perturb the copper site may cause conformational changes of the active
site besides just ionic-strength effects. The EPR spectrum is converted to an axial line shape
in the presence of perchlorate and also in the presence of Ca®*, even upon freezing of the
protein sample. All these results point to the danger of a too simplistic interpretation of the
anion-binding pattern of copper/zinc SODs.

The case of phosphate is particularly instructive in this regard. Phosphate inhibits cyanide-
binding3* activity®*® and alters the optical and EPR spectrum of the cobalt when it replaces
the copper®s® and appears to bind very near to the copper on the basis of 3'P-NMR meas-
urements.>”! The Argl58 (bovine 141)-modified enzyme is less affected, as far as activity
and anion binding are concerned, at low concentration of phosphate,**¢ while at higher
phosphate concentrations, it behaves like the native enzyme. A likely conclusion is that
Argl58 (bovine 141) is the primary site of interaction of phosphate as well as the major
source of the dependence of the activity on ionic strength at low phosphate concentrations.
Lysine residues, on the other hand, become a dominant site of anion interaction at higher
salt concentrations. Once again this conclusion rests heavily on the phenylglyoxal inactivation
of the enzyme activity, which is not an unequivocal approach to the role of Arg158 (bovine
141).

Salt effects are strictly related to pH effects. The enzyme activity of bovine copper/zinc
SOD is reversibly inhibited by [OH~] with an apparent pK between pH 10.5 and 11.32
Hydroxide competes with other anions for the same site®?® and, therefore, pH effects have,
at least in part, the same nature as salt effects. However, the pK of the alkaline inhibition
is not affected by ionic strength. More than one factor has been invoked to explain the
deactivation of the enzyme at higher pH. The deprotonation of the copper-bound water may
contribute to this effect,’?® but titration of the water T,>> has an half-transition point at
approximately pH 11.5 and, rather, coincides with the titration of rhombic-axial conversion
of the EPR spectrum3?* and with the residual activity of the lysine-modified enzyme.>?* Thus
it appears that the pK around pH 10.5 reflects the protonic equilibrium of the activity-
important lysine(s). The higher pK should be assigned to deprotonation of copper-bound
water and/or Argl58 (bovine 141), which are structurally very close to each other. In fact,
the EPR spectrum of the arginine-modified enzyme is axial.*™ A further activity important
for ionization in the pH range may involve the NE2 of His77 (bovine 61) of the copper(l)
enzyme, which in the conventional mechanism is a likely proton source for the peroxide
product.?*°
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All these considerations do not explain the unusual pH dependence of pig enzyme,3*
whose activity decreases almost linearly with increasing pH between pH 7.5 and 12, while
EPR, T,, and activity of lysine-modified enzyme titrate just like the bovine enzyme. The
primary structure of pig copper/zinc SOD*%* shows conservation of the crucial residues
and, in particular, of Lys151 (bovine 134) so that no obvious structure-activity relationships
can be proposed on the basis of the refined crystallographic model. However, the porcine
enzyme has a higher isoelectric point than the bovine enzyme,**37¢ which makes it almost
neutral in contrast with the acidic bovine, yeast, or human copper/zinc SOD. Koppenol324377
has extended his calculations to the pig enzyme, showing a definite positive area not far
from the copper due to the absence of Glu92 (bovine 75). This may compensate for less
repulsion of O; by negative charges on the surface of the molecule outside the area of the
active site. In fact, the pig enzyme is not less efficient than the bovine enzyme and is even
more active at low ionic strength.?”® Furthermore, the activity is affected by iodide, which
is not the case with the bovine enzyme. Definitely, electrostatic potential, anion affinity,
and pH dependence of activity of the pig enzyme are strong suggestions that the “‘simplistic’’
model worked out with the bovine enzyme should be accepted with some caution. As a final
remark to the problem of anion binding and electrostatic interactions, it should be remembered
that physiologically the SODs are immersed in a bath of chloride and phosphate, while the
[O5 ] concentration is much lower. Considerations of this type may make all experiments
made with the enzyme at relatively low ionic strength irrelevant to the natural situation.

C. The Dimeric Structure

The cystallographic models give no clue to structure-activity relationships regarding the
role of the homodimeric structure of SODs. Native monomers have never been isolated in
solution due to very tight subunit binding. The subunit association can be weakened by
heating,”® sodium lauryl sulfate,*” or acylation,*' but the dimer reassociates when the
dissociating agents are removed. This property can be used to hybridize subunits made
artifically nonequivalent®”® and to resolve a natural hybrid in artificial homodimers.**® In
one case, a succinylated copper/zinc SOD was treated under conditions likely to produce
immobilized monomers,**' thus preventing reassociation, but acylation of lysine residues
and the presence of a solid matrix prevented a clear assessment of activity. The EPR spectrum
was, however, of a native type, indicating that neither lysine modification nor subunit
dissociation changed the conformation of the active site in a drastic way. Functional nonidentity
of subunits has repeatedly been reported. Fielden et al.* reported that the steady state of
reduction enzyme-copper(II) concentration approached 75%, instead of the expected 50%,
as if one of the subunits were inactive while the other was functioning. This result was later
shown to be dependent on sample history, in particular prior freeze-drying.’*'%¥! The phe-
nomenon was not trivial since it was not associated with less-active samples, thus indicating
sample-dependent alterations in subunit interaction. The occurrence of conformational com-
munication between the two remote (34 A) copper sites of the native dimer is in fact detectable
as a break at one equivalent per mole of protein in either coulometric titrations®®2 or in the
process of metal reconstitution of apoprotein.3#3-383

The kinetics of such communication is not known and may be too slow to account for
the cooperative effects observed in catalysis. These effects have been questioned on the
basis of an experiment showing that a hybrid containing an active subunit and an H,O,-
inactivated subunit behaved like subunits working independently.®”® An obvious question is
whether an H,0,-inactivated copper site*'” can still ‘‘communicate’’ with the functioning
counterpart. In fact, a ‘‘native”’, although *‘inactive’’, subunit can be made by selectively
removing one copper ion per enzyme molecule.¢ This derivative was significantly more
active than the doubly filled dimer per enzyme molecule.

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informahealthcare.com by 89.163.34.136 on 01/06/12
For personal use only.

Volume 22, Issue 2 (1987) 139

D. Manganese- and Iron-Containing SODs _

Less is known about the isozymes having iron or manganese as the active metal. Never-
theless, the present knowledge is enough to indicate that the general features of the mechanism
are identical to the copper/zinc enzyme, although it is more difficult to identify the structural
basis of the catalytic function. Structurally, manganese and iron SODs are considered to be
homologous proteins®'!-3'2 and unrelated to the copper/zinc-containing isozyme. In one case,
typical (as far as activity and spectroscopy are concerned) manganese or iron SOD could
naturally be made by the bacterium P. shermanii with the same protein moiety, depending
on the selective metal supply.''®

Iron and manganese SODs also occur as dimers (sometimes tetramers). The metal sites,
however, are much nearer the dimer interfaces than in the copper/zinc enzyme (=8.9 A).

The monomer fold is very similar in both cases and comprises two domains, each con-
tributing two ligands to the metals. This situation on a larger scale is reminiscent of the
repeated folding pattern in the copper/zinc protein®®’ where the copper site is on the dyad
axis between two distinct subdomains. In the iron and manganese SODs, the metal centers
are approximately 18 A apart in the dimers, and there are several specific contacts made by
amino acid residues in the environment of the metal-binding sites that could afford a pathway
for interaction between the two active centers.?'0-312388:38 However, contrary to the case of
the copper/zinc protein, there is no evidence for such an interaction besides some speculation
on the process of metal incorporation and replacement, which is quite complicated.?°-*%?
The folding is made largely by a-helices, contrary to copper/zinc SOD, which is a B-
structure barrel of the immunoglobulin type.*** This makes the iron- and manganese-con-
taining SODs more susceptible to denaturation than copper/zinc isozymes. Typically, urea
facilitates metal removal and incorporation.?®

Interchangeability of the iron and manganese?™''® requires considerable structural ho-
mology, if not identity, of active sites. Three histidines and one aspartic acid residue have
been detected as metal ligands in the X-ray structure of the manganese isozyme.*!® The iron
SOD:s also have four protein ligands,>®®-** one of which is certainly histidine; the other three
have been located in the crystal structure and recently were tentatively identified from
preliminarily sequence data of the protein isolated from P. leiognathi."

