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ABSTRACT 

Richard W. C~ra 

SUPEROXIDE DISHUTASE, CATAlASE, AND PEROXIDASE IN 

At+tONIUM-GROWN AND NITROGEN-FIXIl~G AZOSPIRIllUM BRASIlENSE 

Mi crobi 01 ogy 

\ ' 

Superoxide dismutase (SOO), catalase (CAT), and peroxidase (PER) activities 

were studied in N2-fixing and ammonium-grown batch cultures of Azo6P~um 

b~iien4e sp7. PER Sctivity, as measured using o-dianisidine or 
" . 
~'-d;aminobenzidine as the H-donor, was not significant in most growth 

conditions. 500 and CAT activities in cells grown aerobically with ammonium 

were comparable to those in aerobically-grown E. CO~ K12. Enzyn~ activities 

in A. b~~~e so grown varied with the age of the culture. an effect that 

cou1d not be attributed to changes in dissolved oxygen content. SOD activity 

was present in cells grown anaerobically wHh ammon~m, but was higher in cells 
.... 

grown in the presence of oxygen and increased in response to higher oxygen 

tension. CAT activity was significantly higher in cells growll at lower oxygen 

tensions. 500, but not CAT activity. increased in response to growth at oxygen 

levels higher than ambient. In N2-fixing cells, SOD activity was slightly 

higher and CAT activity sign1ficantly lower than in cells grown similarly but 

with NH4Cl as a source of (ixed nitroge~. Cells grown anaerobically usfng, '.°3-

as the terminal electrun acceptor contained SOO and high CAT activity. Cells 

·grown similarly but with N20 as the electron acceptor. had significantly lower 

CAT activity but slightly higher SOD activity Polyacrylamide gel electrophoresis 

of the cel'-free extracts revealed only one band of SOO activity under each 
! 

physiologieal .condition compared to three for aenobically-grown E. co~ K12. 

rh~s band proved to be iron-containin~SOO (FeSOO) on the basis of inhibitor 

sens; ti vi ty. .' 
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RESUME 

'M. Sc. Richard W.·Clara Microbiologie 

SUPEROXYOE OISMUTASE. CATALASE. ET PEROXYDASE CHEZ"AZOSPIRILlUM 

BRASIlENSE, BACTERIE UTILISANT ~'AMMONIUM ET FIXANT L'AZOTE. 

les enzyme~ superoxyde dfsmutase (500), catalase (CAT) et peroxydase 
d 

(PER) ont été étudiées chez des cultures d'AIIOsp1.nl.lum bNBit.n.. sp 1 

fixant d'azote et utilisant lla~nium. Dans la 'plupart des conditions de 
, 

culture utilisées. l'activité de la PER, telle que mesurfe par le donneur 

d'hydrog~ne o-dianisidine ou le 3.3'-diarninobenzidine. n'~tait pas tr~s' 

avec alllllcini um . 
i~ttante. Chez les cellules cultivées en aérobios~~ les activités de la 

SOO et de la CAT étaient très comparables a celles de E. coti K12 poussée 

dans des conditions si.ilaires. Aussi chez les cellules cultivées de 1. mise 

.n1ère. les activitées enz,YIIIitiques variaient avec l·'age de la culture, 
. , 

un effet qui n'a pu être .ttribué ~ux changenents en oxyg~ne dissous. 

Chez' les cellules cultivées en anafrobtose. l'activité de la SOD detect& 

était .oindre que chez les cellules cultivées en présence d'oxyg~ne et 

aUgMentait avec la tension d'oxygène. l'activité de la CAT étatt bèaucoup 

plus flevée chez les cellules cultiY~es à' basses tensions d'oxygène. La 

croissince a des concentratiops d'oxygène supérieu~es 3 la concentrltion 

a~iante ~r.ettait une a~gMentation de l'activité de la 500 ... 15 non celle 

de la CAT. Chez les cellules fixant l'azote. l'activité de la SOO ltait 

lfgèrement plus élevée et l'activité de. la CAT significativeMent plus basse 

que ,chez des cellules cultivées dans des conditions similaires .ais 

uti 1 hint le NU .. Cl COlne source d'azote. Les cellule~ cultivées en 



1 

anaérobiose, utilisant le N03- comme accepteur final d'électrons, con

tenaient la SOD et la CAT en quantité importante. Des cellules cultivées 
}; 

dans des conditions semblables mais utilisant le "20 comme accepteur 

1 

d'electrons possédaient une activité de CAT définitivement plus bass, bien' . 
que leur activité en SOD. était lésèrement supérieure. l'electrophorèse des 

extraits celluraires sur gel de pôlyacrylamide n'a" révélé qu'une seule 

ban<le liee a- l'activité enzymatiqLe de la SOD comparativement l 3 bandes 
dl 

cbez E. ooU K12 ~ussée, en aérobiose et ce pour toutes, les conditions 
1 

exper1mentales. Cette même bande s'est révélfe être une SOD contenant du 

fer (FeSOO) tel que détecté'par sa sensibilité aux innibiteurs. 
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INTRODUCTION 

Nitrogen is an essential element for the growth of plants and is often 

the limiting factor in agriculture (Van Berkum,and BOhlèol, 1980). As 

heavier demands are \placed on our l,imited agricultural resources by an 

increasing world population, the supplementation of natural fixed nitrogen 

sources by fertilizer nitrogen is necessary to maintain adequate production 

leve1s.' Unlortunate1y, escalating productlon costs and uncertain avail-iGil ity 

of raw materia1 have led te the realization that this practise may be 

untenable in the long term, and interest has now turned to rep1acing 

ferti1izer nitrogen with bio1ogical soulces. - .-

A major physiologica1 prob1em in bio1ogical nitrogen fixation is the 

oxygen sensitivity of the process. Although this prob1em has been much· ... 
" 

studied, -ft remains poor1y understood and in fact, recent ad'Ya~êes in our 

.. 

'1 • ,. 1 , 

understanding of' oxygen toxi'cl ty and protection have yet to be appl ied to thi s 

problem. This ~k studies the occurrence and certai .. n physical character1stics 

of the oxygen-protecting enzymes of the free-living diazotroph Azo~~ 

bJLa4den4e sp7, an organtsm that has shawn much PrQlni se as a means of 

proYidin~ fixed nHrogen to plants. It is hoped that such information, 

espeeially in view of the dfffe~nt physiologieal conditions under which th;s 

organism can grow~ will provide some insight into the value of these'enzy.esc 

-te the organism in general and to nitrogen fixation in particula\. 

-" 

. " 



( 

, . . .. . . 

( 
<, 

2 

1. lITERATURE 'REVIEW 

Oxygen holds a unique place in the evolutfonary history of life on our 

planet. important 1n both its presence and absence. It ~s 1n its absence 

that organ1c ~tter developed and .as able to eoalesee into a pri.itive for. 
- .' 

of life, but ft is now its presence that is essential in the processes 

of 1ife that evolved froM that point. The i~rtance of oxygen to the 
_ id' 

Maintenance of life is balaneed by the fact that o~gen in levels only 

slightly higher tt\ln atlnospherfe ;s toxie. Thus, important as .the util iution , '.- ~ 

of o~gen 1s, protection against its toxie effects reali~s 1 e~t!1~J.fletor. . 
~ '" - " • • - ,.1> 

, ...... "" The cOlllPOs1tion of the pri1ft1t1ve aœsphire on earth 1s a eontenttous 
, .. - ., - /' 

point' ..ông seientists studying evolutionl There is a general agree.ent that 

this atlosphere .as reducing in nature, sinte the abiotic synthesis of 

ca-pounds of biologieal interest and their aCCUMUlation for'develop.ent into 

.are ea.plex .alecules dots net occur under oxidizing conditions (Cloud. 1974; 

"111er and Urey, 1959i-Schopf, 1975). In the tbsence of 0~gen and lack1ng an 
.r 

adeqUAte screen for ultraviolet rays,-~y'olut10n of lHe eould only take place .. 
in shielded areas (eg. ten IRI!ters below the surface of the ocean) where • 
condmons would be sui table only 'for tM develoJ)llent of anaerobic 

prokaryotes and bà~terial pho'tosynthesfs (Schwartz a~d Dayho<'-ff, 19V8)., The,. 

adVint of o~gen~eYolvfng photosynthesis by cyanobacterfa (blue-green algae) 

approxi_tely 3 x 109 yelt"S 19o (Schopf and B~rghoovn, 1967) marked a turn1ng 
~ . . 

point in evolut1on. The development of ln effective 'UV sereen (ozone) and 
(' 

the use of respiration (as opposed/to fenwentat1on) for the production of 

energy supported the develoPR!nt of larger, rOOr'e complex organfslftS. However, ., . , 
qui te apart fralll the benefi ts that oxygen pro v'; des 15 the fact tha t eertai n 

biolog1cal and non-bio~ical reactions in its presence lead to the formation 
l ' 

of h1ghly reaet1ve oxygen species that ar.e potentlal1y toxie to cells. Thus, 

............ ".q, ..... ',.,::~ ~... '."'~ 

= 
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thÎ presence of o~gen necessit.ted the concurrent .velo ..... t of oxygen 

protection IItCMnfSllS to .neviate 1ts tox1ctty (Gilbert. 1965). a key 
. \ 

• develop11ef1t s1nce fa11ure ta do 50 would restrfct the organiSllS ta .,..erobfc 

niches in an aerobic enviro~t • . 
This sequ.nce of develoPNnt has been challenged by others who 

questio~ the tillling of key events (Schopf, 1975) or support a greater role 

for oxygen produced by the photodissocfation of water (Carver, 1981i Towe. 
, 

1978). It 15 d1ff1cult to determine with Any degree of certainty the 

Ictul1 events from a vantage point reIIIOved by 3·4 x lO~ years but a ca.mon 
.... 

theMe 1n these theor1es 15 the key importance of oxygen in the evolution'of 11fe. 

, 1.1 099!n 

1.1. 1 Oxygen ànd Re la.ted Spec i es 

The oxygen atOll has eight protons w1th six valence electrons in 1ts 

: outer shell. The combination of two oxygen a toms 'gfves, rise to dioxygen 
, ~ !t.'" 

(often referred to a,s rncrlecular oXYgen) with the electronic configuratian. 

shawn in Fig. 1 (Morris. 1975). It has a triplet graund state with two 

unpa1red electrons in the two degenerate ~* anti-bonding orbitals (Jones et 

'JI., 1979; Valentine. 197.3). The presence of unpaired electrons is the 

SQurce of the paramagnetism of the oxygen molecule and a barrier to reaction 

via a spin restriction. For an .incoming pair 'of electrons ta add to the 
. , 

oxygen molecule. a spin change according to the Pauli principle is reguired 

which, a1though possible, is a slo~ process (10- 7 s) compared to the 

lifetime of the collisional complex (10- 12 s) (Taube. 1965). Reactions wit~ 
> 

d~~xygen must therefore a~id the spin restriction either by first 

combining with a transition metal (which also has unpaired electrons) or by 

adding electrons univalently rather than in pairs (Frfdavich. 1977; Malmstrom • 

1982). The latter process gives rise ta active oxygen species which are 

1 
1 
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Figure 1. Sc .... tic lIIOlecular orbital diagram for dioxygen and 
releted species . 

Orb1tals fndicated by horizontal lfnes (* i,ndicates anti-bonding 
orbitals) with the vertica'1 position corresponaing to their energy 
level. Individual electrons are represented by arrows pointing 
up or down to indicate spin. Electrons are pair~d when two 
electrons of'opposite spin occuPY one orbital. Taken f~ Hill 
(1978) and Morris (1975) . 
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potentially tox.ic to the cell (Fr1dovich t 1975a; 1976i 1977i 1978). 

lA spite of its·lack of reactiv1ty. oxygen 1s a Key molecule to 
(" 

bioc~emi~al processes in the cell. It is a powerful oxidiz1ng agent 

(E~= +0.82 V) and is use~ in en~tic oxidatiofl processes, most notably 

as the terminal electron acceptor in respiration via eytoc~rome oxidase 

(Haddock and Jones. 1977; Wilshire and Sawy.er, 1979),. It 1s inv91ved in 

biosynthetic,. re-aetiqtls catalyzed by monooxygenases and dioxygenases (MalmstrOm, 

1982) and in other reactions.. sueh as the p,roduction or'\9ht,catalyzed by 

Ivciferase in photoluminescent bacteria. It is also 'responsibJe for the 

r~gulation of synthesis of many proteins in the S!ll. especially those enzymes 

involved in aerobic and anaerobic growth. 

. Singlet Oxygen 

.. Molecular oxygen is the low energy fonn of oxygen while the excited 

state (singlet oxygen) results when ~the ground state i5 energized (Fig. 1) 

(Hill, 1978). The outer shell electrons are of opposite spin (paired) in 

this case and the resulting orbital configuration determines. the excitation 

energy. The It.g form is 23.4 keal per màle aoove the grou.nd state and has 

its electrons in the same orbital while the electrons in the 1[9 form are in 

separate orbitaIs resulting in a higher energy state (37.5 keal per mole). 

Generation of sin~et oxygen generally involves dye-sensitized photooxidations 

(Fig. 2) (Foote. 1976; Krinsky, 1979) and is often the species irnplicated in 

1 ight-dependent eell ul ar damage. 

The singlet oxygen molecule is highly unstable and has a tenden.ey to 

release energy by direct relaxation to ground state (triplet) oxygen with 

the emission of light (fluorescence and/or chemiluminescenee) (Morris, 1975). 

+ -This reaction is quite rapid for the l~g form (10 Il s, Foote. 1976) whi1e 

,the It.g form is longer lived and hence potentially more dangerous in biological 

\ 
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Figure 2. Redox and Ic1d/6ase characterist1cs be1:ween Cf10xygen Ind 
related spec1es. 

Changes in electMOn content 1ndfclted vertfcally whfle that for 
proton content indicated horizontally {except for s1nglet oxygen 
fo~t1on). Taken fram Fee an~ Valentine (1977) and Hill (1978). 
(a) pKa 4',8 

(b) pK. >14 

(c) .pK. 11.~ 
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systelS. 'Sinee the~spin.restrietion is no longer a barr1er to reaet1vtty 
. . ~ 

(Fridovieh, 1979). ~fng1et oxygen 1s partieu1ar1y toxie ta eel1s but its 

biologieal signifieanee 15 far fnom clear. 

There are r~ports. based on luminescence stud1es, of the fnvolveMent of 

singlet oxygen in prostaglandin biosynthesfs (Pangana.ala et !l .. 1976), 

m1erosomal lipid oxidase reacdons (Chen and Tu, 1976) and xanthine oxidase 
J 

reaetfons (Pederson and Aust, 1973) whi1e others maintai" that the toxic1ty . 
of free s;nglet oxygen makes ft an unlikel~ fntermediate in biologieal reactions 

(Foote, 1976). The production of singlet oxygen b~ the spontaneàus 

dismutation of superoxide (Bus et !l., 1974; Khan, 1970; 1981) and its 
1 

activity as a bactericidal agent produced by polymorphon~clear leukocyte5 

(Allen !!!l., 1972; Rosen and Klebanoff, 1977) has also'"been que5tioned 

(Foote. 1979; Foote et al .• 1980; Harrison et al.~ 1978). Singlet Qxygen ,-- --' 
generation in the base-catalyzed disproportionation of HZOZ has a150 been ' 

deMonstrated in vitro (Smith and Kulfg, 1975), but its fntracel1ular 

signifieanee 15 unc,lear. 

r 
- Superox i de 

On the addition of electrons univalently to dioxygen. the first produet 

15 the superoxide anion (°2-, Fig. 2). The conjuglte acid, the perhydroxyl 
. . 

radieal (H02·), has a pK of 4.8, hence the unprotonated form da.inltes at , a 
physiologieal pH. It retains one unpaired electron (Fig. 1) and i5 

\ 

therefore paramagnetic (Fee and Valentine, 11977; Sawyer and Valentine, 1981). , . 
The chemistry of superoxide has. been studied and revi~d extensively 

in recent years in the light of its suggested involvement in oxygen toxiçity 

(Fee and Valentine, 1977; Sawyer et !l., 1980; Sawyer a~d Valentine, 1981i' 

Singh, 1982). In aqueous media. the principal reaction 1s that'of spontaneous 

dismutation (B1elski and Allen, 19J7; Hill, 1978): 

) 

, 
L .. , 1~'':''''.;dihi.'''''~Qtg _ lIIa.l. (t'tm*e· .... rt'tt ... ~,.1!t~! ~~ .~*" 
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HOi + HOt.. H202 + 02 

HOt + 02;r ... H02 
-

+ °2 

. °2- + 02 - r .. 02 + 02 , 

..... $ .. 