In both isozymes, these ligands form an appropriate trigonal bipyramid in which water
may occupy an axial position. Both forms of the enzyme display effects on water NMR
relaxation,*-3% and metal-bound water is functionally important. This water molecule is
typically embedded in a hydrophobic environment surrounding the active site,*®® which may
be functionally significant in determining the actual electrostatic charge encountered by the
substrate. Electrostatic facilitation of O; encounter with the protein has been proposed for
both isozymes, using the same residue-modification approach as used with the copper/zinc
isozyme.*” The catalytic mechanism of iron and manganese SODs follows the general
scheme shown for the copper/zinc enzyme involving the iron(Ill)/iron(II) and manganese(I1I)/
manganese(Il) couples, respectively, also inhibition by singly charged anions and a decrease
of activity with increasing ionic strength. In the case of the manganese SOD, the active site
is also thought to be involved in a slow side reaction leading to a dead-end species.*-*® The
catalytic efficiency is slightly lower in the iron and manganese isozymes than in the copper/
zinc SOD when a similar procedure is used to investigate the mechanism, e.g., pulse
radiolysis. However, the comparison between copper and noncopper enzymes may not be
straightforward because the fine details of catalysis are quite different. In contrast to the
copper/zinc enzyme, the iron and manganese SODs display unquestioned substrate saturation
so that K_, V..., and TN have a classical meaning in their case.**-**3% Moreover, both
isozymes show definite inhibition at pH values above neutrality.> In the iron SOD, K., is
pH independent between pH 6 and 10, but K,, depends on pH with a pK near 9.**® More
or less similar behavior has been observed for the manganese SOD.>® Anion inhibitors (azide
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and fluoride), which coordinate the iron, display pH dependencies of inhibition which
resemble those for substrate.!?® Also in the case of iron SOD, the affinity of the enzyme
for anions may be different in the oxidized and reduced form of the protein and may involve
two types of sites, a primary one at the metal ion and a secondary one on the nearby protein
pocket, which is better probed by metal-unreactive anions such as perchlorate and thiocyanate.

While water exchange is fast enough in the copper/zinc SOD**3 to account for me-
chanistically relevant H,O displacement by O, this is not the case with manganese(III) or
iron(III) proteins.?**-3% An outer-sphere mechanism of metal-redox reaction should rather
be taken into consideration. X-ray studies concerning azide binding to the iron SOD** and
computer-graphics analysis with manganese SOD*'® revealed a cavity centered about 3 A
from the metal which may host the substrate and the anionic inhibitors. This would make
the active center able to feel anionic inhibitors and O; without displacing the water molecule.
Actually, at least a primary step of azide binding to either iron*® or manganese*'? SODs
does not perturb the spectral properties of the natural site.

One H* is bound on reduction of iron(III)**® over a broad pH range (pH 6 to 10). If a
single titratable group is responsible for this binding, its pK must shift from 6 to >9 in the
iron(Il) protein. This may be accounted for by the strikingly polar environment of the metal
centers. There is no evidence that this group is a metal ligand as it is for the copper/zinc
isozymes. Apparently, there is no special need for such a close proton source since both
iron and manganese SOD** show an isotope effect on K, by D,0, consistent with rate-
determining proton transfer from H,O. This may be assisted by specific residues near the
active center (e.g., Tyr36 in the T. thermophilus manganese SOD),3'° which might be also
implicated in the redox-linked pK.

VII. APPLICATIONS OF SOD

A. The Concept of Superoxide-Related Pathology

Studies on SOD in biological systems are underpinned by the hypothesis of superoxide
toxicity. The evidence which supports this hypothesis has been forcefully reviewed,*! .40
while those who have thrown doubt on the hypothesis*®“** have not produced evidence
which can be considered to falsify it.!"?

The deleterious effects of O; -generating systems on biological macromolecules, subcel-
lular components, cells, and tissues*®%7 suggest that O; can be an initiating or contributing
factor in disease.**® Superoxide-related pathology may result either from increased production
of O; due to hyperoxia, activation of granulocytes and macrophages, conversion of xanthine
dehydrogenase to xanthine oxidase, exposure to ionizing radiation and redox cycling of
xenobiotics, or from decreased activity of SOD. In the absence of direct probe, increased
production of O; in vivo is currently a reasonable inference from observations in vitro. The
tissue distribution of SOD shows much variation, but what is critical is not known for any
ﬁssue.lw.m-QIS

Michelson et al.** put forward a concept of superoxide-related pathology according to
which both high and low levels of SOD activity can be pathogenic, but detailed interpretations
are not available. In a general way, low SOD activity can be considered to favor the formation
of OH" radicals from O; and H,0, in the presence of iron or copper complexes, as seen in
vitro and discussed recently.*'* A more powerful oxidant than O; is commonly invoked to
explain the toxicity of O; -generating systems. In microenvironments of lower-than-phys-
iological pH, this can be the conjugate acid of O;, the perhydroxyl radical HO;.#!¢ It is less
casy to see how high levels of SOD activity or low levels of O5 can be pathogenic. It is
difficult to accept a normal role of O; as a free radical-trapping agent*!4*!? or a pathological
role of copper/zinc SOD as a peroxidative agent.*®

In this section, we discuss a number of areas in which the concept of superoxide-related
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pathology is testable by means of measurements of SOD activity, inhibition of endogenous
SOD, or administration of exogenous SOD. These include genetic aspects of SOD, the
erythrocyte, inflammation, and ischemic injury. In a sense, these are areas, among others,
of applications of SOD in the investigation of the pathology of disease and therapeutic
possibilities.

G. Genetic Aspects of SOD
1. Introduction

The chromosomal location of the SOD genes is known for man and some other animals.
The regional localization of the copper/zinc SOD gene is known in man. This gene is
triplicated together with other unknown genes in (trisomy 21) Down’s syndrome. The cloning
of cDNA sequences complementary to human copper/zinc SOD mRNA has been achieved.?’?
This has the potential to open new avenues in the understanding of Down’s syndrome but
does not close the old ones. The SOD genes have rare alleles which appear to be selectively
neutral.

2. S0D

The gene of copper/zinc SOD is located on chromosome 21 in man,*'® on chromosome
9 in the monkey Cebus capucinus*®® and the domestic pig,**' and on chromosome 16 in the
mouse.***?* The gene for manganese SOD is found on chromosome 6 in man,*** where it
has been localized on the long arm distal to 6q16,%* and on chromosome 17 in the mouse.*?’

The H-2" phenotype in mice was considered to be associated with increased copper/zinc
SOD activity in liver by Novak et al.,*?® but correlation between copper/zinc SOD activity
and the H-2 histocompatibility phenotype was not confirmed by Bloor et al.**® and is not
expected because the H-2 complex is on chromosome 17 while the copper/zinc SOD structural
gene is on chromosome 16 in the mouse.

3. Genetic Overdosage of Copper/Zinc SOD: Trisomy 21

Chromosome 21 in man is of special interest because the genes responsible for Down'’s
syndrome, when triplicated, are located on the distal part of the long arm of this chromo-
some.** Consistent with triplication of the gene for copper/zinc SOD, an increase of about
50% in erythrocyte SOD activity*'*#*'-*3 and immunoreactive enzyme protein“>*>#* can be
demonstrated in Down’s syndrome. A similar increase in copper/zinc SOD activity has been
observed in platelets,**” leukocytes and fibroblasts,**® and lymphoid cells.**® Baret et al.**°
did not find a significant increase in immunoreactive copper/zinc SOD in trisomy 21 platelets,
although a 50% increase was found in granulocytes, lymphocytes (T and non-T), and
macrophages from trisomy 21 patients, 044!

The gene for copper/zinc SOD is probably located on the part of chromosome 21 which
includes the distal part of band 21921 and the subband 21g22.1, as indicated by the correlation
between erythrocyte SOD activity and the chromosome abnormality in rare cases of partial
monosomy or trisomy 21.%2%7 Leschot et al.*“® suggested that the gene for copper/zinc
SOD might be localized proximal to or in band 21921 because a patient with partial trisomy
of the segment 2 1pter (the end of the short arm) te 21921.4 of chromosome 21 had erythrocyte
SOD activity in the range of a group of patients with regular trisomy 21. This patient had
no symptoms of Down’s syndrome.

Kedziora et al.*? did not observe an increase in erythrocyte SOD activity in Down'’s
syndrome patients with 21/D and 21/G Robertsonian translocations; they ascribed this to a
position effect, but their observations have not been confirmed by others.***432 The copper/
zinc SOD gene was inactivated as indicated by the erythrocyte SOD activity in a patient
with translocation of the segment 21q11 to 21qter (the end of the long arm) of chromosome
21 to point q27 of an inactivated X chromosome. This can be explained by the spreading
of the inactivation along the translocated segment of chromosome 21.4%
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The role of the copper/zinc SOD gene in the pathology of Down’s syndrome is difficult
to evaluate based on current evidence. A patient with partial trisomy of the subband 21g22.3
of chromosome 21 had many features of Down’s syndrome without an increase in erythrocyte
SOD activity.*>* Patients with mosaic trisomy 21 showing about 30% abnormal cell lines
had full Down’s syndrome symptomatology without an increase in erythrocyte SOD ac-
tivity.*2 It is doubtful whether a 50% increase in copper/zinc SOD activity by itself is
pathogenic. An accelertion of peroxidative processes in trisomy 21 has been postulated from
observations on erythrocytes, which showed an increase in glutathione peroxidase and hexose
monophosphate shunt activity.*!84*>4% Elevation of glutathione peroxidase activity in trisomy
21 has also been found in lymphoid cells**® but not in cerebral cortex from fetuses. In the
latter, there was a significant increase in SOD activity (4 60%; p<0.001) and a tendency
to undergo lipid peroxidation compared to controls. Total polyunsaturated fatty acid content
was not altered, but changes in lipid composition are not excluded.**” Enhanced copper/zinc
SOD activity might accelerate lipid peroxidation without an adaptive increase in the mech-
anism of H,0, elimination.

The common ground sought between Alzheimer’s disease and trisomy 214*® is probably
unrelated to SOD activity since both copper/zinc and manganese SODs have essentially
unaltered activity in various parts of the brain in Alzheimer’s disease.** In trisomy 21, there
is a decrease in manganese SOD activity (—33%; p<0.02)**" and immunoreactive manganese
SOD (—49%; p<<0.001)*° in platelets. However, immunoreactive manganese SOD shows
no significant variation in granulocytes, lymphocytes, and macrophages from trisomy 21
patients compared to controls, 44044

4. Genetic Polymorphism of SOD in Man

Electrophoretic variants of SOD were originally observed under the guise of tetrazolium
oxidase or indophenol oxidase.*° The population genetics of copper/zinc SOD has been
amply studied. Beckman*®! proposed the existence of two allelic genes, SOD-A' and SOD-
A?, with the associated phenotypes SOD-A 1, SOD-A 2-1, and SOD-A 2. The rare phenotype
SOD-A 2 shows a slower anodic mobility than the common phenotype SOD-A 1 in elec-
trophoresis. It is seen only exceptionally in population studies except in Finland and northern
Sweden. The SOD-A? allele has a relatively high frequency of 1 to 3% in Finland and
northern Sweden,*#*4%% the Westray Island of the Orkneys,** and the west coast of New-
foundland.*’ This geographic distribution is consistent with gene flow from a single Scan-
dinavian source.**® The occurrence of the SOD-A 2-1 phenotype in Italy*® and Iraq,*’® where
it is associated with SOD-A? allele frequencies of 0.1 and 0.3%, respectively, has suggested
the possibility of Mediterranean-Arabian gene flow.*’® The finding of the phenotype in the
Mbugu of Central Africa, where gene flow from Caucasoids can be excluded, supports the
hypothesis of independent mutation in more or less recent times compared to the Scandinavian
source of the mutant gene.*”!

The enzyme variant SOD-A 2 has been isolated from the erythrocytes of a homozygote
and compared with SOD-A',4”2 but the amino acid substitution has not been determined.
The SOD-A 2 had the same specific activity as SOD-A 1.

Polymorphism of manganese SOD (SOD-B) has been reported from Japan*’* and Ma-
laysia.*™ A frequency of 1.2% was found for the SOD-B? allele among the Senoi aborigines
of Malaysia.

The variant gene appears to be harmless in populations with polymorphism for copper/
zinc*”® or manganese SODs. Considering the crucial role of SOD in oxygen metabolism, it
is possible that only variants with essentially normal enzymatic activity can be tolerated.*”?

C. SOD Activity in RBC
1. Introduction
Investigation of erythrocyte SOD is an active area of this research, possibly because of

RIGHTS

i,



Critical Reviewsin Biochemistry and Molecular Biology Downloaded from informaheal thcare.com by 89.163.34.136 on 01/06/12
For personal use only.

Volume 22, Issue 2 (1987) 143

the ease with which erythrocytes can be obtained. The importance of SOD as a detoxication
enzyme of oxygen metabolism in RBC is related to the phenomenon of autoxidation of
hemoglobin which produces O; . This is one origin of oxidant stress in erythrocytes and
may lead to eventual hemolysis. Several investigators have utilized SOD to study the mech-
anism of hemolysis. Besides measurement of SOD activity in relation to specific RBC
pathology, there is also considerable interest in following erythrocyte SOD activity in relation
to other diseases.

2. Superoxide Production in Erythrocytes

Erythrocytes produce O; by autoxidation of hemoglobin. The molar ratio of SOD to
hemoglobin in packed RBC is about 4.7 X 107° M/4.7 x 1073 M or 1073, Assuming
that hemoglobin autoxidizes at the rate of about 3% per day,*’” equivalent to an O; production
of about 6.5 X 10~° M~' sec™! and a rate constant of 1.5 X 10° M~! sec™' for human
erythrocyte SOD,>* it can be calculated that this corresponds to a steady-state intracellular
O; concentration of about 1 x 107'2 M. This is consistent with the small oxygen con-
sumption of erythrocyte suspensions. Generation of O; in RBC suspensions has been inferred
from formation of oxidized glutathione (GSSH) after inhibition of SOD by diethyldithio-
carbamate. In the presence of glucose, the hexose monophosphate shunt was stimulated.
Formation of methemoglobin occurred when GSSG formation reached its maximum.*”®

RBC stroma vesicles dissipate O; through the anion channel into the surrounding me-
dium.*” RBC suspensions in glucose-containing phosphate-buffered saline liberate O; at a
rate of about 3 X 1072 M~ sec™! in reference to packed celis.**® Escape of O; through
the anion channel may spare the RBC membrane from permeation of the bilipid layer by
HO,, which is more reactive than Oj; toward unsaturated fatty acids*'¢ and a-tocopherol.*®!

3. Autoxidation of Hemoglobin and Hemolysis

Autoxidation of hemoglobin®? or myoglobin® produces O; . Isolated a and B chains and
unstable hemoglobins produce O; at faster rates than hemoglobin A during autoxidation,
and hemichrome formation occurs more rapidly.*#%4%* SOD alone does not affect the au-
toxidation of hemoglobin.®? It has an additional inhibitory effect of about 25% when present
together with catalase.*®* SOD protects catalase from inactivation by O; ,*** while catalase
protects SOD against inactivation by H,0, in RBC.#** SOD inhibits Cu®* -catalyzed oxidation
of hemoglobin by about 35%.4** On the other hand, it accelerates the autoxidation of
oxymyoglobin.®* Oxyhemoglobin*®* and oxymyoglobin**” have been considered to autoxidize
by a proton-catalyzed nucleophilic displacement of O; from the active site. However, it
appears that the deoxy rather than the oxy species is involved in the Fe?* oxidation to Fe*,
although the precise non-iron site for electron transfer from ferrous porphyrin to oxygen is
unknown. 458

Superoxide oxidizes oxyhemoglobin and reduces methemoglobin. The concentration of
SOD in normal erythrocytes is sufficient to suppress these reactions.**® However, H,0, may
compete with O; for oxidation of oxyhemoglobin so that under conditions of excessive
production of H,0, SOD may have no effect’® or may accelerate***? the formation of
methemoglobin and degradation of hemoglobin.