'" 

Kla 7.6 l 105 Mol- 1s- 1 

1(2~ 8.9 X 107 Mol-1s-l 

1(3- <0.3 Mol-Is-I 

Though the rate is dependent on pH and is fastest when pH·Pka , it 

1s very rapid at ph~siological pH (Sawyer et !l .• 1980) and is cOMPlete 

.8 

even at pH 14 (Sawyer et !l .. 1978). In its ability to abstract protons for 

the dismutation fram solvent or weakly acidic organic moleeules. superoxide 

dewonstrates the properties of a strong BrOnsted base (Nanni et al .• 1980). 
" 

As we1l. in aqueous,solution. superoxide can aet as a moderate one-electron 

reductant to ,organic 1II01ecules such as tetranHromethane (Rabani et!l .• 1965). 

cytoch~ c (McCord and Fridovieh, 1968) and others (Hill, 1978) or to 

transition metal complexes (Halliwell. 1975; Si~gh. 1982). Though it does 

" show the abilfty to oxidize certain compounds (lee-Ruff, 1977; 

M1sra and Fridovfch. 1972b) its ability is thought to be weak at best (Sawye'r 

et !l., 1978) and may in fact be mediated by the dtsmutation products 

rather than 02- itself. 

In aprotic media, the superoxide anion fs a stable species and quite .. 
amenable to chemical analysis.' It_p{Oves to be a power~ul nucleophile, 

atticking alkyl halides ~ith. results consistent with an 5N2 mechanism 

(San Filippo et !l .. 1975). Such;s not evident in aqueous solution due to 

the dominence of the ~ismutation reaction and strong solvation effects 

(Sawyer and Valentine. 1981; Valentine. 1979), 

The occurrence of superoxide in biologieal systems can be a required 
(;0 

characteristic of an enzyme or an inadvertant consequence of ~nma1 cell 

processes. Many of the reduced forms of cell prateins i~cluding , 

hydroquin~nes (M1sra and Fridovich."1972a), reduced flavins (Ballou et !l," 

1969; Massey et al" 1969). thiols ("isra. 1974). ferredoxin ("isra 'and 
-' --. 

. , 
--~_._-, - .. _"1.- ' ... ~_A • • _ .......... } 
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Fr1dovich. 1971; Or.e-Johnson and Beine~t, 1969) and heMOg1obin (Rot111o 
"'"' , 

et Il., 1977) will lutoox1dize and release superoxide. Some enzymes such as 
~- Il 4 

xanthine oxtdase (Fridovich, 1970; Knowles !1!l., 1969) and aldehyde 

oxidase (Rajagopalan et !l .. 1962) will release superoxhje as part of. their "" 

reactio~ mechan1sm while others sucb as galactose oxidase (Hamilton et !l., 

"1973) and trYPtopha~ dioxygenase (Hirata and Hayaishi, 1971) generate it at 

sOMé intenmediate step in the reaction. Other intracellular sources include 

subcell ular organelles such as chloroplasts (Asada and Ki 50., 1973) and, . . 
. m1tochondria (Cadenas et !l., 1977; Loschen et !l., 1973; Nohl and Hegner, 1978). 

Peroxide "-

Peroxide (°2'-) is p~duced by the addftion of two elect~~~_to) 
ground state dioxygen (Fig. 2) or via the ,dismutation of superoxide,and 1s 

the most stable (i.e. least reactive) of the intermediates of oxygen reduct1on. 

The protonated fonms are the hydroperoxy anion (H02-) and hydrogen peroxide 

(H202) and at physiological pH the fully protonated form predominates due 

, to the high pKa'S (Fee an~ ~alent~ne, 1977). 

Hydrogen peroxide is a good oxid;zing agent toward organi~ molecules, 

especially sulfhydryl compounds (Little and O'Brien, 1967; Sanner,and Pihl, 

. 1~3) but these reactions are rather slow unless the concentration'of H20Z 

is high. Another important reaction is the base-catalyzed dismutation of 

H202 ta 02 and H20 (Duke and Haas,' 1961) which can lead to singlet oxygen 

-(Smith and ~g, 1975) or radical formation (02- and OH·) in apr~~ic regions 

(e.g. hydrophobie areas of membranes) (Wilshire and Sawyer, 1979). A second 

reaction leading to the generat;on of radicals is the one-electron reduction 

catalyzed by transition metals known as the Fenton reaction (Walling, 1975): 

2+ 3+-Fe + H202 ~ Fe + OH + OH· 

This reaction generates the hydroxyl radical (OH- l"~ a powerful oxidizinu'species 
, . . 

" -
.~_ ........ , .. '_ ... 

... 
... 

1 

1 

1 ~ 
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thlt fo!'115 the basis of the current theory of bxygen toxicity' (below). 

" , A nunber Qf oxidases are capable of the div,lent reduction of dioxygen , , . 

including d-amino acid oxfdase. diamine Ofidase and glyeollate oxidase 
, ) \ 0 1 

(Rotilio et al., 1973) while other enz~s sueh as xanthine oxidase and 
- - l '" 

alde~yde oxidase will reduee ai univalently and the resulting dismutation 

la 

(with or without catalys;s) will result in H202 production. Many eukaryotic 

sources of H202' are loca];zed in per-oxisomes (Masters and Holmès, 1977) as 

well as other subcellular organelles such as mitoehondria (Boveris et !l., 

1976; Halliwell, 1971; T1(rrens et !l., 1982), microsomes (Thuman et !l., 

1972J and illuminated ch10roplasts via the well-known Mehler reaetion (Mehler, 

1951; Robinson a~d Gibbs, 1982). 

1.1.2 Oxygen Toxicity 
1 

The toxicity of oxygen has been evident sinee the element was diseovered 

and was first physiologically charaeterized by Paul Bert in 1865 (Haugaard, 

1968). The advent of underwater diving, high'altitude aircraft and, more 

reeently, °disease treatment using high pressure oxygen has spurred interest 

into its nature and extent. Characterization of oxygen toxicity in 

-microorganisms and animals both in vivo and in vitro (Gottlieb. 1971~' 

Haugaard, 1968) and its involvement in seemingly unrelated processes such as 

radiation da~g~\and lyophilization (Swartz. 1973) has led to a number of 

theories as to its meehanism. 

Hydrogen p'eroxide . 
" t 

Mcleod and Garaon (923) put forth one of the ear-liest theories of , 

oxygen toxicity with particular reference to anaerobes. They irterpreted the 

_ inability of some clostridia to produce heme groups (an essential component 
, i 

for the production of H202-decomposing enzymes) as an indication that the 

toxie effects of oxygen were due to a bu;ld up of H202. To thfs end it 

/ 

? 
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1s possible to demonstrate tha~ H202 1S produced in cell,-free extracts and. , , 
at ~igh"concentration. will kill mo~t cells. However, H202 is not thought 

to be particularly toxic (Chance et ~ .• 1979; Halliwell, 1974) and in facto 
. 

'most Organism~ can tolerate low levels of H202 and sorne can even excrete 

, it into the med'klm (Costilow ~nd Keele, 1972). • Int~acenular concentrations 

have been measured at 10- 9-10- 7 M, maintained at that level'by the action of 

H202-scavenging enzymes. There are a1so examples of obligate anaerobes 

containing catalase (Sherman, 1926) and acatalasic aerobes (McCord et al., 
-~, 

1971) which argue against the importance of H202 in oxygen toxicity. 

A complicating factor~ however, is the reaction of H202 with transition 

metàls (Fenton's reagent). Hydroxyl radicals produced by this reaction are 

hi~hly and indiscriminately reactive, which wou1d ten~ to mask the lac~of 

reacti Vi ty of H202 itse l f and, account for any toxi c acti on, ~ 

-SH Oxidation 
Q 

Another early proposal to explain oxygen toxicity was the inactivation . 

of some enzymes by oxygen, especially those containing sulfhydryl groups 

(Barron, 1955; Dickens, 1946; Haugaard, 1946). The activity of certain key 

enzymes (e.g. glyceraldehyde-3-phosphate dehydrogenase) or their cofactors 

i5 maintained only when the essential thiol groups are in a reduced state and . 
oxidation leads to irrevers~ble inactivation (Little and O'Brien, 1969). This 

process is particularly applicable to anaerobic organisms but is evident in 

~ sorne aerobes,as well (Haugaard, 1968)~ However, the importance of tb!s 
f' 

phendmenon as ê primary agent of oxygen toxicity is unclear since in at least, 
" 

one case (Stees and Brown, 1973), the oxidation Of -SH groupS,proc.eded rather 

slowly (0.2% h-1)'even though the level of oxygen used was i~ediately 

i nhi bi tory, 



( L ipid Peroxida,tion l 
Another manifestation of' oxygen toxicity is the peroxidation of 

polyunsaturated fatty acids -contained" in membranes (Halliwell, 1981). The 

12 

fQnnation of organic rad~cals in the presence of oxygetl leads to the fonnation 

of 1 ipid hydrope-roxides (Mead, 1976): 

RH -=.!t. R· 

'R. + O
2 

-+ R0
2

' 

RaO·' + RH ,-+ ROOH + R· 

, 
\. 

(1) 

(2) 

(3) 

The initial H· abstraction by previously formed peroxide radicals or 

hydroxy1 radicals (e.g. produced via the Fenton reaction) is followed by a 

rapi d reaction with oxygen to form a peroxide radical. Abstraction of a 

second H· results in hydl'"01'€roxide formation and a second organic radical, 

making the reaction autocatalytic. Though the nonnal rate of lipid peroxidation 

is quite slow, the presence of transition metal ions greatly accelerates the 

process by catalyzing the production of initiating radicaTs (Mead, 1976; .. 
O'Brien, 1969): 

Men+ + ROOH -+ Me"+1 + OH- + RD. 

In addition to damage to the structural components of membranes, 1 ipid 

hydroperoxides and their degradation products are also cytotoxic, leading to 
. 

further enzyme and membrane damage (~ftks and Gebicki, 1978; Putvinsky et !!. .• 

197~) . 

Lipid peroxidat;on is also a consequence of 'the intracellular production 

of singlet oxygen. This reilctive specie's has an affinity for electron-rich 

areas and reacts directly with polyunsaturated fatty acids to form lipid 

hydroperoxides. Production of singlet oxygen can occur in the, presence of. 

light-absorbing dyes (e.g. chlorophyll) and there ;s some suggestion of its 

fonnation via the superoxide dismutatio'n reaction.- Much of the work in the 



( 

latter 15 ",unc1ear due to the 1 ack of specificity of singlet oxygen 

scavengers (Foote, 1979) but rec~nt spectroscopie, èvidence of sueh 

13 

singlet oxygen formati on'" may finally settle this contentious issue (Khan, 19~1). 

Oxygen Radiea l s 
Il 

The similarity-of the effects of oxygen toxicity and irradiation ,led 

Gerschman et!l. (1954) to suggest a cOIIIIIOn free radical
l 
mechanism. T~e

d1scovéry of intracellular superoxide production by xanthine oxidase (Knowles 

et ll .. 1969) and of an enzyme (superoxide di smutase) tQ eatalyze i ts 

removal (McCord and Fridovich, 1969) has led to its suggestion as the medhto,. 

lof oxygen toxicity. In vitro studies have shown superoxide to be involved 
- '. 

in DNA damage (Brawn and Fridovich, 1981; Lesko et al., 19BO; Nishida et al. 1 
, -- --

1981). mutagenicity (Moody and Hassan, 1981) ,-lipid peroxjdation (Bus et ~a1., 

1 

c;-

1974; Pederson and Aust, 1973; Sutherland and Gebicki, 1982; Thomas et!l., i' 
1982) includinq~membrane damage (Goldberg and (Stern. 1976; Kellogg and 

Fridovich, 1975; 1977; Kong an,d Davidson, 1981; Lynch and Fridovich, 1978), 

~epolymer;zat;on of polysacharides (MCCord. 1974), hydroxylation of aromatic 

compounds (Hattiwell and Ahluwalia, 1976; McCord and "Day, 1978) and direct 

kill;ng of bacteria and v;ruses (Lavelle et·.!!.., 1973; Michelson and 

Buckingham, 19'74). i' 

, , 
Al though there i s substantial biochemica 1 evidence to' suggest s·uperox1de 

r 
toxicity, it is difficult to justify on a chemical basis. Superoxide 1s 

> 

t-elatively unreactive te many compounds in vitro (Bielski and Richter, 1977; 

Bors et al., 1980) and in fact tends to be a reduc; n9 -agent in aqoeous --
solution. The oxidizing ability is limited because the'formation of 02

2-

is urifavourable (Fee and Valentine, 19'1'r,-Valentine, 1979) but oxidatiQn of, 

acidic compounds in vitro is possible via proton abstraction leading to H02" 

(Nanni !l.!l., 1980). Formation of °22 - can be avoided to sorne extent by 
1 
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+ by reattlon w1 th the lleUl 10n ",,2 • whieh cln laid to the oxid1zing species . . 

Mn02+ CBielski)and ëhan. 1978)~ 
ln addition to its laek of re~ctivity. damage is often prevented by the 

presence of superoxide di,sMUtase ~ catalase indicating that both °2- and 
. . 

H
2
0

2 
are required for toxle effeets (Beauchamp and Fridovich. 1970; Cohen. 

1978). Based on these results. it was suggested that hydroxyl radita1s .. re 

generated via -the Haber-We~ss reaetion (Bea-uchasnp and Fridovich. ,1970; Fridovich, 

1975a) : 

. 
and that. the reactivity of these radiç~ls cou1d. easily aecount for the 

observed oxygen toxicity. Howevèr, further study has shawn that this reaction 
, , 

as shawn is. too slow to compete 'With the distnUtation reaction of superoxide' 

(Gibian and Ungermann·. 1979; Halliwell, 1976; McClune and Fee, 1976; Melhuish 
L 

and Sutton, 1978; Riga et al., 1977). The currerrt theory of oxygen toxicity 
(, -- . 

avoids. this problem 'by proposing a catalysi s of the reaetian by trans1tion , 

lnetals. in particular FeZ+ (Hal 1 iwell , 1981): 

+ OH-

o ,T-his react~n is ref~ed ta as the Fe-catalyzed Haber-Weiss reactïon. 

(or the Fe-driven Fenton reaction) and in it super,oxide acts on1y as a 

reducing agent to regenerate Fe2+~h.ile OH· is produced by thewell-known 

Fenton reaction. The ,feasibil ity of this theory has been confirmed in vitro 

(Butler and,Halliwell, 198.2; Fang et- !l., 1973; Hal1iwe11~ 1978a; 1978b; McCord 

and Day t 1978) but its intracellu1ar significance has yet to be establ ished. 

There is some question as to the importance of superoxide as the reducing 

agent since more effective ~ducing agents (e.g. asco.rbate) are ava-ilable in 

... , . .., "-

, 
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the cel\ (Valentine, 1979) and others ~ve quest10ned the ava11ab111ty of 

l'Io ... '1y sequestered _tal ions for the rêlction (Fee\ 1980). Bor~ et 11. 
, ---. 

15 

, (1980) suggest thlt .free OH· 15 in fact too reactive to be the primary cause 

yof oxygen toxicity sinee mueh of the datRage would be restri~ted to the site 

of generation and it 15 therefore unable to explain the select;vity and 

delayed onset of oxygen toxicity. They propose that the fonnation of organ;c 
~ 

~ rldicals 1s more important i~,oxygen toxicity. These inte~sting points have . 
raised'sOIIIe controversy (Fee, 1981; 1982; Fridovich, 1981; Hlnfwelli' 1982) ~ 

1 

~ich will no doubt spur greater efforts into this area. 

Beneffctal Applications ,of Oxygen Radicals 

lA spite of their tox;city. the high reactiv1ty of oxygen radicals ~s 

been put to good use by SOIIIe organi$lftS. For instance, it has long been known 

that destruction of engulfed bacter;a by pol~rphonuclear leukocytes is 

acca.panied by a burst of respiratory activity (Karnovsky. 1962). This Ictivity 

has now been linlced ta the generation of O2-, ~2 and OH· (but not sfnglet 

'O)(ygen, Foote, 1~79) by intracet-lular eMymes as the destructive agents 
" 

(BÎbior. 1978t; 1978b; Badwey and Karnovsky, 1980). Oxygen radicals released . ~ , 

by destruction of the leukocyte can a1so produ~e damage in the hast (McCord. 

1974) and 1ead to inflammation by activating a chemotactic factor for 

lellkocytes (McCord and Roy, 1982). lnvolvenent of active oxygen spec1es fn other 

processes such aS'anti-tumor drugs (Bites and Winterbourne. 1982; Oberly and 

Buettner, 1979) and, 1 ignin degradation (Forney et !l., 1982; Nakatsubo et !l. , 

1981) indicates the diverse uses tb which they have been app11ed by .an~ 

and mi croorgani sm. , . 

1.1.3 Oxygen Protection 

In view of the'reactivity of oxygen in~enRediates and the essent1al role .' . of oxygen fn aerobic metabol hm, a .. ans ta IllleTiorate ils toxicity 1s necessary. 

, 
~ ... .,.. ........ ~~ ... ..Jtt/If,;. ~-""''''''''''l.-t:.ilUl~~~ ""~~'.~4..-:...,..._"""~i:._ 

.. 

} 

j, 

• 
i , , . 
1 : , 
i, 



( 
.A 

\ 

4 

, , 

\ 

16 

[n ~n evolutionary sense, the initial production of free oxygen by cyanobaeteria 

would not have been possible without 'il method to deal ~ith its toxie, effeets. 

One theory suggests that the oxidation of ferrous 1ron external to thê cel1 

wou1d have maintai.ned low atmospheric oxygen level s unti 1 al ternate methods of 

protection 'became establ ished (Cloud, 1968). 'Others have questioned the 

value of extracellular oxygen protection on the oxygen produced by 

intracellular photosynthesis (Sehopf, 1975) leading ta the suggestion that 

oxygen produced by photodissociation may have prompted the production of 
• 

o~gen-scavenging enzyMes prior td the evolution of oxygen-evolving . ~ . 
photosynthesis '(Towe. 1978). Whate~er the initiating event. a number of 

strategies have evolved to counter the threat of oxygen, each having 

i~rtance in overal1 oxygen protection . ... 

Avoidance 

Probably the simp~es~meth!d of oxygen protection 1s that used by the 

obligate anaerobes. that is, to avoid exposure to oxygen and hence its 

taxie intermedlates. These organisms have based their metabolism on methads 

not 1nvol~ing molecular oxygen, such as fermentation (e.g. Clo~~), 

a8lenobic photosynthesis (e.g. ChAo~) or anaerobic respiration 

(e.g. Vuul6ov.<.bJU.o), and can inhabit envinonments devofd of o-xygen (Morris, 

1975). Exposure of an obligate anaerobe to oxygen produces growth inhibition . 
and ce1l death,although oxygen to1erance among anaerobes in general is quite 

variable. This failure to adapt to oxygen in an evo1utionary sense has 

restricted them to a less efficient method of energy generation but haS a150 

elfminated the problem of oxygen toxicity.' 

In an indirect way, aerobic bacteria a1so use avoidance as part of their 

protection against oxygen toxicity. The terminal enzyme of the respiratory 
"" .. 

chain. cytochrome oxida$e (Haddock ,and Jones, 1977), processes the most oxygen 
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of a11 the enzymes in the cell via: 

02 + 4H + + 4e- .... 2H2O 

,,+ + . 
This enzyme contains two Fe' and two Cu 2 • both paramagnetic transition 

metals. and thus is able ~o circumvent the spin re~tricti~n to bring about 

the tetravalent reduction of oxygen (Antonini et !l., 1970). This is of 

great advantage to the cell in that the formation and release of oxygen 

interynediates is avoided.'(Fridovich, 1977). Thus, the enzyme with the 

17 

greatest potential to produce harmful species is indirectly protective in nature. 

Gl uta th i on~ 
\ 

The presence of reduced thiols_in aerobic cells provides a seco~ 
, 

mechanism of protection, especlally against damage due to -SH o~jdation. The 

mos~ intensively studied of these ls\glutathione (GSH). a small trlpeptide 
o 

containing cysteine. In the presence of oxygen. the rèduced sulfhydryl group 

is ~idized formlng the disulfide. a reaction which may be catalyzed by 

transition metal ions (Misra. 1974): 

'The enzyme glutathi~ne reductase will reduce the disulfide ~t the expense of 

'" NAOPH+H+ majntaini'ng, a high GSH/GSSG ratio. (l1âll iwell and Foyer, 1979~ The 

high concenttation of reduced glutathione in the cell makes it tlmore available"-

to oxygen than the -SH groups of enzymes. hence:i t i s preferent i a 11 y ox i di zed . 
(Halliwell, 1981). 

In animal cells, glutathione lS 81so involved in the removal of H20Z 
) 

and ~ipid peroxides via the selenium-containi,ng enzyme glutathione peroxidase 

(Chance et ~., 1979; -Jocelyn, '1979): 

2GSH + H202 .. GSSG + 2H20 

2GSH + Lipid-OOH'~ Lipid-OH + GSSG + H20 



o 

.. 

.\ 

• T' 1er ' y", • 

.. 18 

, . 
This enzyme is distributed in the cytosol and mitochondri'a of animal cells 

but is not found in plants or microorganisms (Smith and Shrift, 1979). 

The importance of glutathione and reduced,thiols in oxygen protection 

and as cofactors for some'cellular processes is reflected in their wide 

distribution in living cells (Kosower and Kosower, 1969; 1978). ,lhe 

distribution in prokaryotes is more complicated in that gluta~hione is 

detected in most Gram-negati~~cells but few Gram-Rositlve organisms (Fahey 

et !l., 1978) though qther reduced soluble thiol comROunds may replace H. In, 

addition, mutants lacking GSH are able ta grow normally in air, (Fuchs and 
0,.; 4 

Warner, 1975) indîcating that it may,not be essentlal for aerobic organi.sms. 

Antioxidants 

The presence of antio~idant substances can also be a means of oxygen 

protection. By theü structure. these CO~POU11dS are able to dissipà.te the 

energy of active oxygen species (mainly singlet axygen) rencerir.g them innocuous 

to the cell. For instance. the presence of a-tocopherol (vltamln E) 'ln 

,chloroplasts can prevent 1 ipid peroxldation by scavenging singlet oxygen and 

lipid radicals (Foote. 1976; Halliwell, 1981): 

lipid-02, + Oonor-H ~ Lipid-OOH + Donor, 

This will terminate the radical chain reactian, minimizing the damage ta 

membranes. The donor raqical formed can be regenerated via ~eduction by 

ascorbic acid (Packer et al;. 1979). , ..,..- -
A similar role is played by carotenoids·(e.g. ~-carotene)\which are 

present in animals. plants (chloroplasts in particular) as well as sorne 

bacteria al'ld fungi (Krinsky. 1979). In both photosynthetic and non-photosynthetic 

orgarisms, the protectiv~ effect of.carotenoids agalnst damage due to light,or • 

singlet oxygen has been shown using mutants lacking them (Krinsky. 1978; 1979; 

Shimizu et!l., 1979). 
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Catalase , 
The enzyme catalase brings about the catalytic decomposition of H202 

and is unique in that it does 50 by two routes (Chance et !l., 1979): 

Cataiatic H202 + H202 ~ 2H20 + O2 
Peroxidatic H2:02 + AH2 -+ 2H20 + A 

19 

The pathway used will depend on 'the concentration o( H202 but in g.~~eral ~ the 
1 

catalatic reaction dominates, at hi~h levels of H202 (abo~e 10- 4 ~) while the 

peroJidatic activity dominates at low levels (in the presence of a,suitable 

H-donor) (Dei sseroth and Dounce, 1970).' 

The typical catalase is an oligomeric protein with a malecular weight of 
"-

approximately 240.000. lt consists of four identical subunits (MW 60.000). 

, each of a single polypeptide chain and containing the prothetic group 

Fe 3+-protoporphyrin IX. The subunits are associated by non-covalent intêractions 

and can function independently of one another (Deisseroth and Dounce. 1970; 

Schonbaum and Chance. 1976). In general. blosynthesiS Dccurs bya stepwise 

process via synthesis of apoprotein subunits, ,addition of the heme and 

tetrameri!ation (Ruis, 1979). 1 • 

The occurrence of catalase i\ often associated with the possesslon of 

cytochrome sysbems (Deisserot~ and Dounce.' 1970) and it is found in mast aerobic 

organisms. Some exceptions include AcetobacUIt pe'l.L'tljda.I1~, Bacutu~ popLitae 
• 

(Costilow and Keele. 1972), the blue-green bacterium Gil'CDC.a.P~a. 50. LB795 (Tozüm and 

Gallon. 1979) and a number of aerotoleran~ anaerobes (HcCord et !l .. 1971). r:> 

Most anaerobes do not contain catalase. but again there are exceptions such as 

PJtop-ioruba.c.ti?'uum ~lieJtma.tlu (Shennan, 1926), , In most plant and animal 

tissues, cata1ase is 10calized in peroxisomes, which also contain many of the . ~ 

H202-producing enzymes (Hasters and Holmes. 1977). Catalase has not been 

detected in mitochondri~ or chloroplasts (Allen, 1977; Day et !L., 1979) 

~. 
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though there may he 'other enzymes present (e.g. glutathione peroxidase) whièh 

" 
It is ev;dent. in view of the mechanism and localization in peroxisomes. \ 

that a prima~y function of catalase is the removal of intracellular H202 
(Fridovich, 1976; Hal1iwell, 1981i Ruis, 1979). However, it has been 

sU9gested that it may a1so part1cipate in the metabolism of certain hydrogen 

donors via the perox1datic reaction (De Ouve and Baudhu1n,1966). Measurements 
IJ. , 

have put the intracell ulhr concentration of H20Z at c 10-8 Pi which may indicate 

that the peroxidatic r.action i5 dominant (Oeisseroth and Dounce, 1970). 

Peroxidase 

A second group of hemoproteins that will catalyze t~ reduction of "202 

using H-donors are the peroxidases (Saunders et !l., 1964\ 

In general, pe~xidases have a high specificity for the pe~xide but are 

relatively non-specifie for the H-donor (though there are seme with restricted 
, 

H-donors such as glutathione peroxidase) (Putter, 1974). In addition to 

this typica1 react~on, there have a1so been reports of peroxida~es actïg as 

oxidases (Kenten, 1955) and monooxygenases (Buhler ,and Mason, 1961). 

ThOugh peroxidases are widely ~istributed, studies have centered on the 

. 'easily· iso1ated p~ro~idase of . horser~d1sh (HRP) as·a represent~tive example. 
'r. -

This enz~ has a motecular weight of 46,000 and consists of a single 
o ~-

polypeptide chain of 287 amino acid residues, a prosthetic group and some 

carbohydrate. probably neutral and amino sugars (Saunders et !l .. '1964). T~ 
~ 

pràthetic group is Fe 3+-protoporphyrin IX (similar to catalase) and is 

easily removed fram plant perox1dases but tightly bound in animal forms .. 
(Yamazaki. 1974). G1utathione pèroxidase 1s a unique case i~ that even though 

selenium replaces the heme group as the active metal. it shares a similar 
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kinetic Machanis. (Chance et !l., 1979): 

In the many years s1nce it WlS diseovered. peroxidase has been tound to 

be widely distr1buted (for,a list see Saunders et !l., 1964 and Putter. 1974). Of 

the many plants in which it is 'found,'f1g tree sap and horseradish root are 

particularlf good sources. the latter having been studied quite intensively. 

It has also been detected in:a variety of animal tissues as well as some 

invertebrates and fungi. Peroxidase aetivity has been found in a number of. 
~ 

bleteria but in many cases the enzyme 1nvolved is not a true (heme) peroxidase 

(Saunders et ~., 1964). A non-specifie peroxidase has been detected in 

E6dtvucJua. eou (H~ssan and Fridovich, 1978). 

While ther~ has been mueh study of the enzymology of peroxidase, few 

'have examined its physiological role in detail. It is generally thought that 

the oxidation of donor mol~cules is of primary importance (Yamazaki, 1974; 

Saunders ~t !l., 1964) but little is known of, the signlficanee·to the cell of 

H202 removal by this enzyme (Fridovich, 1976). In at least one case (glutathione 

peroxidase). the seavenging of H202 and 11pid hydroperoxides is a very'important 

funetion but sinee the intracellular substrates for a non-specifie peroxidase 

are unknown, it 1s difficult to assess the magnitude of HZ02 r~va1 by ~s 
means (Halliwel1. 1981). 

Superoxide Dismutase 

The mo&t reeently identified enzyme involved ~n oxYgen protection was 

'known for many years as a copper-containing protein of unknown funetion. 

Orig1nally isolated From blood, it was labelled "hemocuprein" alludin,g to its 

source and copper content (Mann and Keilin. 1938). Similar proteins were 
, , 

'isolated from other sources (e.g. hepatocuprein, cerebrocuprein, etc.) and were .. 
wel1-characterized without identification of'any catalytic activity. In 1969, 

in a total1y 1ndependent 1ine of study, an ~zyme was discovered that was 

capable of the dismutation of supe~oxide and wh;ch proved to be identical to 

.,. ~"1- •. ~ •• ~,,-"" ":"'~~'"'. ~--I ... _ ~.i~.~ " ... !~~t\,~'" J~A.~""":.",, l' ~ 
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the cupreins isolated many years previously (HcCord and Fridovich, 1969). 
, 

Thus, an unantieipated biologieal aetivity was uncovered whieh had immediate 

implications for the theory of oxygen toxicity. 

Superoxide dismutase (SOD), as the enzyme is now known, will catalyze 

the dismutation of superoxide ridicals with high efficiency at physiological 

pH (~lliwell, 1982): 

Though this dismutation can take place spontaneously, the enzyme-eatalyzed 
"" rite 15 104 times faster (Fridovicn, 1978). Hydrogen peroxide produced by the 

. . , \ 

reaction is rapidly removed by H20Z-scavenging enzymes (Fri~ovich and Hassan, 

1979) and the oxygen is the"innocuous triplet (ground) state (HalliwelT, 1981). 

Some elrly reports that SOD was able to Queneh singlet oxygen (Finazzi-AgrO 

et al., 1972; Paschen and Weser, 1973) have now been found to be in'error . . --
(Schaap et !l., 1974) and superoxide dismutation ts the only known reaction 

Three forms of the enzyme have been ide~tified according to their,metal 

content. The first, isolated originally as a "cuprein", has a·molecular 

weight of 32.000 and is composed of two identical subunits, each containing one 

Cu2+ and one Zn 2+ (Fridovich, 1975b). The others a1so have two subunits and 

contain one Mn 3+ or one Fe 3+ per subunit as the active metal (MW 40,000 in 

bath cases). The structural characteristics of the enzymes and their active 
, 

sites h~ve been well-studied (Fee, 1977; Fridovich, 1976; liebenman et !l., 

1~8Z~ Walker et !l., 19f1O). 
" 

Much study has go ne into the biology of superoxide dismutase. on1y an 

outl;ne of wh;ch is appropriate here. The CuZnSOD Dccurs in certain algae 

an~ in ~l higher eukaryotes almost exclusively (Asada et !l., 1980). One pf 

the first prokaryotic sources uncovered. the symbiotic organism Photob4Qt~~ 

leiognathi (Puget and Michelson, 1974) is thought to have acquired the enzyme 

F 
t 



( 

s 

23 
" 

, 
vil ,gene transfer froll ,fts hast fish (Martin and Fridovich. 198-1). A 

CuZnSOD~like activity in'PaAacoCC~ de~6ican4 was found on chara~rization 

to be structural1y distinct from eukàryotic CuZnSOO (Vignais et al., 1982). . , . --
However, the discovery of true CulnSOD in the free-living prokaryote 

~b4ct~ ~e4centul (Steinman. 1982) raises somè interesting questions 

regarding 1ts origin. The similarity of CuZnSOD among the hig~~ eukaryotes. 

even to primitive invertebrates, ïndicates that the enzyme is quite stable in 

an evolutionary sense (Fridovich. 1976). 