Oxidation of hemoglobin and peroxidation of stromal lipids are inextricable factors in
hemolysis. Xanthine oxidase acting on acetaldehyde as substrate produces a slow oxidative
attack on erythrocytes which causes precipitation of hemoglobin and hemolysis. SOD inhibits
the hemolysis by about 50%, as measured by release of RBC catalase, but increases the
precipitation of hemoglobin. In the presence of carbon monoxide, which prevents precipi-
tation of hemoglobin, SOD inhibits the hemolysis by over 80% and a similar inhibition is
observed with catalase, histidine, or mannitol.*’

Inhibition of SOD by diethyldithiocarbamate sensitizes erythrocytes to oxidation of hemo-
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globin by 1,4-naphthoquinone-2-sulfonate, which reacts with hemoglobin producing O5,
and hypotonic lysis occurs rapidly without lipid peroxidation.*** Erythrocytes exposed to
dihydroxyfumarate, which produces O; by autoxidation, show an increase in hypotonic
lysis after a brief lag during which hemoglobin is oxidized to methemoglobin and green
pigment. Neither lipid peroxidation nor sulfhydryl oxidation is observed. SOD inhibits both
hemoglobin degradation and hypotonic lysis. Carbon monoxide also inhibits the hemolysis. >

These studies adduce evidence for hemolysis either by peroxidation of stromal lipids*’®
or by binding of insoluble breakdown products of hemoglobin to the cell membranes.***
Clearly, O; poses a double threat to the RBC membrane through degradation of hemoglobin
and lipid peroxidation. The presence of hemoglobin modifies the reaction of O; and related
species with RBC membrane lipids. Lipid peroxidation of erythrocyte ghosts caused by the
xanthine oxidase reaction in the presence of 2 pM hemoglobin is inhibited by SOD (or
singlet oxygen scavengers) to the same extent as in white ghosts. In the presence of 10 pM
hemoglobin, SOD (or singlet oxygen scavengers) have little effect, but catalase is strongly
inhibitory. 4%

Hypotonic lysis of erythrocytes in the presence of paraquat is increased when intracellular
SOD activity is increased as in trisomy 21 erythrocytes and is decreased when intraceltular
SOD activity is decreased as in erythrocytes treated with diethyldithiocarbomate. The hem-
olysis is inhibited by external SOD (and histidine) but not catalase.**-**” This suggests two
forms of oxidative attack on the RBC — from the inside of the cell membrane and from
the outside.

Erythrocyte stroma vesicles containing xanthine oxidase lyse in the presence of acetal-
dehyde, as shown by release of '“C-sucrose. Encapsulation of SOD inside the vesicles
completely inhibits the lysis. External SOD is also effective.*® Superoxide radicals produced
in the RBC can attack the cell membrane either from the inside or the outside after traversing
the anion channel.*”® Permeation of O; through the anion channel appears to be a factor in
methemoglobin formation and erythrocyte lysis in the presence of activated neutrophils. 499-50
Superoxide may be similarly involved in the hemolytic actions of Streprococcus D sp.,
although the bacteria also penetrate into the RBC.5®! Erythrocytes may act as scavengers of
extracellular O; .#” They reduce chromosomal aberrations in human lymphoid cells caused
by ionizing radiation and the cytotoxicity of enzymatically generated O; toward Chinese
hamster cells in vitro.>?

Enzymatically generated O; has been found to inactivate erythrocyte membrane
Na* ,K*ATPase leading to hemolysis.*®* This could be an effect of advance lipid peroxi-
dation. Intracellular generation of O; in human erythrocytes exposed to phenazine meth-
osulfate causes an increase in passive K* permeability without any major effect on the
Na*,K* pump or the Na* ,K* cotransport system. This effect is markedly increased by
inhibition of erythrocyte SOD by diethyldithiocarbomate and slightly increased by blockage
of the anion channel. External SOD has a small protective effect. The K* leakage is
associated with lipid peroxidation. There is also an increase of membrane-bound
methemoglobin. 3

Superoxide has been observed to increase membrane fluidity in human erythrocyte ghosts
covalently labeled with a nitroxide spin trap. On the other hand, OH" radicals were observed
to decrease membrane fluidity as a result of lipid peroxidation.** Hebbel et al.*** observed
that hemichrome bound to RBC membranes facilitated the formation of OH' radicals from
O; and H,0,. The resulting oxidant damage could be a determinant of RBC membrane
senescence.

4. Radiation Hemolysis

Stone et al.’” observed that preincubation of human erythrocytes with diethyldithiocar-
bamate without removal of the compound increased the radiosensitivity of the erythrocytes.
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When the diethyldithiocarbamate is removed before irradiation is carried out, a small but
significant additive effect is observed in the median glycerol hemolysis time. Residual
diethyldithiocarbamate increases radiation hemolysis at a concentration of 10~ M. Exog-
enous SOD plus catalase does not protect either control or diethyldithiocarbamate-pretreated
cells against radiation hemolysis.*® According to the findings of Inouye et al.,>* exogenous
SOD has, at most, only a small protective effect on the loss of intracellular K* prior to
hemolysis in irradiated erythrocytes. Trisomy 21 erythrocytes are more resistant to hemolysis
induced by photoactivated riboflavin but not more resistant to irradiation- or acetylpheny-
lhydrazine-induced hemolysis than normal erythrocytes, and an oxygen effect is not observed
in either trisomy 21 or normal erythrocytes.5!-5!!

Kong and Davison®'? have delineated by means of scavengers various interactions among
free radicals produced by ionizing radiation that either enhance or reduce damage in eryth-
rocyte ghosts. In the presence of formate, which scavenged OH', the resulting mixture of
O; and H,0, increased membrane permeability by only 40% of the expected rate on the
basis of additive effects. On the other hand, removal of either O; (by SOD) or H,0, (by
catalase) restored the damaging potential of the remaining species. Protection against an
increase in membrane permeability followed the order: formate (90%) > formate plus SOD
(79%) > formate plus catalase (76%) > nitrogen plus formate (67%) > nitrogen (65%).
The observed effect was therefore due to interaction of oxygen with eZ and H:, producing
O;.

In irradiated rats, there is a marked decrease of SOD activity in bone marrow. However,
in the surviving hemopoietic tissue, cellular SOD activity is sharply increased on the third
day after irradiation. This represents a reparative process, as shown by subsequent increase
of erythrocyte SOD activity together with reticulocytosis.****'* Treatment of mice with SOD
before or after irradiation does not significantly affect the initial decrease of the RBC count
but accelerates the subsequent erythropoiesis.*'*

5. Normal Erythrocyte SOD Activity

The SOD content of human erythrocytes measured as enzyme activity is about 500
ig/g Hb, with no sex or age variation, as found by Winterbourn et al.*'® and Michelson et
al.*'* Saito et al.>'” found a similar value by radial immunodiffusion, although immuno-

chemical methods and radioiummunoassay have both shown somewhat lower*'® and appreciably

higher3'%-52° values, respectively. It is generally considered best to express erythrocyte SOD
activity per gram Hb as the reference parameter, although this is not ideal. In a normal
population, the data of Michelson et al.*'* then shows microgram SOD per gram Hb =
727.7 — 20.8 x gram Hb/d€. SOD activity per gram Hb shows much less variation than
other antioxidant enzymes in erythrocytes of different animals.**!

6. Variation of Erythrocyte SOD Activity with Cell and Donor Age

In female B6D2F, mice, erythrocyte SOD activity per gram Hb does not change signif-
icantly with donor age.*?? Glass and Gershon®? separated erythrocytes from WF Wistar rats
into four fractions by density after removing most of the reticulocytes. Erythrocyte SOD
activity decreased with increasing density in these fractions, while each fraction from old
rats had less SOD activity and more catalytically inactive, antigenically reactive enzyme524-32%
than the corresponding fraction from young rats. The decrease in SOD activity with cell
age in old rats was more striking when expressed on a per cell basis than per gram Hb. The
decrease of mean corpuscular volume and mean corpuscular hemoglobin concentration with
cell and donor age, which is found in rodents, can explain this result.’** Erythrocytes from
old rats were, on the average, younger (less dense) than those from young rats, as found
by Tyan®? in mice. This would tend to mask a decrease of SOD activity with donor age in
total erythrocyte samples, if young cells have higher SOD activity than old cells.
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In density-separated bovine erythrocytes, Bartosz et al.* observed a progressive decrease
of erythrocyte SOD activity per gram Hb with cell density, down to about 65% of that of
the least-dense cells. Quantitation of SOD by rocket immunoelectrophoresis showed that
enzyme protein did not vary with cell density, indicating a loss of specific activity in the
more dense erythrocytes.?’?