T~e MnSOD and FeSOD are found predominantly in prokaryotes as well as 
10 

SOIIe eukaryotic algae and protozoa (Asada et !!..:. 1980). The MnSOD is 11so 

found in the mitochondrtal matrix (Henry et !l., 1980; Weisiger and Fr~dovich, 

1973a; 1973b) and bound to the thylakoids of chloroplasts (Asada et !l., 1989; , -
Kan~tsu and Asada. 1979) and so is often detected in higher eukaryot~s. 

Recent evidence of FeSOO ln certain higher plants (Bridges and Salin, 1981; 

Salin -and Bridges, 1980; 1982) again raises several questions sinee 1t was 

previllusly thought to be strictly prokaryotk. Among prokaryotes, there is a 

. general trend that MnSOD-containing organisms tend to be Gram-positive while 

t~ose containing FeSOD or both FeSOD and HnSOD are Gram-negative but tnere 

are several exéeptions (Britton et àl., 1978). 

Asada !1!l. (1980) have made sorne interesting suggestions concetning the 

phylogenic distribution of the three types of SOO. They find that the 

occurrence of FeSOD is mar~d in organisms having low intracellular oxygen 

concentration (anaerobes and Aerobic diazotrophs). They believe that this 

form gave rise to MnSOD in response to increased atmospheric oxygen such 

that aerobic and facultative prokaryotes, eyanobacteria and some îower 
.,. 

eukaryotes contain either or both of these enzymes. Th~ CuZnSOO arose 

independently in primitive eukarYQtes Jater in the evolutionary scale, hence' 

it 1s not found in prokaryotes. These concepts are supported in part'by 
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w1th sa.! suctess. A mutant of E. coti was isoTated that was unable ta grow 
1 ~ 

aerobically at high temperature due to a temperature-sensitive defect in 

SOO production (Fridovich, 1975a). Unfortunately •. cata1ase and peroxidase, 

Tevels were not exami~ 50 the significance of these re$ults to oxygen 

toxic·ity in general is unclear (Hall iweÙ, 1981). Other mutants found intolerant 
~ 

ta oxygen were found to lack MnSOD, catalase and peroxidase. Revertants 

~ined al1 of the enzymatic activities or had lost the abi1ity to respire 

(Hassan. 1976). 
\ 

Induction of SOD in response to oxygen has been found in E. co~, 

~Ptococ~ ~aecali4 and Saccha40myc~ c~ev~~e (Gregory and Fridovich. 
<,. 

1973a; Gregory et !l., 1974) alluding to a possible role in oxygen prote~tion. 
" \ 

Higher than normal 1ntracellular SOD activity (achieved by growth at high 

oxygen tension) has been correlated to increased resistance to th~ toxicity of 

hyperbaric oxygen and O2- generated enzymatically by strepton,igrin (Gregory 
, , 

and Fridovich, 1973bi Gregory et !l .. 1973): In 8a~ ~ub~. cat~lase 

but not SOp is induced by oxygen but no corresponding increase in resistance 

to toxic hyperbaric oxygen is found. which implies that SOD is more 'important . 
/ in oxygen protection (Gregory and Fridovicn. ~973b). Higher SOD levels have 

" • 9 _ 

a1s6 been corre1ated directly to intracellu.lar level,s of O2 produced by 
, 

retpiratjon (~assan and Fridovich. 1977a) or artificially via methyl viologen 
1# 

(Hassan and Fridovich. 1977bi 1977c). Induction of SOD (primarily pulmonary) 

in rats in response to ~xygen, with a corresponding increase in resistance to 

oxygen toxicity. has been found (Crapo and Tierney. 1974) though results i~ such < 

a complex system are difficult to interpret (Crapo and McCord. 1976). 

Oespite this evide~ce, there are those who question the importance of 

superoxide dismutase in oxygen toxicity and even its role in superoxide 

'dismutation. They interpret the ability of simple metal complexes (espec;alJy 

those co~taining Cu2+) to cat~ze superoxide dismutation (Brigelius et !l .. 

. . 
---~~\IIIa., ... .-.-\.,r'rjoo '~W_~~"''''''~''."'''~tt:~ ... JJ.{..."~,,,~ ... " .. 
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1974; Rabani et!l., 1973) as an indication that this activity in soo'is 

~imply a consequence of the presence of copper and maintain that its true 
1 

" 

, '& 

\ 

activity has not yet been fourtd (Feè, 1982). Others are quick to point out 
~ , 

that other copper protei~ do not react with Pz-=- as éfficiently as SOD and 
~ 

that FeSOO and MnSOO are much'more effective than their correspo~ding free 

salts (Halliwell, 1981; 1982). 

1.2 Nitrogen Fixation 

Nit~ogen ;5 an important element in the growth of"all organisms (micro 

and macro) as a major component of proteins and nucleic acids.' Diatomic , 

N2 (dinitrogen), is the omost abundant ,form constituting aporoXtimately 78% 

of the earth's atmosphere. It is an inert molecule due to a high bond energy 

(946 kJ per mole) and an ele,è'tronic configuration unfavourable to oxi'dation 
. 

or reduction (Olivé and Olivé. 1979). Since this is unsuitable for assimilation 

i~to cells; up~ake of nitrogen in its combined form, ammonia (NH 3 ) or nitrate 
"" (NOj), is the principal means by whlchothe biological nitrogén requirement 

is satisfied. In soil, removal or loss of these nutrients by uptake· (e.g. 

plants), leaChi~9 or voJatil";zati/n(denitrific'ation) can îead to le~els 
insufficient to support further growth. Replacement most commonly ;nvolves 

1 

addition in the form of ammonia produced from d~nitrogen (referred to as 
( . ., 

fixed) by biological or non-biological means., The latter is very important 

for the produc"tion of arrmonia' fertilizer for use in agriculture and is known 

as the Haber-Bosch process: 

lt uses an ird~ oxide catalyst with high temperatures (approximately SOOoe) 

and high pressures to overcome the lack of reacti~ity of N2 (Ozaki and Aika, 

197~; Bri~ger et'~.~ 1979). These extreme conditions contrast to the 

biol~~ical pro~ess (nitrogen fixation) in which the r~action is enzyme-

1 

1 

. i 
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catalyzed using physiolôgical reductants at ambient temperatures. It is a 

strictly prokaryotic process carried out 4n many and varied locations, most 
\ 

27 

notably, in soil. Symbiotic nitrogen fixers do so'only in association with a 

host plant, a classic example of which is ,~he ~zob.ium/legume symbiosis 

(though there are otrrers, including non-legumes). These organisms invade 
• 

the root of the host ,legume and becorne established as bacteroids within a 

root nodule (Alexander, 1977; Dart. 1977; V.incent, 1977). In return for an , 

energy source (photosynthate), they fix nitrogen ta the benefit of the host 

plant (Pate, 1977). A second group of nitrogen fixerS ,are free-living and 

fix nitrogen non-symbiotically. They include anaerobes (e.g. Cio~~dium, 

Vehul6oVLb~o), facultative anaerobes (e.go, Ba~, KI~b~~~) and 

aerobic organisms (e .. g. Azo.tobac..tVt, VeJl~) using N2 as their sole ,ource of 

nitrogen (Alexander, 1977). A number of unicellular (e.g. G.to~oca.p6a) and 

filamentous (e.g. Anabaena, Ptecto~ema) cyanobacteria also fix ~itrggen 

(Stewart, 1980). 

1.2~1 Nitrogenase 

Biological nitrogen fixation is one of the most complex of enzymatic 

cataly.ses requiring six individual components. The enz~ is a complex of two 

proteins with different functions, both of which are essential for enzYmatic 

activity. The true nitrogenase (directly responsible for substrate binding 

and reduction) is a large, tetrameric metalloprotein (MW approxima.t€ly 220,000) 

°referred to as dinitrogenase, component 1 or simply Mofe-protein. It èonsists 

of two dissimilar subunits, (MW 50,000 and 60.000) and contains 2 molybdenl.iY1 • 

.. 24-32 iron and approximately 28 acid-labile sulfur atoms (S~) 11er molecule 

(Eady and Smith. 1979: ~'ortenson and Thorneley. 1979). A major structural 

feature is an extractable "cofactor." containing IMo:8Fe:652- (labelled .. 
FeMo-co). two of which form the ac~ive sites in the nat4ve molecule (Shah and 

Bri 11, 197~). 
• 
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The second componen~ referred to as dinitrogenase reductase. component 2 
, 4 

or Fe-protein. ;s also a metalloprotein but is not involved in substrate 

bind1ng. It has a molecular weight of approximately 6D,OOO and contains 4 

iron and 4 âcid-labile sulfur atoms. It associates with the HoFe-pro·tein to, 

form a tight complex and ;s respons;ble for the binding of Mg2+ and ATP 

required for the catalytic reaction (.Eady and Smith. 1979~ Hortenson and· 

Thorneley, 1979). Jhe similarity of the respective enzyme components in 

var;ous organ;sms is illustrated by the fact that in many-eases the Fe-protein

and MoFe-p~otein from different sources will combine to form functional 

(albeit léss active) nitrogenase jn vitro (Burris. 1971~ Eady and Postgate, 

1974; Hardy and Burns, 1973). 

A key factor that affects all aspect~ of nitrogen fi'xation ;s the oxygen 
, . 

sensitivity Çlf the process. f10st diazotrophs fix nitrogen Qptimall1 under 
, 

reduced oxygen tension and all are'adversely affected by elevated oxygen levels. 

Oxygen ~~n uncornpetitive inhibitor of nitrogen fixation (Wong and Burris, 

1972) and at higher levels caûses irrevèrsible inactivation of nitrogenase 

irrespective of its" source (Burris. 1979)., 'Of the purifjed components. the Fe-

protein proves to be the most sensitive in vitro. with a half-life in air of 

approximately 45 seconds (Eady et.!l., 1972; 'ia..tes ,and Planqué, 1975) .. This 

sensitivity.;s augmented in the presence of ATP (Yates. 1972) probab1y due 

to a conformation change that occurs on binding. The HoFe-prote;n 1s S~lt 

1ess sen~itive to oxygen, with a hal.f-life of 8-10 minûtes (Eady et al., 1972; 

Shah and Brill, 1973; Vates and Planqué. 1975) although the extractable , . 
• 

FeMo-co separatel1y proves ta "be even more oxygen sensitive than the Fe-protein 
" 0 -

(Shah and B~i", 1977). Other components required ~or nitrogen fixation (e.g. 

ferredoxin) are a1so oxygen sensitive (Petering ~ !!._. 1971). ~. 4" 
',-

f ... 
Several methods have been used in an attempt to determine the mechanis. 

of-this ~nactivation. One proposal sÙ9gests that oxygen interacts with the 
. \ 

_r' 
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reduced state of the enzyme (e.g. reduced su1fUJ!-moieties) disrupfingJts 
~~ Il .... 

structural integrity. That this is feas,ible is demonstrated by the denaturation 

of other iron-sul fur proteins (e.g. ferredoxin) by oxidation of 1abj1e 

sulfide to SO (Petering et !l., 1971) and enzyme inactivation by the'oxidatlon 

of su1fhydryl groups (Little and O'Brien, 1969). Air inactivation' of 

C. pa6t~ Fe-protein in vitro is accompanied by the' oxidatioR of one 

S2- and two su1fhydry1 groups (Moustafa and Hortenson, 19761. The importance 

of labile sulfide in the structure of Fe4S4 centers and in the postu1ated 
1 ~ 

structure of the MoFe-protein active site (Cramer et !l., 1978. Hortenson and 

Thorne1ey, 1979) illustrates that substantial damage can be produced by 

such oxidation. 

Th~ tilration of the MoFe-protein through several oxidation states while 

retaining activity 1s possib1~~almer et al., 1972. Smith et al., 197Z). but -- - -,---. ~ 

l ~acti va ti,{ln resu lts on pr:o 1 onged exposUré to O
2

, Spectral changes ,( EPR, 

MOssbauer, circular d1chroism) indicate that changes occur in the redox state 

of the Fe at~ ,and .i.o a-hencal content on exposure;o O2 (Ead; and Smith, 
, 

1979) . in,some cases, ~xposure leads to 10ss of the metal (Huang et !l., 1979) 

which may account for the loss- of ,activity. Using X-ray absorption ,spectroscopy, . 
,it is possible to detect Mo-O on 'exposure to ai'r but 'not in its a,bs@nce 

r 
" (Cruer et !l., 1978). which may be another manifestation of oxygen da~ge to-

I . 
the enzyme. . . 

The inactiva'tion of the Fe-protein of Ue.b.6.c..e.U.a prUU.lJftOt1.:Ule ;s suggested , 

~' proceed initially 'throU9h a confonlation i~~apable of accepti'~lectrons 
for the reactton (Smith and Lang, 1974) .rather than direct ~estruction of the 

~FeS center. Oxygen-damaged ,Fe-protein loses substantial a;heli~al content 

• and has a MOssbauer spectrtlll s1m11ar te that of -.reduced ferredoxin but no 

EPR activ1ty (Eady ana Smith, 1979). It retains the ability to bind ATP but 

fonllS an inactive cOlnPlex with acthe MoFe-protein ÇBiggins and ~ly, 1970) 
. l 



lb' = mllilU 

1 

). 

F b 1 ., J' , JI 

The intraeel~ular generat10n of powerf.u~ oxygen rad1eals and their-
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. involvement 1n oxygen toxicity. has led to the suggestion that they may also 

pl-a-y a role in the inhib~tion of nitrogen fixation (Robson and Pos~te, 1980). 

Supero)C'ide generated exogenou~'y-has been found ta inhibit nitrogenase 
, ~ '" ! 

act1v1ty 1n whole cells (Buchanan, 1~77) and the presence of superoxide 
, 

disJll.ltase plus catalase will prevent the air inactivation of the fe-prote;n' -

m vitro tô a cert~n exJnt (Hortenson et al:, 1976). Inhibition of . --. . . , 
acetylene reduction in Gloeo~a sp. by HZ02 has a150 heen demonstrated 

(TozÜlft and Gallon, 1~79). H~wever. little work has heen ,done regarding the 

generat10n of' the,se species ~g nitrogen fixation or their signifiCince to 

the proeess. Misra and Fridovich (1971) demonstrated the generat10n of 

superoxide by the autooxidation of reduced ferredoxin in vitro but di~ not 

relate this ta nitrogen-fixing conditions in vivo, where oxygen levels are low 
) 

, 1 

or negligible ~e to ~he oxygen sensitivity of the process. Radicaà generation 

.. y result in attack on the nitrogenase d1rectly or interuption of the Flow 

Of ATP and/or reducing power by the disrupt10n of cellular metabol {sm and 

IIIIHIIbranes. 

- -1.2.2 Oxygen Protection 

, Sinee many components of ni trog~n-fi,J(ing systems .are oxygen sens ftt~e. 

the process itself is seen as being anaerobtic in nature (Vates, 1977; Vates 

and Jones. 1974). Veto the capacfty for n;trogen fixation exists not onTy in 

anaerobes but is found in aerobic and eve~ oxy~~n-evolving photosynthetic 

organisms as wel1. This apparent paradox ;s ~solved by the presence of 

protective mechanisms that ensure that adequately low intr~cel1ular Oz 

.\ 

• 

tensiOQs fo~itrogenase are'matntained. Since 'the efficiency and distributio~ , 

of these mechanis~ vary. njtrogen-fixing organisms coyer a wide range. 

of o~ tolerlnce. 

" -



-Avoidance, 

In avoiding oxygen to ~intain thefr metabolism. many' nitrogen-fixfng 

obligate anaerobes (e.g. C. pd6teUAianum) indirectly produce conditions 

favourable for nitrogenase. In fact, some facultative anaerobes such as 
, 

(leb~~~ pneumoniae (Mahl and Wilson. 1968) and Ba~ potymyxa (Gra~ 

and Wilson. 1963) will Fix nitrogen only under anaerobic candi,tions, even 

though they can grow aerobically. 

, 
Physical Barrier 

, . î 
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The~ is a number of examples in which lo~ ~xygen tension is maintafn~d 

by a barrier to reduce oxygen diffusion~ One of the best known is the 
, , 

heterocyst of filamentous. nitrogen~fixing cyanobacteria. These specialized 

) 

cel~ have a thick envelope acting, as an O2 barrier which, in combination with 

ather m!thods (below), provide a protected environment for nitrogenase (Stewart • . ' 
~ 1980). Nitrogen-fixing mutants whose heterocysts lack the proper envelope 

glycolipids are more sensitive to oxygen (Haury anll Wolk, 1978). 

Nodules resulting From the symbiosis between ~:ob~ and 

leguminous plants are another method by which oxygen diffusion is restricted. 

-Their illJ;>enneabil ity (Tjepkema and Yocum. 1973; 1974) and the hfgh respiration 

rates of the bacteroids conspire to keep the'oxygen level low in the nodule 

tiss~ (Bergersen, 1979). Oxygen for ATP production is transported to the 

bacterofds by leghemoglobin. a soluble. hemoglobin~like pigment which~an 

reversibly bind oxygen (Bergersen !!!l .. ' 1973; Bergersen and Turner. 1975a; 

1975b; Imamura et!l.., 1972; Wittenberg ll!l .. 1972). Its high affinity for 

oxygen {OHworth and Appleby, 1979} ensures that the low fnternal level of' . 
, 

free oxygen 1s maintained (Wittenberg et !J,. .• 1972). 

, There is some suggestion that the production of extracellular 
• \ li' 

polysac'charide (slime) by diazotrophs may impede the diffusion of oxygen thus' 
\ 

protectlng the nitrog'enas-e (Hi 11., 1971). However. mutant d1azotrophs not 

" , 
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capable of slime production are available that are no more sensitive to 

oxygen than the wild type (Bush and Wilson, 1959; Vates and Planqué, 1975). 

As well, no correlation has been found between slime production and oxygen 

to1erance in n~trogen-fix;ng K. pneumo~e (Wilcockson. 1977) or GtoeoCdp6d sp. 

·LB795 (Tozüm and Gallon. 1977). These examples have raised questions regarding 

the significançe of slime production in oxygen protection. 

Removal of Oxygen 

Since many me~bolic processes consume oxygen, they are often used to 

mainta;n oxygen concentrations optimal for nitrogenase. For example, 

Azotobact~ spp. have one of the highest known respiration rates (Williams and 

Wilson, 1954). Using a branched respiratory chain (Haddoc~ and Jones. 1977) 

this organism is able to increase its res"piratory rate to mainta;n low 

intracellular oxygen levels while fixing nitrogen under aerobic conditions 

(Dalton and Postgate. 1969a; 1969b). Respiration for the purpose of 

scaveng1ng oxygen 15 poorly coupled to ATP production resulting in an energy 

wastage 8t high oxygen tensions (Jones et al., 1973). The net effect 1s . --
oxygen protection at the expense-ef growth and n1trogen fixation efficiency. 

LimHed res'piratory protection fs found in most non-anaerobic diazotrophs, 

though ~1th~ut the unique adaptation found ~\Azoto~~. The nonma1 

metabo1ism of these organlsms has a smal1 ~ut not ins1gn1ficant capacity to 

scavenge oxygen (Biggins and Postgate, 1969; 1971). The relatively low upper 

limit at which ft is able to maintain sufficiently low oxygen tension for 

functional nitrogenase restricts the~ organisms to m1crOaerobic conditions 

when fixing nitrogen (Robson and Postgate. 1980). 

This type of protection 1s augmented in many diazotrophs by the presence 
I~ • 

of an uptake hydrogenase: 
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Aside fram its value in recover1ng energy lost by the ATP-dependent H2 
evolution of nitrogenase. oxygen ;s used in the reaction with the net effect 

of reducing its intracellu1ar level (Bothe et\!l .• 1977; Ruiz-Argueso et !l .• 

1979; Yates et !l., 1981). This me'thod has been found to be particularly 

important under carbon-limited conditions where bxygen uptake by normal 

rèspiration may be insufficient (Gallon. 198i; Yates II !l., 1981). 

Confonnationa1 Protection 

Nitrogen fixation in Azotobdct~ will cease when the respiratory 

, ,protection methanism is overwhe1med by high oxygen but will resurne without 

de nova nitrogenase synthesis if the exp05ure is sufficiently brief (Drozd 

and Postgate. 1970a; 1970b). Referred to as confonnational protection, 

exposure ta oxygen causes the nitrogenase to assume a relatively oxygen-

1nse~s1tive 5tate that is unable to fix nitrogen (H-i11 et !l .. 1972). 

Reactivation of this' nitrogenase wh en the oxygen" level i5 again suitable 1s 
, 

possible. prov1ding the exposure ;s not long enough to produce structural 

damage to the enzyme (Drozd and Postgate, 1970b). This protection ;s now 

attributed to the association with nitrogenase of a small, 2Fe:2S protein 
o , 

which 1s capable of eonferring oxygen stability to the purified enzyme in ~ 

vitro (Haaker and Veger. 1977; Robson. 1979). 

Cyanobacteri a 

The prob1em of nitrogenase inactivation is compounded in cyanobacteria 

by the oxygen ev01ved by photosynthes1s. Sôme have only simple methods of 

oxygen protection and are able to fix nitrogen only under anaerobic (e.g. 
SI 

SynLchococCU4) or micr-oaerobic Ce.g. Pt~ctcnema) conditions, while others 

posses.s methods effective enough to handle Aerobic conditions. One strategy 

is to locate the nitrogenase in heterocysts (Fleming ,and Haselkorn. 1973; 

Stewart!! !l., 1969; Tel-Or and Stewart. 1977) which la~k the 

\ 
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oxygen-evolvtng photosystem II of vegetative cells (Thomas, 1970) and' 
,~ 

have thfck wal1s to bar atmosphertc oxygen (Haury and Wolk, 1978). Under 

these conditions, metabo1ic activity (including an uptake hydrogenase) is 

able ta maintain low interna1 oxygen levels (Stewart, 1980). Otner 

,cyanobacteria are capable of aerobic nitrogen fixation but lack heterocysts ta' 

separate the two processes,so tney are present in the same cell (Gallon!! !l., 

1974). Some of these organisms (e.g. Gloeotheee) prevent nitrogenase 

inactivation by temporal separation in which the majority of nitrogen fixation .. 
takes place in the dark when photosynthetic oxygen evolution is at a minimum 

(Gallon et !l., 1981). Others (e.g. T~chod~~) seem to be able 

to localize nftrogen fixation in the~~terior of ee11 colonies where oxygen 

evolution does not oceur (Carpenter an'd Priee, 1976). 

Superoxide Dismutase, Catalase and Peroxidase 

On1y a few diazotrophs have actua1ly been examinèd to determine their 

content of 02-scavenging enzymes 'and in spite of their acknowledged importance 

in oxygen protection, litt1e is known of their direct signifieance to 

nitrogen fixation. , Members 'of the genus AzotQbo.eteJt contain FeSOO and 

catalase but their contribution to the protection of nitrogenase is unclear 

(Asada et !l., 1980; Buchanan, 1977; Buchanan and Lees, 1980): Inhibition of 

nitrogen fixation in who1e cells by exogenous superoxide is prevented by 

exogenous superoxide dismutase (Buchanan, 1977) whfch may indieate 

that the intracellular enzyme may also have sorne protection value. 

A survey of ~zo~ spp.found that al1 those examined contained FeSOO 

and differences could be detected in the enzyme from fast- and slow-growing 

strains (Stowers and Elkan, 1981). The FeSOO of R. jdpo~eum was inducible by 

;ncfeased Aeration or an O2- flux generated intracellularly,but its importance 

to nftrogen fixation directly was not examined (Stowers and Elkan, 1981). The 

presence of CuZnSOD and catalase in the nodule ftself is suggested to be of ô 

.. 



-

. . 

( 

. 35 

., 
sorne importance ln the prevention of irreversible inactivation of leghemoglobin 

\ 

.Some cyanobacteria have been examined specifically td determine the 

significance of 02-scavenging enzymes to the nitrogenase. The levels of 

~atalase and superoxide dism~tase were lower in the heterocysts of Anabaeua 
. 

cyttnd~tca than the veçetative ce1ls, possibly due to lower 02 levé1s in the 

absence of ox~gen~evolving Phot~synthe~ls (Henry et ~., 197e). However, 

they were unable to correlate the ability of these enzymes to limit oxygen 

damage to nitrogenase protec~ion~ 

Inhibition of acetylene reductl0n in non-heterocystous Gtucvcap5a sp. LB795 

by added methyl viologen, has been attributed to the generat}on of H202 

(vfa ~-) (Toz~m and Gallon, 1979). While catalase was not detected, the 

fact that the levels of other H202-scavenging activitles (based on ascorbat~ 

and glutathione) and superoxide dismutase were maximal during the maximum 

acetylene-reducing activity may indicate that they play a rol€ in protecting 

the nitrogenase. However, no one mechanism was found that was able to 

( account entlrely for oxygen protection. 

In short, though the removal of active oxygen specles is undoubtably 

important 'for nitrogen fixation, little concrete information is availab1e 

concerning the true significance of 02-scavenging enzymes for the process. 

1. 3 AZ04P.vU..Uwn spp: 

Beijerinck (1922) first described a spirillum capable of nitrogen 

fixation from enrichment cultures of soi1 and named lt Aza~obactet ~p~~um, 

later changing it to Sp~HUum itpo6etum. It generated 1ittle interest untll 

1974 when'lt was ident,fied,as the major organism~esponsible for nltrogen 

fixation in the roots of the tropical grass Vtg-tta'Lta decwnbcl!~ (Day and 

OObereiner, 1976; Oobereiner and Day, 1976). The group has since been renamed 



• , . 

\ '-

( 

- à 

tM V 

36 

• 4zo~p..i.IuU.um and has been foùnd ta be a cOllllOn· 5011 and !"Oot fnhabitant " 
, 

of the tropics and subtropics (Albrecht and Okon. 1980; oObereiher et !l .. 

1976; Neyra ~nd Oobereiner. 1977). Interest in the orglnism has burgeoned in 

recent years due to its potential for supplying fixed nitrogen to agriculturally

important nonlegumfnous plapts (Cohen!l !L .. 1980. Kapulnik !i!L .. 1981; 

Mur et !l .. 1980a; 1980b; Rai and Gaur. 1982; Reynders and Vlassak. 1982. 

filait et!}.., 1982. Van Berkum and Bohloof,·1980). 

The organism 1s a short. vibroid. Gram-negative rod often contai.ning 

refractile poly-a-hydroxybutyrate granules (Krieg. 1976; Krieg and Hylemon. 

1976~ Neyra and OObereiner, 1977. TarralTd et !l .. 1978). It 1s highly 

motile by a polar flagellum (~e9azi and Vlassak, 1979) and the colonies on 
1 

nutrient agar develop a 1 ight-pink pigment .(Okon et !l .. 1976a) thought to be 

a b- or c-type cytochrome (Eskew et !.t, 1977) though th,\ has been questioned 

(Nur et !l .. 1981). Its metabolism is generally considered to be respfratory 

in nature. w1th organic acids (malate. lactate, succinate. pyruvate) providing 

the best carbon and energy source for grawtb and nitrogen fixation (Okan 

et !l.t 1976a. 1976b). Certain ~trains have a limited ability ta ferment 

carbohydrates. though growth is weak when using them anaerobically (Tarrand 

et !l .. 1978). Two species have been identified based on ONA homblogy 

studies and differences in ~tabolism (Tarrand e; !l .. 1978): A. b~~n6e. which 

has no fermentative ability (does not use glucose as sole carbon and energy 

source) and no vitamin requirement. and A. lipo6ekUm, which is capable of using . 
glucose to support growth and nitrogen fixatio~ but has a requirèment for biotin. 

A notable feature of Azo~p~um spP. 1s the ability to perform all 
~ . 

aspects of the nitrogen èycle. except nitrification (Bothe et !l., 1981). 

Under ,erobic conditions. NH4+ or N03- (via assimilatory nitrate reductase) 

ca" be Lsed as the nitrogen source (Okon et al, .• 1976a; 1976b. Neyra and ~n 
" Berkum. 1977) with optimal growth rat~s being obtained with NH4+. In the' 
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absence of a combined,nitrogen source, they are able to fix nitrogen, but 

- due to the lack of a'dequate oxygen pr:otection for the nitrogenase (below), 

will only do so under m1croaerobic conditions (Oay an~ Oobereiner, 1976; 

'" Nelson and Knowles, 1978; Okon et al., 1976a; 1977). Under anaerobic 
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conditions, growth is possible using nitrate as terminal electron acceptor 

(anaerobic respiration). Most strains are able to reduce nitrate to nitrite, 

whi1~ some reduce it further to N20 and N2 (denitrifi·cation) resulting in 

nitrogen losses by volatilization (Eskew et !l., 1977; Nelson and Knowles, 

1978; Neyra et !l., 197~; Nerra and Van Berkum, 1977). There is some evidence ~. 

that the energy generated by this process can support nitrogen fixation 

(Bothe et !l., 1981; Neyra and Van Berkum. 1977; Scott et !l., 1979) but its 

occurrence and value have been questioned (Nelson and Knowles, 1978) since 

assimilatory nitrate reduction is possible under anaerobie condi~ions (Bothe 

~!l., 1981; Nelson and Knowles, 1978). 
, 

The respiratory metabolism of AZ06~ spp. makes oxygen a requirenent 

for energy generation bu~ when fixing nitrogen its talerance is limited by 

the lack of adequate oxygen protection for the 02-labiJ~ nitrogenase. Nelson 
~ 

and Kno~les (1978) found only a 1 imited ,ab il ity ta increase axygen uptake in 

A.' ~Jta.6den4e" indicating that it is",incapable of the spee1alized respiratory 
~. 

protection found in Azotobdct~ and thus is restricted to oxygen tensions 

tnat are adequately scavenged by nonnal respiratory processes iO.003-0.007 

atm). This is illustrated ln N-free semi-solid medium where a pelliele of 

'growth is formed 2-4 mm below the surface, apparently at the po~t where 02 

diffusion is balanced by 02 uptake, creating optimal condltions for nitrogenase 

(Day and OObereiner. 1976; Okan et!l., 1976a). Uptak~hydrogenase activlty 

is also suggested'to play a rale in this metabolic removal Bf O2 (TibellUS 

and Knowles, 1983; Volpon et al., 1981) though ln seme cases lt praves ta -- . 
be tao O2 sensitive itself to be of value (Pedrosa et !l.t 1982). 

il 
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Other methods of oxygen protection have a1so been exam1ned~ ,. , 
R,generation; 

-'" ~" " 

of air-inactivated nitrogenase is not possible without~w protein synthesis 

(Okon et !L., 1976a) indicating that there is no co~formational protection . .. 
, 

A limited ability to use IIreversibl~ inactivation" fQr oxygen protection has 

been found (Berlier and Lespinat, 1980) but its value to nitrogen fixation· 

.' is not known. There is s'Ome suggestion that capsules fermed by Â. bltlU.i..leMe 

~,so1ated fram plant ~issue cultures may be a method of ~gulating O~ ; 

flow at high oxygen tension ('B~rg et !L.,;1980). Capsules were found onl-D ~. 

when the cells were fixing nitrogen aerobically on the' surface of N-free 
~ 

nutrient agar and not under microaerobic condjtions (where presumably the~ 

would not be requirêd for O2 protection). However, they were unable to .. 
separate encapsulated from unencapsulated cells completely, so it is not 

known whether the encapsulated form is capable of fixfng nitrogen. Others 

~ave raised doubts concerning the efficacyiof O2 protection by slime capsule~ 

) (Wilc.ockson, 1977). The occurrence of carotenoids in nitrogen-fixing but 

not NH/-grown A: bJt..a.hden6e strain cd has -been interpreted to indicate that 

they play a rale in protecting the nitrogenase by scavenging si~glet oxygen 

.an~ possi,bly other oxygen radical s (Nur et !L., 1981), The carotenoids are 
; t 

produced under aerobic (but not microaerobic) c~nditions and in the presence 

of diphenylamine, an inhibitor of carotenoid syntnesis, acetylene reduction 

was SOt lower than in the control, However, caro~s are not found in other 

strains of A, b~~en6e, so their significance ~o nitrogenase protection in 

11 general is not known. Superoxide dismutasè and low levels of catalase have 

been found in Â. b~~en6e straln cd. but nitrogen-fixing cells were not 

exaJnined (Mur et !L., 1982) . 