Subject to exclusion of experimental artifact, erythrocyte SOD activity does not appear
to decrease with an increase of cell or donor age in humans. Michelson et al.*'* indicated
that SOD activity did not vary with cell age in human erythrocytes. No variation in SOD
activity per cell has been observed with human erythrocytes in the celi-age-dependent bands
separable in a continuous Percoll gradient>?® and while no variation in SOD activity per gram
Hb was observed in the density-related fractions of human erythrocytes separable in a
discontinuous arabinogalactan gradient despite the presence of reticulocytes.>?® Furthermore,
various studies have shown that erythrocyte SOD activity in humans does not change sig-
nificantly with donor age from childhood to old age.4!4-517:330-532

In erythrocytes, a loss of specific activity appears to be related to the generation of one
or two electromophs with raised anodic mobility. 3833353 A hypothesis of tissue-dependent,
post-translational polymorphism of copper/zinc SOD has been put forward, 33336

7. Erythrocyte SOD Activity in Newborns

Various workers have reported no significant difference in erythrocyte SOD activity
between maternal and cord blood. This holds when activity is expressed per gram Hb#'4.5%7
or per milliliter blood.**® When erythrocyte SOD activity is expressed per milligram non-
hemoglobin protein, the data of Yoshioka et al.**® show a significant decrease for erythrocytes
from cord blood (—22%; p<0.001) compared to maternal blood. Bonta et al.5* observed
a decrease in erythrocyte SOD activity per milligram nonhemoglobin protein (—36%) in
full-term compared to premature infants, implying an inverse relationship between RBC
SOD activity and gestational age. Autor et al.>* observed no significant difference in SOD
activity of whole blood, expressed per mole heme, between premature and normal-term
infants. On the other hand, the activity was significantly decreased with respect to infants
(—27%; p<0.001), and in these it was significantly decreased (—15%; p<0.001) with
respect to adults. This agrees with the observation®! that adult erythrocyte SOD activity is
reached at about 3 months postnatal age, while the activity in premature and full-term
newborns can be about 33% lower than in adults. In contrast, the data of Rotilio et al.>*
and Bracci et al.*** show no significant difference in erythrocyte SOD activity per gram Hb
between premature or full-term infants (with or without hyperbilirubinemia) and adults.

Size-gestational age discrepancies may account for conflicting observations on RBC SOD
activity in newborns. Saik et al.** have shown that RBC SOD content and activity do not
differ significantly in adults and newborns of average size for gestational age, with the SOD
content determined immunologically being about 700 p/g Hb in both groups. However,
erythrocyte SOD content is significantly lower (— 17%; p<0.05) in newborns who are either
small or large for gestational age with respect to average-sized newbormns.

A factor which has not received detailed attention is that at birth the peripheral blood
may contain a fair number of nucleated cells (and numerous reticulocytes). During differ-
entiation of bone marrow erythroid cells in rabbits rendered anemic with phenylhydrazine,
SOD activity per milligram protein increases in parallel with hemoglobin synthesis. It does
not increase as proerythroblasts develop into early and intermediate normoblasts, then it
increases by up to 49% in late normoblasts (orthochromatic erythroblasts). However, these
cells have only 59% of the SOD activity of peripheral RBC.

The SOD activity per gram Hb in cord blood erythrocytes from normal-term infants can
be slightly lower (—9%; p<<0.02) than that of erythrocytes from normal adults, but when
the activity is expressed on a per cell basis, no significant difference between the two is
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found. The presence of normochromic, macrocytic erythrocytes with increased mean cor-
puscular hemoglobin in newborns was considered to explain this discrepancy.¢

8. SOD Activity and Erythrocyte Copper

Copper/zinc SOD accounts for 40%,%7 if not more,*® of the erythrocyte copper. The
activity of copper/zinc SOD is sensitive to copper nutritional status in erythrocytes and in
the liver of copper-deficient swine.>*® It is not sensitive to the zinc nutritional status.>® A
50% decrease in erythrocyte SOD activity has been reported in a patient with copper defi-
ciency,>! but levels of human erythrocyte copper and SOD activity are not found to be
significantly correlated.>5** In a group of patients with retinitis pigmentosa who had normal
serum copper and zinc concentrations, erythrocyte SOD activity was normal.>** A significant
increase in erythrocyte SOD activity per gram Hb (+44%; p<0.001) has been observed
in multiple sclerosis patients who may have serum zinc and copper deficiencies.>**

Erythrocyte SOD has been thought to receive its copper from ceruloplasmin.35¢-37 How-
ever, in Wilson's disease, normal erythrocyte SOD activity has been observed with a marked
reduction or absence of serum ceruloplasmin (0 to 20% of normal).**®

9. Erythrocyte SOD Activity in Various Diseases

Erythrocyte SOD activity has been measured in various specific disorders of RBC and
some systemic disorders. Some results are considered below to present the scope of such
measurements. The aim of most workers has been to discover oxygen free-radical pathologies
via the level of activity of the enzyme in RBC. This is a valid approach and application of
SOD activity measurements, but the meager and sometimes conflicting results which have
been obtained suggest serious limitations, possibly imposed by the atypical nature of the
mature RBC as a highly specialized terminal cell with considerable antioxidant reserves but
with nonrenewable enzyme systems and one SOD isoenzyme.

a. Iron-Deficiency Anemia

In various forms of iron-deficiency anemia in infants (including prematures) and children,
Panchenko et al.>*® found significant elevations of erythrocyte SOD activity per gram Hb
(+43% to +67%; p<0.001) and on a per cell basis, which was considered to be related
to an increased number of young erythrocytes in the blood. An increase of erythrocyte SOD
activity in iron-deficiency anemia in children is confirmed in the data of Okahata et al.’®
on a per gram Hb basis (+29%; p=0.001) but not on a per cell basis.

The view that reticulocytosis might be a factor in increased RBC SOD activity in peripheral
blood has gained some ground. In rabbits rendered anemic by bleeding, erythrocyte SOD
activity per gram Hb increases linearly with the percentage of reticulocytes. The observed
regression indicates that reticulocytes have a 29% higher SOD activity than normocytes.>!
This may not apply to human reticulocytes. According to Frischer et al.,*** human erythrocyte
SOD activity per gram Hb in hemolytic anemias is not significantly altered by an average
reticulocytosis of about 14%. In density-separated erythrocytes from a normal subject and
a patient with marked reticulocytosis secondary to immune hemolytic anemia, SOD activity
per gram Hb was about 16% higher in the least-dense than in the most-dense fraction in
both cases, although reticulocytes in the least-dense fraction were 6% for the sample of
normal RBC and 28% for the sample of hemolytic anemic RBC. Moreover, in favism
patients in acute hemolytic crisis with about 10 to 20% reticulocytosis or higher, SOD
activity per gram Hb was not correlated with the percentage of reticulocytes.**

b. Oxidative Hemolytic Anemia

Evidence that oxidative hemolytic anemia is a result of increased autoxidation of hemo-
globin or impairment of erythrocyte SOD activity has not been readily forthcoming. The
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deficiency of SOD as an inborn error of metabolism is not known. Developmental or acquired
deficiency of SOD is not clearly connected with hemolytic anemia. Patients with Hodgkin’s
disease or myeloma receiving polychemotherapy including nitrogen-mustard derivative show
a depression of SOD activity (—20%; p<<0.001) per unit volume of RBC. If the depression
is severe (—56%), it is associated with intravascular hemolysis and markedly increased
sensitivity of the RBC to hemolysis by 1,4-naphthoquinone-2-sulfonate in vitro;*¢* but where
there is no iatrongenic factor, there is little evidence relating intravascular hemolysis to
acquired decrease of erythrocyte SOD activity.

No correlation is evident between serum bilirubin concentration and erythrocyte SOD
activity in neonates with hyperbilirubinemia®2-%4>56> which tends to exclude erythrocyte
SOD deficiency as a cause of neonatal hemolytic anemia. In a case of hemolytic-uremic
syndrome in an infant, erythrocyte SOD activity per gram Hb was markedly decreased (up
to —55%) with respect to an age contro] value.*® Loss of erythrocyte SOD in the peripheral
circulation could aggravate the microangiopathic hemolytic anemia in this condition. An
increase in erythrocyte SOD activity per gram Hb (4 24%; p<0.001) has been observed in
favism patients during acute hemolytic crisis. Incubation of normal RBC with divicine plus
ascorbate (as a promoter of oxygen free-radical reactions) did not significantly affect their
SOD activity but the cells hemolyzed when returned to homologous plasma.’?