.. 
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2. MATERIAlS'AND METHODS 

2.1 Organi sms , 

Azo~p~ b~iten4e sp7 (ATte 29145), formerly known as Sp~ ~ 

tipc6~,was received in the lyophilized state and revived by 12 J 18 h 

in'cubation (30°C, 300 rpm) in IÔ ml of the ~dium of Nelson and Knowles (1978) 

containing ammonium (details below) in a 50-ml Erlenmeyer flask. Working 

culture~ were'prepared by inoculating nutrient agar mini-slants wh1ch, after 
c ° . 0 12 h incubation (30 e), were stored at -8Q e. Purity was checked on nutrient 

agar plates. A fresh working culture was used for each experiment. 

E4,c.hvucJuo. ccli K12 (lyophilized) was acquired from Or. J. Wood 

(Department of Biochemistry, University of Guelph) via M.T. D'Reilly. 

Wor~ing cultures were prepared by growth of a stock culture on 10 ml TSY 

mediURI (below) in a 5,O:ml Erlenmeyer flask (12 h, 37°C, 250 rpm) and 

subsequent inoculation to nutrient agar slants in screw cap tubes. After 

IZ-J8 h incubation (37°C), the slan~s were stored at 4°C and transferrea 

nonthly. Purity was checked on nutrient agar p)ateso Each experiment used 

a fres~ working culture. 

2.Z; Growth Conditions " 

The nHrogen-free medillll for A. bJuu,il.en4e was similar to that of 
.. 

Nelson and Kno-.les (1978) and contained in g per l glass dis(n.1ed water: 
~ 

~HP04 3.0. KH2P04 2.0, NaC1 0.1. MnS04'H2~ 0.01, NaMo04'2Hl O O.OOZ, 

MgS04·7H20 O.Z: e'aC'z'ZHzO 0.02, Sequestrene Na Fe (13% Fe) (Ciba-~igy Corp., 

G~5boro. Ne. USA, 27400) 0.006. l-maiic'àcid 1.0 (neutralized with Na OH 
~ 1 

prior to addition). MgSO~t7HzO and eaC1 2'2H20 were autoclaved sep~rately and,-
o 

added asept·ically to sterilè medium after coo1ing to prevent preèipitation. 

The pH of the medium was adjusted to 6.9 ,with Hel prior to a~toc1avjng (12-1°C, 

20 inin). AaIonium chloride (1.0 9 l-l) was added a~a combined nitrogen 

source when required. Yeast extract (O~02 9 L-l) was a1so added for the 

. . 
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gro~th of inoculum çu1tures~ For growth under anaerobic conditions, the 

medium With a combined nitrogen source was supp1emented with 25 ug NO;-N ml- 1' 

(1 u9 N8J-N ml- I for N20 grown cultures) added as KN0 3 . 

. An iso1ated co10ny from a nutrient agar plate (previously ~treaked fram )l 
. -

a thawed mini-slant) was 'used to inoculate 10 ml of' inocu1um medium in a 

~~sk. After aerobie incubation on a gyratory shaker 

(12-18 300 rpm), 0.5 ml of this culture was used to inoculate 50~ml . 
of the same medium in a 125-ml flask and incubated 12 h under similar 

conditions. These cells were harvested by centrifugation (8,000 x g, 4°C, 

1~înin) and washed twice with 30 ml portions of the sterile medium into which 

they were to be inoculated. Th'e final pellet was resuspendéd in 10 ml of 

st~rile medium and approximately 4.5 ml used to inoculate 900 ml (unless ~ 

otherwise' lndicated) of the desired medium in a 1-l batch culture flask 
, • i. 

(Fig. 3). These cultures were maintained at ,30°C. cOlltinuous1y stirred with 
4 . , 

a teflpn-eoated magnetic bar and sparged (at 450 ml min- j unless otherwise 

indicated) with the aR.propriate gas m,ixture. Cultures at ambient oxygen 
r 

1evels were sparged with air,while for anaerobic cultures 100% N2 was used 

" (10% N'20 in N2 for N20-grown cultures). For 1 eve 1 s ofaxygen 10wer than 
, . 

ambient (inc1uding ~.75% ~ygen for N2-fixing cultures) air and NZ were mixed 
• ..!'.. \ 

ln the correct,proportions using yas flowmeters. Oxygen levels higher than 
, 4-

ambient were obtained by substitutlng 100% 02' for air ~nd mixing with ~2 

~ a~cordingly. A bubble flowm~ter gttached to the exit 1ine was used to 

monitor the gas flow-rate. Two ports, sealed with silicon-rubber reinforced 

Suba-seals (William R, Freeman and Go. Ltd., Bar'nsley, England),were used to ... 
sample the culture and gas phase. 

The medium for growth of E.,cott was,the TSY'medium of Hassan and Fridovich 
\. 

(1977d) c'onsiÙing of 3.m6 (w/v) Trypticase soy broth (Difeo) and 0.5% (w/v) 

yeast extract (Difeo) and sterilized by autoclaving at 121('C (15 min).- An 
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Figure 3. Growth vessel and sparging apparatus for batch cultures 
of A.. b1U:Ude.n.6 e. . tt 

1. l-l Erlenmeyer flask 2.- medium (900 ni.. unless o'therwise lndicated) 
3. fritted glass sparger 4. teflon-coated ma-gnetlc bar 5 . .94S 
f.1<M11eters 6. sterile cotton fi lter 7. sampl in9 pqrts 8. ,t:.ubble 
fl CMIIeter . ~ 
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isolated colony' from a nutrient agar plate was used to inoculate 10 ml TSV 

medium ih a 50-ml Erlenmeyer fTask. After 1~ h of incubation aerobic~lly Qn 

a shaker (37~C, 250 rpm), 0.5 ml of this culture was used to inoculate a 

"100 ml batch culture of the same medium in a 50b-ml flask and incubated . 
'.. sim; larly. 

2.J Preparation of Cel1-Free Extract r 

Cultures in late-log phase (unless otherwise indicated). were divided 
f 

;nto two (or more) samples of-equal size and the celrs harvested by 

cent~ifu9àtion (~O.OOO • 9. 4°C. la min). After washing three times with 

50 mM phosphate buffer (pH 7.8) containing 10-4 M ethylenediaminetetraacetic 

acid (PB/EOTA). the final pellet was resuspended in 7.0 mL of buffer and . 
thè c~lls disrupted by two runs through a French press (American Instrument 

, " 
Co .• Silver Spring. MD. USA) at 12.000-16.000 psi (83.000-110,000 kPa). Cell 

debris was removed by centrifugation (60.000 x 9. 4°C, 60 min) and the 

supernatant (cell-free e~tract) retained for en~ analysis. Where indicated. 
<' -

the cell-free extract was dialyzed overnight in 'several changes of PB/EnTA 

(pH 7.8). The pe1l et, when requi red. was resuspended in 2.0, nt.~ PB/EDTA • 

,using il homogenizer. 

2.4 Enzyme Ana,lysis 
. . 

Enz,YM! assays were.-.perfonned s.pectroptto.tometrically using a (iilford 240 -

.' 

, 0 
spectrophotaMeter equipped _with a temperature-controlled cell compartment at 25 C. 

2 . 4 • t . Ca ta 1 a se / 
Catalase was measured by the spectrophotometric method 'of Beers and Sizer 

, 
(1952). An appropriate amount of cell-free extract (suf~icient to produce 

,a significant rate) was su'spended in approximately 2.0 ml of 50 lTf4 phosphate 
/ . 

buffer {pH 7.0). The volume of stock H20Z (0.4 ml 30~ HZ02 in SO ml 

phosphate bufferi n!Quired ta produce a final concentratron of'Il mM WilS 

-
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determ;ne~ inmedia-te1y prior ta the assay us1ng the extinction coefficient,.' 

thus eliminating problems due ta H202 decomposi~ion during storage. The exact 

amount Of phosphate buffer used to~ suspend the cell-free extract was adjusted 

sa as to result in a final voltJne of 3.0 nt. upon addition of H20
2

. The 

r~te 0' decomposition was detennined by follQWing the decrease in absorbance 

at 240 nm ovet:' time. 'One unit of activity is expressed as 1 lIII01 H202 
decomposed per minute at 25°C, calculated using the extinction coefficient ~ 

H202 of 43.6 M-}cm- l .. Only the initial (linear) portion of the ,trace was_ 

used ta detenni ne' the rate and the mean of a miniDl\lll of three runs (per 

sample) was used ln the calculation. Specifie activity is expressed as units 
" 

(U) per milligram cell-free e.xtract protein. Data are the mean :t SE of two 

a!' more ,cultures each assayed in duplicat~. 

2.4.2 Perox; dase 

The aetivity of'Q-dianisidine peroi'rdase was determin~ according ta the 

Worthington Enzyme',Manual (Wor~ington Biochemical Corp .• 1912) excefrt that 
. ' 

o-di~nisid;ne-HCl was ~sed. Ta 6.0 nt. of substrate (la ul of 30% H202 in 100 

,nt. of 10 Rf( ~hosphate buffer pfi 6.0) t 0.05 Rt. of a solution of o-diani5idine-HCl 
" , , 

(1% 'II/vrin phosphate buffer 'lias added. A 2.9 ml aliquot of this, mixture 'lias, 

.----transferred 'to the cuvette and the changes. in absorbance at 460 nm were 

fol1owed upon addition of 0.10 ~ of the cell-free extract. One unit of acttvity . 
·is exp~ssed as 1 umol H202 decomposed per minute at 25°C b/ased on an ex~inction 
-. '- • - ~-jl 

e~fficient for H202 of 1.13 )( lQ4 M lem 1 at 460 nm. The rate use<L in the 

calcu'lation ;5 ,t~ mean of dupl icate assays for each sample. Speclfi~ activity 
~ 

is expressed as units (U) per 100 milligrams ,of cell-free extraet protein. 

Data a,re the mean ! SE of ~ 0': more cultures each assayed in duplicate. 

Controls for non-specifie dye oxidation were ~btained by omitting H20Z from the ' 

'reacti~n mixture. 

-A· second peroddase ·assay wi th 3,3' -diaminobenzidine (OAS) as the 
\ 

\ 
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H-,donor, was kfndly provided by Dr. F. Archibald. The assay mixtur~ 

c-antafne4 0.5 d4 CAB and 2.0 11ft H202 in 50 11ft phosphate buffer (pH .7 .2). 

Th~ reaction was started by the addition of 0.10 ml cell-free extract ta 

2.9 ni.. of the reaction mixture and the subsequent cha"ges in absorbanae 
.. 

at 482 nm wers followed. The activities are expressed as the change in 

absorba,:,ce per minute ,per mnligram of cell-free extract protein an(,i are-the 

mean' ± SE of duplicate cultures each assayed in duplicate. 

2.4.2 Superoxide Oismutase 

Superoxide'dismutase (SOO) aC,tiv1ty was deternlined by the method of 

McCord and Fridovich (1969) as described by Crapa et al. (1978). Reaction 
, --

mixtures contained 50 uM xanthine and 10 uM oxidized cytochrome c (as 

dete~;ned using the extinction coefficient of Massey (1959) of 21,000 

M-lcm~l at 550 nm) in 3.0 ml PB/EOTA (pH 7.8). The amount of xanthine oxidase 

required to produce a rate of reduction of qtochrome c of 0.025' absorbance 

units (AU) per min at 550 nm was detenmined prior ta the assay. Various amounts 

of cell-free extract were added to the reaction mixture (replacing an equal 

amount af buffer) ta detenmine the amount necessary ta inhibit this rate of 

reduction by 50%. This amount is defined as one unit and was used ta calculate 

the specifie activity, expressed as units (U) per milligram of eell-free 
. 

extract prote;n. Data are the mean : SE of two or mor~ cultures each assayed 

in duplicate. The effect of added cell-free extract on the «anthine/xanthine 

oxidase reaction was determined by monitoring its effeet on product fonmation 

(urate) which absorbs at 295 nm. 

2.5 Visualization_of SOD Aetivity by Polyacrylamid@ Gel Electropharesis 

Oise gel eleetrophoresis was perfonned on ,10~ polyaerylamide gels 

preparedo aecarding to the method of' Oavi s (1964) as deseri bed by Shuster (1971). 

The ~eparating gels were prepared in 0.375 M Tris-Hel buffer (pH 8.9) and 
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contained 10'" (w/v) acrylamfde, 0.03' (w/v) N.N-methylene-bis-acrylamide, 

0.03' (v/v) N,N,N' ,N'-tetramethylethylenediamine (TEMED) anc;! 0.04 (w/v) 
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ammonium persulfate. This mixture was deoxygenated under vacuum and cast 
, 

into 8 cm lengths ln ID-cm aCld-washed glass tubes (6 mm ID). ~e spaèer gel 

consisted of 3.5 (w/v) acrylamide. 0.06; (w/v) bls-acrylamlde. 0.06 

(v/v) TEMED and 0.005" (w/v) riboflaVln'in 0.062 MTns-Hel (pH 6.8). After_ 

polymerization of the separating gel, 0.20 ml of the spacer gel mlxture 

(deoxygenated) was layered on top and photopolymerlzed under fluorescent .' 

l1ght. Completed gels were placed in a Blorad mode 1 150 d1SC electrophoresis 
, 

~ apparatus maintalned at 4~C with 0:025 M Trls-glyclne buffer (pH 8.3) ~ 

the electrode buffer. Gels were pre-run at 4 mA/gel for 30 minutes pr.ior 

to the additl0n of sample. 

Samples were prepared ln spacer buffer (0.062 M Tris-Hel, pH 6.8) and 

contained 100 ug cell-free extract proteln, 5 mg bromo.phenol blue--and 20' 

(v/v) glycerol in a total volume--of 100 ul. Samples were layered carefully 

on the top of the gel and run at 2 mA/gel (1 mA/gel for the lnltlal 30 

minutes) untll the bromophenol blue Marker had traversed ta very'near the 

end of the tube. The apparatus was then dlsassembled and the gels removed 

From tne glass tubes. 

The stain for SOD activlty was that of Beauchamp and Fridovich (1971). 

Gels were soaked ln 2.45 x 10- 3 M nittotetrazol1um blue for 20 mlnutes ln 

scre~ cap. tubes, followed by a bnef rinse wlth distil1ed water. They were 

then soaked ln a solution contalnlng 0.028 M TEMED and 2.8 x 10-~ M riboflavin 

ln 0.036 phosphate buffer (pH 7.8) for 20 mlnutes. The tubes were then 

~rained and the gels illumlnated for 5-15 mlnutes (depending on colour 

development) by a 20 W flourescent lamp ln a foil-llned box. Achromatic zones 

in thè uniformly blue gels (indicatlng SaD act;vlty) were measured for their 

distance from the orlgin. Sensitivlty to inhlbltors was tested by soaking the 

• 
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gels in 5.0 mM H202 or 1.0 mM CN- (in PB/EOTA pH 7.8) for 60 minute~ prior 

ta statning. Control gels were soaked in phosphate buffer that did not 

contain either inhibitor. Gels were pnotographed or scanned at 560 nm using 

a Gilford 240 spectrophotometer with a linear transport accessory. 

2.6 Analyses 

Growth of the cultures was followed by changes in op.tical· density at , 
430 nm (A. b~~en4e) or 600 nm (E. ~oli) using a Spectronic 20 

spectrophotometer (Bausch and Lamb). Oxygen levels in the gas phase of . 

H2-fixing cultures (0.75% Oz in N2) were monitored by gas chr~tograp~y 

as described by Brouzes et a·1. (1971). A 0.5 ml sample. removed from the 

gas phase by syringe. was injected into a Fisher-Hamilton Model 29 gas 

,artitioner with a 183 cm x 6 mm column of Chromosorb P coupled to a 198 cm x 

5 mm molecular sieve and a thermal conductivity'detector. The carrier gas 

'was He (40 ml min- l ) and the column temperature was ambient. Higher oxygen 

--levels were monitored with a Servomex paramagnetic oxygen analyzer (Servamex 

Controls Ltd .• Crowborough. Sa6sex. England) previously calibraté~ with air 

and N2" Disso!ved oxygen concentrations i,n the culture weR! determined by a 

s~rilizable galvanic dissolved oxygen probe (New Brunswick Scientific. New 

Brunswick, NJ. USA), calibrated by sparging the medium with air and N2 prior 

to inoculation. 

a'jIIIl •• 

For determination of NOZ and NO) levels inanaerobic cultures. samples 

were filtered ta remove the cells (0.22 um membrane filter) and frozen until 

they were analyzed by the Griess-Ilosvay method (sulfanilamide reagent with and 

without reduction with hydrazine copper) using an autoanalyzer (Chemlab 

Instruments Ltd., Hornchurch. Essex. England). 

Nitrous oxide production by denitrifying cultures was detected by 

injection of D.2-ml gis phase samples lnto a Perkin-Elmer Model 3920 gas 

chromatograph with an electron capture detector and a 200 cm x 6 mn cplumn 
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of Poropak Q .. The carrier gas was 5;' CH4 in Ar (30 ml min- I ) ana- the • 
o column temperature was 65 C. The concentration' of N20 in N?O-sparged culture~ 

of A. blta. .. Hlen6e was monitored by injection of O.S-ml samples of ,the gas 

phase into a Hewlett-Packard Model 5750 gas chromatograph equipped with a 

thermal conductivity detector and a 200 cm x 6 mm column of Poropak Q. The 
, 

carrier gas was He (46 ml min- l ) and the column temperature was 60 v e. 

Prote;n was analyzed by the ~thod of Lowry et!l. {1951} except t~at 

sodfum citrate was used ln the Plac~of sodium tartrate (Eggstein and 

Kreutz, 1955). 'Bovine serum album1n was used as the standard. 

2.7 Chemicals 

All special gases (°
2

, N
2 

and 10';', N
2
0 in N

2
) for sparging gas mixtures 

were obtained from Liquid Carbonic, oSt. Lauren~, ,Québec H4X IX!. Xanthine, 

xanthine oxidase. cytochrome c (type IV), superoxide dismutase, o-dianisidine-HCl 
• 

and nitroblue tetrazolium were obtained from Sigma Chemical Co. (St. Louis, 

MO. USA). HQrseradish peroxidase was obtained from Boerlnger-Mannheim 

Canada (porval. Québec) and the 30 H202 and KCN came from Fisher Scientific 

l td. (Montréa 1, Québec). The H-donor 3,3 ' -di ami noben2 i di ne was- k i ndly . 
pr~qided by Or. F. Archibald. 

" 



-

.l 

\ 

48 

3. RESULTS 

Preliminary tests were carried out ta detemine,-the suitability of 

A. b~~~~ cell-free extract for SOD analysis. Retention of SOO acttvtty 

by the cell-free extract after overnight dialysis in PB/EOTA (pH 7.8) indicated 

that it is a true enzymatic activity rather than a manifestation of high 

levels of 0z--scavenging meta1s such as M:r2+ (Archibald and Fridovich. 1981). 

To ensure that the decrease in the ,rate of cytochrome c absorbance was not 

due to an effect of the cell-free.extract on 02- generation. the rate of 

product (urate) fonmation by the xanthine/xanthine oxidase reaction was 

fol1owed at 295 MI in the presence and absence of an amount of cell-free 

extract equa1 to 1.0 U SaD. Ho inhibitory effects were found using ceTl-free 

extract from any of the growth conditions used in this study. Cytoch~ 

oxidase can be a prob1em in seme SOO assays sinee it can reoxidize cytochrome 

'" -c têduced by Oz • mimicking the inhibition of reduction by SOO. The addition 

of 10- 6 M CN- to the reaction mix'ture (which inhibits cytochrome oxidase but 
, . 

has no effect on SOO) had no effect on the assay. indicating the absence of 
, . 

" 

interference of this type. Law mo1ecu1ar weight compounds capable of chemically 

reducing cytochrome c were a1so not a problem in the~e assaYs. 

3.1 EnZ,)'!l!e Activities in Cell-Free Extracts 

3.1.1 ~niUM-grown cel1s 

Growth curves .(Fig. 4) showed that ~ni~-grown and H2-fixing 

A. ~~~e had generation tiaes of approximately 2 and 7 h, respectively. 

wh;le that for E. co~ (Fig. 5) was 30 min. In general. the stages of growth 

as de,termined by optical density or prote,in content (mg nt. -1) were very 
1 

siMilar. indicating that optical density was a satisfactory method for 

-on;toring culture growth. 

The activit1es of peroxidase (PER), cltalase (CAT) and superoxide d1s-utfse 
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FtgU·':' 4. Growth Cunes for a.oni~grown (0) and n1trogen-fixing (e) 
A. M4.6.itvue. in batch cu\ture. 

"1; s were grown 15 descri tktN n .teria 15 and llethods in the presence 
and abs~ce of -.,!! i lin ch lori de (1.0 9 L - l) and cODt 1 nuous 1 y 
sparged (450 Ml Min 1) with air (aMmOni~9rown) or 0.751 O2 in "2 
(nitrogen-f1xing). 
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Figure 5. Growth of é. cult K12 in batch cult~re. 

Cells wete grown aerobical1y at 31°C on a gyratory shaker (250 rpm) 
in 100 ml of TSY medium in a 50D-ml Erle~meyer flask. Sa~les with 
high cell 'density were .diluted appropriately with sterile TSY medium, 
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, 
(SOO) in late-log phase A. blUt6,uen6 e. grown aerobically on arrrno n i um , are 

o • 
compared to those of aerobically-grown E. coli (as reference) in 'Table 1. 

No o-dianisid;ne PER activity was found in A. b~~e~e, though such activity 

was easily detected in E. coli and h9rseradish peroxidase. A slightly 
~ 

higher level of CAT was found in aerqbically-grown A.' b~iten6e. as co~pared 

to t. coli. while the rev~se was true for SOD activity. 

The changes in CAT 'and SOD activity during aerobic gt:,Owth of A. b~~eYL6e 

are shawn in Fig. 6. CAT activity was hig~ in ear~ to mid-log cells but 

decreased steadily during growth to relatively low levels in the stationary 
.... 

phase. SOD levels decreased only slightly over the same period, but increased 
.... 

ln the stationary phase. PER act~cvity was not detected. 
< ~ 

The possibility that the change in CAT activity during growth might be 
" 

due to changes in dissolved oxygen content of the culture was examined. During 
t 

~' ~ gro~~of A. blUt6~en6e under the conditi~ns in Fig. 6, the concentration of 

dissolved oxygen decreased from 100% air saturation in the early stages to 

approximately 26% in~late-log phase (Fig. 7). The level returAed to air-
~ 

Slaturatëd conditipns in\ the stationary phase. Thi's substantial decrease 'in 

the dissolved oxygen content could be avoided by increa~ing the sparging and 
"-
~~stirring rate of the culture to increase the efficiency of aeration (Fig. 8). 

In this case the concentration of dissolved oxygen decreased only ~lightly 

(approximately 10%) a,t the highest cell density. Cells grown under these 
D " ' 

two conditions were harvested in late-log phase (where the differences in , . 
dissolved oxygen content were greatest) and their enzyme activities compare<l'J , , 

(Table 2). CAT and SOD levels did not differ significantly while PER. wa~ ,not 
c ,) 

detected in either case. 

The response of the enzyme activities to oxygen ~as examined by changing 

the sparging gas oxygen content '('Table 3), Increasing the oxygen content ta , , 

60% resulted in a slight increasè in SOD activity but no significant chan~e in 
~ 

" " . 
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iable 1. Peroxldase. catala-se arid SUperoXlàe alSlllJta~e actlvltles 
lnoaeroblcally-g1'"OWn, late-log phase cells of Â. r;,~ .... ,L::AH and 
E :"C'ÎA. K12.· 

Orgam sm PfR - CAT SOD -
"- (100 1TI9) 

, 
lTI9 .)"'9 '" 

A. C"~dd'1.,h ~c 18.9 . 1.0 12 .. : . 0.7 

L ::'c'Vc Kl2 4.9 . 1.:; 13.4 0.7 19.6 1.0 

'Cells ..ere grown as ln F19 4 1 aftlllOn1~1 or. Fl9. 5 an,d harvested 
ln late-log phase for apalyslS 'Jf enzyme aét1vltles. Data are 
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the mean . SE of dupllcate 'cultures ND - no! oetectet1.. ~ 
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r:.gure 6 Changes'n catalase 0; ana s .. peroxlde Cl 1 smutase CAl. 
act1vH1es dunng aerob1c grOwth (!) of •. t·~-d.t'.n.h 

:ells were groWri 1n 600 ml. of mec'ùII1 contalnl"ç afllllOn1urn cnlor1de 
I!.O 9 L-" and sparged wHh alr :225 ml mln-' ',At the appr-eprlHe 
t'mes. the cel1s were narvested by cenfr,fuglt1on and enzyme 
act:1v1tles det-enTnned as descnbed '" matenals 'nd methods 
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Figure 7. Changes ln dis~olyed oxygen conteflt (01 during Aerobic 
9rowth (e) of ~. b~~~n6e sparged at 225 ml mln 1. 

. 
Cel1s ~n! grDWfi as in Fig. 6 with a g.lvanic dissolved oxygen p~ 
(New Brunswick Scient~ Ltd.) for the ... su~t of disso1ved 
oxygen. Oupllcate cultures .ere ex •• ined w;tn typ1cal results shown. N 
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Figure 8. Cha~ge~ 1n d1sso1ved OxYQen content (Q) during aerobic 
growth (e) Of A. b.ta.6-tVL6e. sparged at 450 !Ill mt-n 1 • 

.... 
Conditions si.ilar ta those in Fig. 7 except th.t the culture .. s 
sparged with air et 450 Ri. min- 1 and stirred more v1gourously. 
Duplicite cultures were eXUlined with typical results shawn. 
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Table 2. Effect of sparging and stirring rate on the enzyme 
act1vities in late-log phase cells of aerobically-grown 
A. bJta4den4e. 1 

Spargi ng Rate 
ml min- 1 

225 

450 , . 

St1 rr.i ng 
Rate 

low 

high 

ND 

ND 

17.7 ± 2.6 11.3 ± 0.3 

18.9 ± 1.0· 12.7 ± 0.7 

lCel,ls ~re grown as in Ffgs. 7 and 8 with the sparging and 
st1rring rates as indicated. late-log phase cells were harvested 
and entywe act1v1t1es detennlned as in materials and -ethods. 
Olt. 'are the IMan ± SE of duplicate cultures. ND - not detec·ted. 
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Table 3. Effect of sparging gas oxygen content on the enzyme 
~ctivities in late-log pnase cells of aerobically-grown 
A. bJti1.6ile.nH. l 

Oxyg~n Content PER CAT SOD 
U (100 mg)-l U mg- 1 U mg-l 

60 ND ., 17.8 ± 0.2 15.2 ± 0.5 • 
21 ND 18.9 ± 1.0 12.7 ± 0.7 

-"" -
10 ND 23.9 ± 1.2 13.0 ± 3.6 

, 
lCells were grown as described in ~terials and methods in the 
presence of ammonium chloride (1.0 9 l-I) and sparged with the' 
indicated gas mixture (450 ml min-I). Data are the mean ± SE 
of duplicate cultures. ND-not detected. 
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CAT activity relative ta air-sparged cultures (21' Oz). Decreasing it to 

10% oxygen produced an increase in CAT activity but had no effect on the SOO 

l eve 1. PER activity was not detected under any of these cOnditions. 
\ 

3.1.2 Hitrogen-fixing cells 

The enzyme ~ctivities in HZ-fixing Â. b~~en4~ is shown in Table 4 

and compared ta cells grown under the same conditions except with ~n~um _j .. 
chloride (1.0 9 L-l). PER activity was detectable but low in bath case~. CAT 

oA 

activity in cells grown on ammonium under these conditions was strikingly 

higher than that of N2-fixing cells or cells grown similarly at ambient (or 

higher) oxygen tensions (T.ablesland 3). 500 activity in both cases was 

lower than that found in cells grown aerobically on ammonium, thoùgh of the 

two, N2-fixing cells had slightly higher activity. 

.J~' 
3.1.3 Anaerobically-grown cells 

For grow~h under denitdfying conditions. th~ medium contai~ing NH4Cl 

was supplemented with nitrate and sparged witn N2 (Fig. 9). Growth proceeded 

initially ~sing N03- as the terminal electron acceptor, reducing to N0 2-. 

which was further reduced to N20. Growth stopped when the supply of elec'tron 

acceptor was exhausted. The generation time for denitrifying cultures was 

6-7 h. Und~r these conditions, H20 was not reduced further (to HZ) since as .. 
agas it was swept out of the culture. For growth using HZO as the terminal 

electron acceptor, a contlnuous supply of HZO was provided by sparging with 

\ 101 N20,in H2 resultlng in an NZO co~centra· of 1.9 mM in solution as 

calculated uSlng the Ostwald coefficle Wilhel et !l .. 1977). A small 

aMOunt of nitratf (WhlCh was rapldly exhausted) was apparently requ;red to 

aid in the induction of the NZO reductase. The generation time for NZO

grown cel1s was approxlmately 4 h (Flg. 10). 

The enzyme actlvltles were examlned ln cells grown anaerobic411y as in 
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Table 4. Effect of nitrogen soufce on the enzyme actfvi-ties in 
late-log phase tells of A. b~~en4e sparged ~ith 0.751 °2. 1 

Nitrogen PER 
Source U (100 mg}-1 

NH4Cl .07 t .01 

"2 .04 ! .01 

CAT SaD 
u mg-l U mg-l 

52.9 = 4.1 
6.3 ! 0.9 

6.2 ! 0.2 

8.3--= 0.1 

lA. b~~tn4e was grown as described in materials and methods 
in the presence and absence of ammonium chloride and sparged 
with 0.75i 0; in "2 (450 ml min- 1). bata are the Mean ! SE of 

. dupl icate cultures. 
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Figure 9. Characteristics of growth of A. Ma.lilttl4( under 
denitrifying conditions. 

• Opt i ca 1 Dens i ty 
a Nitrate 

• Nitrite 

o Nitrous Oxjae 

Cells were grown using medium supplemented with ammonium chloride 
(1.0 S L-l) and nitrate (l5 ug NO -N ml-I) and sparged with N 
{llÜ\ml 'min-Il. Samples were tak~n at varfous times for anal~sis 
of nltrate and nitrlte. Nitrous oxide in gas phase samples was 
determined by gas chromatography. 
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Figure la. Growth of A. bJtM-t-te.~e. using nitrous 'oxide as the 
terminal electron acceptor. 

Cel1s were grown as in Fig. 9 except that only 1 ug N0
3
-N ~l-l 

'-. was used and the sparging ,gas was 10% N
2
0 in N

2 
(25 ,mL. min 1). 

\ 

• 

.. 

\ 

\ j 



., 

... -

" r • 

. 30 , -If) 
0 

.... , 
M' • 

0 2.~ .. .., 
• Cl 

0 .. - 2.0 
Ct 
0 
-.J 

, 
1.5 ...... ' 

o 5 15 

':t 

.'" ) 
, \ 

0 ... --- , . ... .. .. 
~ \ 

01 

~ 

."'- . . . , 
.. \ 

" ~ 
, . . . , 

.< . ',' ./ , 
. , , 

0 

.<.:. . ~ 
""il, Q , #" 

.", 



, . 

- . 

/ 

.. 