¢. Thalassemia

Concetti et al.*** found no significant change in SOD activity per gram Hb or per cell in
erythrocytes from patients with B-thalassemia major and f-thalassemia intermedia even
though such cells are stressed by the presence of free a chains, increased quantities of iron,
and increased peroxidation of membrane lipids. The B-thalassemia major patients had been
splenectomized and had received their last blood transfusion 14 to 96 days previously. Gerli
et al.>%367 observed no significant change in erythrocyte SOD activity in patients with B-
thalassemia major and attributed this to the presence of normal RBC because of multiple
transfusions. A small increase in erythrocyte SOD activity per gram Hb (+11%; p<0.02)
was observed in patients with B-thalassemia minor,*® while the observations of Gerli et
al.*s” show a small increase (+ 11%; p<0.05) per unit volume of RBC. In untransfused
homozygous f-thalassemic children with 6 to 8.5 g Hb/d€, Vanella et al.>® observed a
significant decrease (—53%; p<<0.001) of SOD activity per milligram protein in ethanol-
chloroform extracts of the erythrocytes. In patients with B°-thalassemia/Hb E disease who
had not received recent transfusions, Yenchitsomanus and Wasi*® observed a significant
increase (+71%; p<<0.001) of erythrocyte SOD activity per gram Hb, which was also
significant (+33%; p<<0.01) on a per cell basis. The SOD activity in splenectomized patients
did not differ from that in nonsplenectomized patients, although the former had numerous
nucleated RBC. Furthermore, significantly higher (+21%: p<0.001) SOD activity per gram
Hb was associated with the more severe form of the disease. In patients with Hb H disease,
with the a-thalassemia 1/a-thalassemia 2 or a-thalassemia 1/Hb Constant Spring genotype,
erythrocyte SOD activity appeared to be significantly increased on a per gram Hb (+ 140%;
p<0.001) or per cell (+68%: p<0.001) basis. Winterbourn et al.“®* found that isolated
chains autoxidized somewhat more rapidly than a chains. This implies a higher oxidative
stress in - than in B-thalassemic erythrocytes. This might help to explain the higher eryth-
rocyte SOD activity observed by Yenchitsomanus and Wasi**® in Hb H disease compared
to B°-thalassemia/Hb E disease, which was significant on a per gram Hb (+ 40%; p<0.001)
or per cell (+27%; p<0.02) basis.

d. Sickle Cell Anemia

In sickle cell anemia, erythrocyte SOD activity is significantly increased on a per gram
Hb (+69%; p<<0.001) or per cell (+78%; p<<0.001) basis. Sickle erythrocytes also show
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decreased catalase and glutathione peroxidase activity, abnormalities of membrane lipid
composition, increased lipid peroxidation, and inclusion bodies.’” Das and Nair’” point
out that sickled erythrocytes tend to show an increased amount of copper. This can augment
O; production by catalyzing the autoxidation of hemoglobin*®* and by reacting with cell
membrane thiol groups.*”" Chan et al.*’? have shown Cu?* to be uniquely capable of cat-
alyzing the peroxidation of rat erythrocyte membrane lipids in the presence of H,0,, which
is likely to have an elevated concentration in sickled erythrocytes.

Beratta et al.>” reported increased SOD activity in RBC from sickle cell-strain individuals.
However, in a study done with a stringent matching of controls, Schacter et al.>?* found
significantly decreased SOD activity (—11% in mild to —48% in severe cases; p<0.001)
and an indication of essentially unchanged malonyldialdehyde formation in RBC from pa-
tients with sickle cell anemia. Furthermore, the severity of symptoms was observed to vary
inversely with RBC SOD activity. This suggests increased levels of oxy radicals,*s%575 and
the observation of essentially unchanged malonyldialdehyde formation in the RBC requires
confirmation.

Sickled erythrocytes liberate significantly more O5 (+ 132%; p<<0.001), H,0, (+275%;
p<0.001), and OH" (+82%; p<0.001) radicals than normal erythrocytes when incubated
in phosphate-buffered saline with glucose, and they have a marked increase in membrane-
bound hemochrome (+ 604%), which enhances the production of OH" radicals in the presence
of O; and H,0,.4®% A decreased enzymatic elimination of O; is possible in sickled eryth-
rocytes, despite an increased SOD content, because of the diffusion control of the SOD
reaction and the rise in the microviscosity of the erythrocytes.

e. Malarial Parasitemia

Asexual bilood forms of malaria parasites are microaerophilic and sensitive to oxidant
stress, while inherited traits, such as sickle cell trait and glucose-6-phosphate dehydrogenase
deficiency, and acquired cell-mediated immunity both subject malaria parasites to oxidant
stress.>™ An i.v. injection of alloxan into mice infected with Plasmodium vinckei decreases
the parasitemia. This effect is prevented by a prior injection of desferrioxamine or diethyl-
dithiocarbamate. Alloxan also produces a transient hemolysis in malaria-infected mice which
is blocked by desferrioxamine. It is conceivable that parasite death and hemolysis are
mediated by OH' radicals®’ or a similarly reactive metal-oxygen complex.

In erythrocytes of mice infected with P. berghei, showing over 40% parasitemia, there
is a 48% increase in SOD activity on a per gram Hb or per cell basis, which is significant
(p=0.05) on a per cell basis. Isolated parasites contain SOD.5”” Fairfield et al.?'? showed
that the SOD of malaria parasites is derived from the host cell cytoplasm. Copper/zinc SOD
activity is decreased in the liver of mice infected with P. berghei while the manganese SOD
activity is unchanged.’” P. falciparum does not multiply well in human erythrocytes bearing
Hb §,57¢ presumably because the intracellular environment is one of considerable oxidant
stress, as already seen, even at low oxygen tension.

f. Fanconi’s Anemia

Considerable attention has been given to the question of SOD activity in Fanconi’s anemia
since the deficiency might relate O to cytogenetic oxygen toxicity in this and other chro-
mosome-breakage syndromes.5®® Nordenson®®! reported that exogenous SOD or catalase
reduced the incidence of spontaneous chromosome breakage in cultured lymphocytes from
patients with Fanconi’s anemia, while Raj and Heddle**? found that the effect of exogenous
SOD in reducing the frequency of micronuclei was similar in normal and Fanconi’s anemia
fibroblasts for both spontaneous and mitomycin-C-induced chromosome breakage in cell
culture. At mitomycin C concentrations which produce cell killing, fibroblast cell strains
from patients with Fanconi’s anemia or dyskeratosis congenita (a related disorder) show
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increased cytotoxicity compared to normal fibroblasts, and enhancement of survival is pro-
duced by exogenous SOD in the cell cultures. This was about 15-fold in the most mitomycin-
C-sensitive strain of Fanconi’s anemia fibroblasts. On the other hand, SOD did not increase
survival in mitomycin-C-treated normal fibroblasts at survival levels down to 1 in 1000.%83
The question of how clastogenic and cytotoxic effects,*** presumably mediated by DNA
damage, may be influenced by exogenous SOD is not clear.

It has been shown that the frequency of chromosomal aberrations in Fanconi’s anemia
lymphocyte cultures increases markedly with oxygen tension,*® therefore it is meaningful
to investigate SOD activity in this disorder. Most other workers have agreed that erythrocyte
SOD activity can be significantly reduced in Fanconi’s anemia.s-%¢-587 In seven patients
investigated by Joenje et al.,>®® erythrocyte SOD activity per gram Hb was decreased by
27% (p<0.001). In three patients of Okahata et al.,*® mean erythrocyte SOD activity per
gram Hb was decreased by 55% (p<<0.001). The mean erythrocyte SOD activity per gram
Hb in three patients studied by Mavelli et al.*®? was decreased by 22% (p<<0.01) when
expressed per gram Hb and by 37% (p<<0.02) when expressed per unit of erythrocyte lactate
dehydrogenase.

&. Muscular Dystrophy and Cystic Fibrosis

The SOD activity of rat cardiac or skeletal muscle does not change after starvation or
refeeding, therefore SOD cannot be considered a marker enzyme of muscle breakdown.®®
Skeletal muscle from patients with muscular dystrophies has the same SOD activity as
control specimens, although an increase of spontaneous lipid peroxidation is observed.*®
That SOD activity may increase in muscular dystrophy is reported for chickens.** Hunter
et al.*' found no change in erythrocyte SOD activity per gram Hb in a group of Duchenne
muscular dystrophy patients 12 to 20 years of age, although a significant decrease (—~19%;
p<0.01) per milliliter packed RBC was reported by Burri et al.>*2 in a group of patients 2
to 21 years of age. Matkovics et al.*®* found a large increase (+463%; p<0.001) in the
SOD activity per gram protein of ethanol-chloroform extract of erythrocytes trom a group
of Duchenne muscular dystrophy patients 6 to 12 years of age. The reason for these dis-
crepancies is not clear. The SOD activity measured by Matkovics et al.>®* was determined
as a percentage of inhibition of epinephrine autoxidation, as in the work of Burri et al.>%
This method has also shown an increase in erythrocyte SOD activity (+43%; p<<0.001) in
children with cystic fibrosis.*** However, determination of erythrocyte SOD activity per
gram Hb in cystic fibrosis children as a percentage of inhibition of nitroblue tetrazolium
reduction by photochemically produced O; showed no significant difference (+ 6%; p<0.05)
with respect to controls.*%

h. Metabolic Insults

Erythrocyte SOD activity per gram Hb is increased in uremia associated with acute ( + 62%;
P<0.05) or chronic renal failure (+75%; p<0.05) and returns to normal after adequate
dialysis or renal transplantation. This was interpreted as an adaptive increase to the metabolic
insult of uremia.*® This is an interesting concept, although it also seems that augmented
erythrocyte SOD activity can occur in normal adults, possibly as a result of increased
environmental or nutritional oxidative stress or both, and that the response may shown ethnic
differences.*

A significant increase of erythrocyte SOD content per milligram Hb (+ 18%; p<0.001),
determined by radioimmunoassay, has been observed in black compared to white alcohol-
ics.**? Erythrocyte SOD activity was on the lower side of the normal range in rats ingesting
ethanol, and the RBC showed a substantially increased amount of lipid hydroperoxides.**®

In the liver of chronically ethanol-treated rats, there appears to be an increased microsomal
production of O, which is not compensated for by an increase of cytosolic SOD.** There
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is, however, an increase of manganese SOD activity in the liver and kidneys of rats after
chronic ingestion of ethanol.%®

Erythrocyte SOD activity per gram Hb is significantly increased (+25%; p<<0.01) in
acatalasemia. Erythrocyte glutathione peroxidase activity is not significantly elevated. How-
ever, acatalasemia is asymptomatic, except for a tendency to develop oral ulcerations in
certain cases.%'

In patients with chronic hypoxia and polycythemia (chronic cor pulmonale), Gerli et al.>¢
observed a tendency to an elevation of SOD activity per unit volume of RBC (+13%;
p=<0.05). This was interpreted as a response to low arterial oxygen tension and acidosis.
Erythrocyte SOD activity per gram Hb increases in polycythemia vera (+32%).4"

Although Michelson et al.** observed normal erythrocyte SOD activity in two cases of
porphyria of unspecified type, the data of Medeiros et al.®? show a 33% increase of eryth-
rocyte SOD activity per gram Hb (p<0.001) in asymptomatic intermittent acute porphyria
carriers, with a further increase (+50%; p<<0.001) in patients undergoing acute crisis.

Hagglof et al.*® found a small but significant decrease in erythrocyte SOD activity per
gram Hb (—11%; p<0.001) in controlled juvenile diabetics. This finding requires further
exploration.

D. Superoxide and SOD in Inflammatory Disease
1. Introduction

Production of O; by granulocytes and macrophages is well established. Activated phag-
ocytes release O; into phagosomes and aiso into the surrounding medium. Release of O
into the extracellular fluid is potentially deleterious to host tissue, particularly since higher
organisms have evolved with little SOD in their extracellular fluids,**® whereas the intra-
cellular environment is amply provided with SOD. Intraphagosomal release of O; is regarded
as a component of the mechanism of killing ingested bacteria by polymorphonuclear neu-
trophils. Extracellular release of O; is seen as a component of the defense mechanism
against foreign cells which are killed without engulfment and also as a mechanism for
generation of mediators of the inflammatory process. Release of O; probably also initiates
the destruction of the phagocytes themselves. In chronic phagocyte-mediated inflammatory
processes, O; and related species probably damage host cells, connective tissues, and ground
substance. Furthermore, promotion of formation of aggregates of IgG with properties of
immune complexes by these radicals may provide a pathway to autoimmune disease. Several
reviews of the mechanism of O; production by phagocytic cells and its consequences are
available. 5046

2. Antiinflammatory Activity of SOD

Antiinflammatory activity of bovine copper/zinc SOD (protein) was discovered without
the knowledge of its enzymatic activity. The effect has been observed in several animal
models of inflammation.$!® Multiple i.v. injections of SOD inhibit the prostaglandin phase
of carrageenan-induced foot edema in normal rats, in which neutrophils comprise about 70%
of inflammatory cells at the site of carrageenan injection, and in agranulocytic rats, in which
the inflammatory cells are almost entirely mononuclear phagocytes.®’' McCord et al.®2
obtained inhibition of carrageenan-induced edema and the reverse passive Arthus reaction,
which is mediated by neutrophils, with i.v. Ficoll-coupled SOD but not with underivatized
SOD. According to Huber et al.,*** underivatized SOD is effective in the carrageenan and
Arthus models of inflammation by any parenteral route of administration and has long-lasting
antiinflammatory efficacy observable when the serum level has fallen to 10 ng/m€ (0.3 nM)
after administration of the enzyme. It is possible that the carrageenan model is sensitive to
nonspecific effects difficult to control. Hirschelmann and Bekemeier®* observed inhibition
of carrageenan-induced edema with native or heat-treated (10 min at 100°C) SOD injected
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intravenously. Native SOD injected locally with the carrageenan did not significantly inhibit
edema formation. Granuloma formation in rats, induced by subdermal implantation of car-
rageenan-soaked sponges and measured after 7 days, was not inhibited by local injection of
SOD at the moment of sponge implantation. However, SOD potentiated an inhibitory effect
of catalase.'®

Exogenous bovine copper/zinc SOD is removed from circulation in the renal cortex and
its plasma half-life is of the order of a few minutes.®'® The enzyme has been conjugated
with Ficoll,5!¢ polyethylene glycols (PEG),%7%** or homologous albumin®! to delay its
plasma clearance and reduce its immunogenicity and antigenicity.*!* Lv. or i.p. PEG-
SOD appeared to be superior to underivatized SOD in reducing granuloma formation due
to implantation of cotton twine in rats,5'” while i.v. albumin-SOD appeared to be superior
to native SOD or Ficoll-SOD in the carrageenan model, and an increase in radioactivity in
inflamed paws, compared to controls, after i.v. injection of '?*I-labeled albumin-SOD was
demonstrated.®*' Bovine serum albumin,®'! human serum albumin,$'* and homologous al-
bumin-albumin conjugates?! are not antiinflammatory in the carrageenan model, although
Cleland et al.*® have maintained that homologous albumin-albumin and albumin-SOD con-
jugates have equipotent antiinflammatory activities in this model.

Antiinflammatory activity of copper/zinc SOD is not specific to bovine enzyme. Guinea
pig copper/zinc SOD is as active against the reverse passive Arthus reaction in guinea pigs
as bovine copper/zinc SOD.%?* Baret et al.*> have shown that human copper/zinc SOD
injected intraperitoneally is antiinflammatory in the carrageenan model in the rat, acting
during both the serotonin and prostaglandin phases of edema formation. On the other hand,
human manganese SOD suppressed only the serotonin phase and high doses briefly aug-
mented the prostaglandin phase of edema formation. These effects were observed with plasma
levels of exogeneous copper/zinc SOD below the endogeneous copper/zinc SOD level of
248 ng/m{ (7.5 nM) and plasma levels of exogeneous manganese SOD in the range 1 to 10
pg/mé€ (10 to 100 nM), with endogenous manganese SOD being undetectable in rat plasma.

Pharmacological observations and clinical studies suggest that the antiinflammatory ef-
ficacy of copper/zinc SOD does not depend on the bioavailability of native enzyme after
systemic administration. The persistent effect observed with antiinflammatory doses after
the enzyme has been eliminated from the circulation in animal models of inflammation and
in double-blind, placebo-controlled trials in patients with rheumatoid arthritis of active
ostroarthritis*?* has no obvious explanation. An i.p. injection of SOD produces in rats a
neutrophil leukocytosis with a time course of 24 hr, with an increase in immature forms
indicating mobilization of neutrophils from the bone marrow into the circulation,®°%* but
the significance of this observation is not clear. SOD is not chemotactic in vitro.®'° There
are no observations on in vitro responses of neutrophils from experimental animals or patients
receiving. SOD.

Production of O; by activated neutrophils from patients with rheumatoid arthritis receiving
steroids or nonsteroidal antiinflammatory drugs (although not SOD) was not significantly
depressed, but significant depression was observed in patients with Felty’s syndrome of

-chronic arthritis and splenic neutropenia.®?® SOD activity is similar in neutrophils from

normal infants, their mothers, and controls.®?’ Neutrophils from children with rheumatoid
arthritis show significantly decreased SOD activity. On activation, they show significantly
increased production of O3 .$%:62% Exogenous SOD maintains the viability of phagocytosing
neutrophils incubated with E. coli.*®

SOD appears to inhibit the migration of neutrophils to sites of inflammatory challenge.
Activation of a plasma component by O; appears to generate a neutrophil chemotactic
factor, probably by reduction of a preexisting hydroperoxy fatty acid bound to serum al-
bumin.®*¢ All potent leukotaxins, including N-formyl-methionyl-leucyl-phenylalanine (FMLP),
the complement component C5a, and leukotriene B,, cause both leukotaxis and O; pro-
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duction and release by polymorphonuclear neutrophils. Leukotriene-B,-induced Jeukotaxis
is inhibited by SOD or catalase. The generation of oxy radicals appears to be a necessary
but not a sufficient prerequisite of leukotaxis as not all compounds triggering the respiratory
burst of polymorphonuclear neutrophils are also leukotactic.®*'¢*2 SOD inhibits prostaglandin
production by phagocytosing neutrophils in a dose-dependent manner. The inhibitory effect
is reversed by arachidonic acid, suggesting that the antiinflammatory properties of SOD
may depend to some extent on inhibition of phospholipase activation.5*?

A s.c. injection of SOD inhibits paw edema in mice produced by injection of serotonin,
histamine, or kinins. This action of SOD is antagonized by inhibitors of protein synthesis.
It is similar to the action of glucocorticoids (dexamethasone), but it is not blocked by
progesterone.®* Increase of serotonin-induced paw edema by diethyldithiocarbamate is an-
tagonized by SOD or dexamethasone. It seems that SOD protects a protein which regulates
vascular permeability (vasoregulin) from inactivation by O; , while glucocorticoids stimulate
the synthesis of this protein.%336%¢

An increase in vascular permeability is an early event in inflammation. Del Maestro et
al.®738 have shown that oxy radicals increase capillary permeability, possibly by interaction
of OH" with plasmalemmal lipids. Superoxide may generate a lipid hydroperoxide responsible
for alterations of leukocyte behavior, leading to an increased adhesion to the endothe-
lium.5*%-64° Sustained vasodilation in rat intestinal mesentery, produced. by the xanthine
oxidase reaction, was reversed by SOD at pH 7.4 and by SOD plus mannitol at pH 6.6, so
that it was attributed to O; at physiological pH and to OH" derived from O; at low pH.*"
Postburn edema in rat hind paws is significantly reduced by pretreatment with PEG-SOD,
PEG-catalase, or PEG-albumin, although PEG-SOD was shown to more effective than PEG-
albumin. 54

In the reverse passive Arthus reaction, local injection of SOD suppresses the early phase
of vascular injury in skin, as quantitated by leakage of '**I-homologous albumin. The enzyme
markedly suppresses the influx of neutrophils but does not appear to block either the dep-
osition of immune complexes or their ability to fix complement at the reaction site. Similar
results are obtained with an i.p. injection of SOD in rat lung undergoing acute immune-complex-
induced alveolitis. The inability of SOD to suppress lysosomal enzyme release in tripeptide-
activated neutrophils, except at very high doses, suggests that exogenous SOD acts by
intercepting O; .*** That complement-stimulated granulocytes may damage endothelial cells
as a result of release of O; was suggested by Sacks et al.** The resulting exposure of the
basement membrane may activate Hagemen factor with diverse effects.®

3. Rheumatoid Arthritis as an Example of Superoxide-Related Pathology

Rheumatoid arthritis is the clinical model, par excellence, of chronic phagocyte-mediated
inflammation, with cellular immune reactions in synovial tissue and a continuous interaction
of granulocytes with immune complexes in synovial fluid. It is reasonable to implicate
O; in the tissue injury. Depolymerization of the synovial fluid hyaluronic acid by the products
of the xanthine oxidase reaction is well established. It is inhibited by either SOD or catalase,
being probably due to OH" radicals derived from O; and H,0, in the presence of metal
catalysts.%*5-%47 Hyaluronic acid becomes more susceptible to further degradation by B-N-
acetylglucosaminidase A after attack by oxy radicals produced by activated neutrophils or
the xanthine oxidase reaction.®** McCord®* postulated that O; produced by invading neu-
trophils could account for the observed deterioration of synovial fluid in inflammatory
arthritis. An oxy radical rather than an enzymic mechanism is supported by the observation
that synovial fluid samples from patients with various inflammatory arthritides do not alter
the viscosity of pure hyaluronic acid.®®

This reasoning can be extended to degradation of cartilage since O; attacks collagen and
proteoglycans.5%°-¢5! Furthermore, O; inhibits antiproteases,®* while cartilaginous wear par-
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ticles cause the release of neutral proteinases from mononuclear phagocytes and synovial
cells active against collagen and other substrates.5

Blake et al.®** did not find increased SOD activity in synovial fluid from patients with
rheumatoid arthritis. Igari et al.®* found a large increase of SOD activity per milligram
protein (+444%; p<0.01) with respect to normal serum, but this requires confirmation.
Serum SOD activity itself was only slightly increased. The synovial fluid SOD activity
tended to increase with the severity of the rheumatoid arthritis. Banford et al.*** found that
erythrocyte SOD activity showed a low but significant negative correlation with the articular
index in rheumatoid arthritis and appeared to be an indicator of disease response. Intra-
articular injection of SOD is as clinically effective in active rheumatoid arthritis®*® as it is
in active osteoarthritis.**” However, proof or disproof of the hypothesis of superoxide-related
pathology in rheumatoid arthritis awaits a means of measuring the O; radicals in vivo.

E. Superoxide and SOD in Ischemic Injury
1. Introduction

Ischemic injury in the small intestine has been shown to be due to reperfusion injury
associated with conversion of xanthine dehydrogenase to xanthine oxidase during the period
of ischemia and production of O; during the period of reperfusion. This concept of super-
oxide-related pathology may apply to other tissues.

2. Ischemic Injury in the Small Intestine

The vascular endothelial and mucosal cell damage which occurs on reperfusion of ischemic
small intestine is due to liberation of O; . This is suggested by the protective effect of
exogenous SOD and the rapid, irreversible conversion of xanthine dehydrogenase to xanthine
oxidase in ischemic intestine. Allopurinol, which inhibits xanthine oxidase, is as effective
as SOD in preventing an increase in capillary permeability and mucosal lesions.5®%% Tissue
damage on reperfusion is enhanced by aminophylline, a xanthine derivative that might
generate O; .%¢! Intraluminal perfusion of the intestine with hypoxanthine plus xanthine
oxidase to generate O; increases the permeability of the mucosa to albumin. This is prevented
by SOD.*? Local intra-arterial infusion of hypoxanthine produces an increase in capillary
permeability in small intestine, which is prevented by SOD.®* There is no change of
endogenous SOD activity in ischemic intestine. Hypoxanthine accumulates as a result of
ATP catabolism.%*

The administration of SOD prevents sinking of mean arterial pressure on reperfusion of
ischemic small intestine in the cat. In dogs subjected to hemorrhagic shock treatment, SOD
prevents intestinal shunting and hemorrhagic lesions in the gut on restoration of the blood
volume but does not affect survival rate.%4

3. Ischemic Injury in Other Tissues

Xanthine dehydrogenase is converted to xanthine oxidase in other ischemic tissues except
skeletal muscle. However, the rate of conversion is not as fast as in intestine and may be
reversible.5% Although most tissues contain xanthine dehydrogenase to a lesser extent than
intestinal mucosa, they can in principle suffer the same type of O; -dependent postischemic
tissue damage as intestine.

Superoxide may be involved in ischemic damage to the myocardium. This is a developing
concept.%3.665.66 Hynoxic cardiac perfusion decreases myocardial SOD activity, and the loss
continues acutely during oxygen readmission.®’ Supplementation of hypothermic cardi-
oplegia solution with SOD plus catalase significantly enhances the protection of the globally
ischemic, reperfused heart, as shown by various indexes of myocardial metabolism and
contractility, 56
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ADDENDUM

Since the submission of this review, manganese SOD has been demonstrated to be absent
from plant chloroplasts.%® A complete amino acid sequence has been published for the iron
SOD from P. leiognathi.®°
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