... ~-"'~""'- .......... ___ ._6 _._ 
• 
62 

. 
"9S ~ and .(' Tac't' S 

_ ''lce ;)erOJ 1 dase ' S a 'leme enzyme :"aunaers t! ~ , : ... C~ 

<,ens't'v'tv 'S o+ter iseQJ~c 'oe"t,f"y ~"ue' :lero)'lôase actl~'ty Putter, 
-' , 

'eve~s ~f o-a~anlSld,ne PEP 'n ce'l-fr~ extract fram both ammon 1 um-grown 
) 

"i~_.' Jing cells prQved' to De eN 
<' 

.... es'stan't ·~e latter aTso had frt~al 
ana 

1 

"202 ' 'na 1cat1ng the presence of act,."ty HI the absence Of the suDstrate 

l'lQn- spec 1 f 1 C oye, ox ldatlon. The cell-free extract -rom den 1t r ,fylng cells 
r d 

had 50mewhat hlghe r actlv1ty Out rnuch of 1t was al sa eN res 15 tant. The 

PER act1vlty found ln the cell-free extract of aerOblcally-grown E c,'z '-

proved ta te very 5enSltlYe to 1.0 lJ101 eN and had no act;vity ln the absence 

of H202. The pellets had evidence of "true" (CN- sensltlvJ) PER dctlVlty 

though stlll at low levels. The p~llet from N
2
-fixlng cells had substantlally 

higher activity than that of other cultures wlth one-thlrd of the activity . 

independent of H20Z

PER activity. 

The pellet of 9. eo~ did not exhibit any o-dianisidine 
~ 

A second PER assay, using 3,3'-diaminobenzidine (DAB) as the H-donor, 

was found to produce higher activities than the o-dianisidine assay with 

A. b~~en6e cell-free extract. To ensure that this increase in açtivity 

was not due simply to the change in buffer, the o-dianisidine \pER activity 

in A. bllM.<i.en6e. using both buffer systems was compared (Table 7). In 

cell-free exttacts fram ammoniumrgrown and N2-fixing cells, no differences 

f 
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Table 5. Effect of electron acceptor on the e"z~ actlvltles 
'" l.te-log phase celJs of .~robically-grown 4. O'l.4bdeM~.l 

Electron PER 
Acceptor U (IOO mg)-: 

-N0 3 . 08 ~ .01 

N
2
0 . 03 ~ .01 

CAT 
U mg-: 

79.8 ..-" 9.4 

10.8 ! 0.5 " 

500 
U 119-' 

6,. 8 ~ 0.2 

9.1! 0.4 

l Ge 11 s were grown as in Fi 9S. 9 and 10 ta late-log phase and 
enzyme activities .en!. detennined as in matenals and methods,. 
~ta are tne mean ! SI of two or more cultures. 
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Table 6. Cyamde senslt1Vlty of _o-dlaJlsldlnfl PHI d(tlvlty ln (e'11 f,f'f' p.t", 1\ and pantculu) .. t,., ,.1 tif • f~, 1 \ " • ~ .. ,.,t 1 , : 
'-

'.A ••• Ille! prot."n) .,"-, 

Or9anlsm Growth CondItIon lt'II-f '-Pe' (.trlC t 
i 

P~. t '. "lit .. "",. .... 1 
\ 

No chanqt' '{ ,. 1 HO" No (han9" 
2 . 

Anmonlum 0011 ' 0001 0011 0001 0 0011 0001 

. (" 

A b1(a~deIl6r Il 

l , 

N2-fr~lng 0077 0002 0082 0()()(, 0041 0(0) MA7 oou. 
DenI tri fyl ng 0111 DOn 1 01l7; 0019 0 011'" !U) 1 

()Of~ de)!) , : Il 

(Will 'lfJlI 

. li ' 

f. cot { KI2 Aerobl ( 180~ Ol1l8 01(7 001. 0 0 ,,' N' 1 

-------
'The cell-free extracts dnd hlgh-speed pellets (partllulatt ... tf'n.l)1 of" b~,u<l.'''.' and f ,',.f. III qr_ 1Iftct.. t~ lOf><ftlIU .. •• ,"'v. ,r ... , 
were assayed for o-dlanlsldlne PER dctlvlty as descrlbed ln Ntf'rl.ls .nd .. tho.h Cyanl. (1 n .... ) .. , .dc»d Of 1f,0, ".111.,1 pt, ... , ..... 
reactlon mIxture where Indlcated Ddta dre the mean ,1 nt duOllc.t. rultur., NT not t.\t.d - ' , 

) 

" ~ Il 

'--

mtEP !: pr' .... ,...- ' 
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T.ble 7. Effect of buffer condit,ons on 
o-dianisidine PER activity ln cell-free extracts 
of A. bJU16.ue.n.6c.: 

~ 
~A, - - (mg 

~b, 
prote' n )~lml n - ~ 

Growth Condltion 
pH 6.0 pH 7.2 

AllllDni um .0012 . .0001 .0012 ! 0000 -
Nz-fixlng .ooifa ~ .0006 .0075 .: .0019 

. lCel1-free extracts of A. b·~.a. .. H-ioHe grown under 
the conditlons indicated were assayed for 
o-dianisldlne PER activity uSlng 10 mM phosphate 
buffer (pH 6:0) or 50 ~ phosphate [buffer (pH 7.2) 
in the reactlon mlXture. Data are the mean ~ SE 
of duplicat~ cultures. 
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ln activity we~ found. These result~lso lndicate that the 10. PER 

cell·free extract of antftOnll.111-g r own A., t~..uq.,:~. provldes seme eV.ldence 
f. 

for CN -senSItIve PER actlvlty but the dCtlvlty ln e~11-free extracts from 

bath denitrlfylng and N2·flxlng cells 15 entl r ely accounted fO~~by CN·-resistant 
1" 

or ~202-1ndependent dye o~làat'on USlng thls H-donor, PER actlvlty ln 

the cell-free extract from aeroblcal1y-grown E. :.L'i'{ was QUlte 10w, and 

was ln fact lower than that found ln ~. b'U:WUI.'.Mt2 cell-free extracts. All 

pellets, exceot that from E. .:,'{{,exhlblted hlgh rates of CN -senSItIve dye 

oXldatlon, but ln all cases thlS actl"lty was lndependent of the presence of HZ02. 

3.3 Vlsualization and Inhibitor Sensitlvlty of Superoxlde Dlsmutase Activity 

~ The vlsuallzatlon of SOO actlvity ln cell-free ex tracts uSlng 

polyacrylamlde gel electrophoresls lS a powerful technIque that can supply 

lnformation regarding certain physlGal characteristlcs of the enzyme. For ,. 
instance, lt can resolve two or more forms of the enzyme ln the cell if they 

. 
are sufficiently different structurally to be separated. The type of SOD 

present in the cell-free extract (with respect to metal content) can be 

determined by taking advantage of their different sensitivity to inhibitors. 

Thus, CN inhibits CuZnSOD but not FeSOO o~ MnSOD and H202 inhibits FeSOD but 

has no effect on CuZnSOD or MnSOD (McEuen et !L., 1980). The staining method 

is that of Beauchamp and Fridovich (1973) in which the presence of SOD is 

revea1ed by achromatic zones in the uniformly b1ue gels (Fig. 10). Using 

this technique (Table 9), it is evident that the cel1-free extract of 

A .. ::,J?Jta..6ile..ue grown under all conditionshas on1y one achromatic band (Rf 

'.: . t- . . , . 

.. 
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approx'Ntely 0.35) and that'i~ is on1y sensHive to inhibit10n by HZOZ' 

Aerobically-grown f. c.ri< exhibfts three bands {Rf 0.18. 0.27. 0.35). only 

two of whlCh are inhibited by HZOZ' Heither organi~ COntains SOO activ1ty 

sensitIve te inhibition by CH- . 
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Table 8 

Organlsm 

~ 

,--
Jo-

~ 

~ 

"'--

;--~~. 

Assay and cyanlde sensltlvlty of dlamlnObenzldlne PER .(.t!vlty ln <.fOll-,,-et' I!.t'-'lt~ .nd p.'-Ucul.t" .. t.,-i.1 ul A """.c"" . • nd 

---- ----
'A'M'('- p'-_ot.~n,'I.ln'l 

Growth Cond 1 t lOn Cell·Free [_tract p.,tlcul.tr ~tl!'-I.l -- - - -----
+CIl ) 

~ 

",(. III ' 

~ 

No change 
'H{~l -H"O,,+CN "0 ('"ncw '(1iI H,.O; '"lOl+(N -------------------------- ---

A b~a~ <fCIJ~l' AnmonlUI11 0252 0006 0100 0009 0032 1)004 NT ()jll'l Onll 11111', 00.'1 J/q() ,)() 1 Il 0 
N

2
-flxln'l 0788 0046 0876 0040 028~ OOnq n (9)6 fY)Jfl ,)(",. 01"'4 ,j'lH' tlnl _ri 

Deni tn fyl ng 0325 0002 0326 0047 0191 0001 <Ion] 1 ()()() J \ Il. , Ot,1)t. 1); )t, ili \1 1414 li 'la r) 
t'"f, KI2 Aerob 1 C 0167 0028 ~OlS OOIJ OOln 0011 (JOlI) 0001 00)) 000'> I)(l! fi 'Wll; Hl 

1 Ce 11- free extrac ts and h 19h-speed pe 11 ets (oart?Cu 1 dte m.lterld 1) 0 f A 1>',1 ~ d,'" \, oinG l "l, K 1" Qr~ un""r tilt- "'!ld Il Ion', 1 nd l, Hrl' _ft 4 \\.,.<1 for 
dlallllnobenZldme PER dctlvlty as descnbed ln /Il.lterldh dnd lllt'thOIl\ (yanldr (1 f) ..", ",,1\ .ddtod or 1170, o.lf!"d '1('" 'l'Ir Yt"" ,,," "'l.t"", !'. lndh.t"d 
Data are the mean • SE of dupl1cate 'cultures IH-not te~ted 1 
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-------

------- ~ 

-------- . ',1 
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Figure Il. Visualization of superoxfde dismutase a~tivity of 
A. b~{l~t and f. col~ KIl using polyacrylamide gel electrophoresis. 

A .. A. bJt46denH cel, ... free extract untreated (0'- treatment 
produced similar results) 

B. A. b~~e~e cell-free extract - treated wlth H202 (a1so 
appearance of control wi thouL ce - extract) 

C. E. cv~ cell-free extract treated wlth H20Z 
D. E. cC'ù. cell-free extract - untreated (CN- treatmen 

produced s;m,lar results) 

Cell-free extracts of A. b"l.46de.n.~e. and E. coü pr'epared as 
indicated in materials and methods were applied to 10% 
polyacrylamlde gels and stained for SOD actiYity aft~r electroehoresis. 
Sensitivity to inhibitors was tested by soaking the gels in CN 
(1.0 mM) or H 0 (5.0 mM) ln PB/EDTA pH 7..8 for 60 minutes prior to 
staining. Co~tfol gels were soaked in PB/EDTA contalning no , 
inhibitor. Photographs illustrate typical results. 
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Table 9. Localization and inhlbitor ~ensitivity of 
4. b~~en6e and E. cott K12 superoxide dismutase activity 
in po 1 yacrylami de ~lS.1 

Organi SIR 

E. coLt K12 

Growth 
Condition 

amnonlum 

Nz-fuing 

deni tri fyi"g 

aerobi c 

.35 

.33 

.35 

.18 

.Z7 

.35 

Inhibition by: 

CN- HZOZ 

+ 

+ 

+ 
+ 

IThe superox'ide disl1Lltase act"ivity was visuallzed in 10% 
polyacrylamide gels as in Fig. 10. Data for R are the mean 
of results from duplica4:e cultures. Sensitivih to inhibitors 
was determined by complete or partial loss of the band in 
tPeated versus control gels using linear densitometry. 
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4. DISCUSSPON 

• 
The intracellular production of highly reactive oxygen species and the 

presence of enzymes to deal with them have led to many modifications of the 
-

theories of o.,l(~gen toxicity (Halllwell, 1981; Morris, 1975). Nltrogen flXation-

15 a wel1-known oxygen-senslt1ve process to Wh1Ch these concepts have only 

begun to be applied (Ganon, 1981; Yates, 1977). The results of th,S study 

establ1sh the presence and certa1n characteristics of oxygen-protection 

enzymes ln th~ free-living d1azotroph A.. b'UUuen.6e sp7. Such infonnation wH1 

be useful ln the con~lnuing lnvest19ation of thelr importance tO nltrogen 

rixatlon and as a basls for the plannlng of further studies. 

500 and CAT actlvlty were present in A.. ·b.lt.a-~«enJe at levels WhlCh varied 
\ 

(in sorne cases conslderably) accordlng ta the culture condltion~. In.cells 

grown aerobically on ammonlum. the enzyme levels were comparable (with slight 

dlfferences) to those in aerabically-grown E. Loft K12 except for o-dlanisidine 

PER actlvrty~ WhlCh wa5 present only in the latter. In view of the current 

theories of oxygen toxlcity, many organlsms have been examined for their content 

of oxygen-protect1ng enzymes but there lS llttle information available 

conèerning factors governing their activity. One important factor is the 

intracellular concentration of their substrates or othe~ substances derived 

from them (Hassan and Fridovich, 1977a). However. the nature and magnitude of 

intracellular generation of these species by different organisms,as well as 

• the importance of external factors,is not well understood, and the enzyme 

content of the many organisms examined is varied and spans a wide range. Among 

àther aerobic diazotrophs grown aerobical1y with a combined nitrogen source, 

Azo~obactek spp. possess substantially higher SOO activity than A. b~iien6e 

(Asada et ~., 1980) while that of R. japmuc.wn\ is similar (Stowers and Elkap. 

1981). A. b~~en6e strain cd grown in continuous culture had high SOD 

• 

.. ' 
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.. 
activity bu~,low CAT activity (Nur et!L., 1982). However, comQarisôns 

w 

such as these must be ~nterpreted wlth cautlon due to differences in assay 

methods and the importance of external factors to enzyme levels (e.g. R. japo~~um 
.; 

SOD levels vary accordln~ to the carbon source) (Stowers and Elkan, 1981)., 
, 

There is no general trend that can be ldentlfied for the klnetics of 

synthesis of 02-protectlng enzymes and changes may simply reflect physiological 

changes unique to each orgdnlsm. Thus, SOD actlvlty ln R. japo~~um grown 

aerobically with a comblned nltrogen source increased dramatically in mid- to 

late-log phase cells (Stowers and Elkan. 1981) while that ln the obligate 

ae~e 8dellcv~b~~c ~totp~ decreased during logarithmic growth and increased , 
gradually during !tatlonary phase (Von Stein et ~.,' 1982). 

--'l 

In the latter 

case, it was suggested that active repalr mechanlsms ln log-phase cells obvlate 

the need for'02-protecting enzymes while the decreasing efficiency of such 

mechanisms ln statlonary-phase cells necessitates alternate means of oxygen 

protection. An lncrease in CAT and PER activlty ln E. ~ct( durlng aerobic growth 

in TSY medlum was attrlbuted to the sWltch to respiratory metabolism when 

gluc~Sè for fermentatlon was exhausted (Hassan and Frldovich, 1978). Regulation 

of CAT activity ln a number of organlsms ln th~ presence of glucose has been 

identified as catabolite repression (Hassan and Fridovlch. 1978) though th;s 

has been questioned (Richter and loewen. 1982). The variation in SOD and CAT ---.. 

activity during aetobic growth of A. b~~en6e ln thlS study, could not be 
\ 

attributed ta changes in the dissolved oxygen content of the culture and 

evidently results from undetermines physiological changes during growth. 

Induction of SOD activity by oxygenVis a major factor in support of its 
or 

importance in oxygen toxicity. In f. ~O~, SOD activity increases with an 
" 

increase in the oxygen tension,including levels highe~ than amblent (Gregory 

and Fridovich, 1973a; Hassan and Fridovich, 1977d). Other organisms in which 

SOD induction by oxygen has been demonstrated include S~eptoco~~U6 6ae~~ 

" 
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(Gregory and Fridovich, 1973a), Sp~o~haeta a~ntAa (Austin et ~., 1981), 

the anaerobe Bact~o~de4 6~g~ (Privalle and Gregory, 1979), certain 

halophilic vibrios (Daily et ~., 1978) and ammonium-grown Azo~p~wm 

b~~e~e strain cd (Nur et ~., 1982). These' increases are genera11y 

aeeompanied by a corresponding increase in resistance to the toxicity of 

hyperbaric oxygen or O2- generated by streptonigrin (Gregory and Fridovich, 

1973a; 1973b; Priva11e and Gregory, 1979) although not al1 of the above examples 

have been so tested. On the other hand, Ba~~ ~ub~ SOD activity was ... 
not induced by increased oxygen and although CAT was induced, there was no 

increase in resistance to toxie hyperbaric oxygen (Gregory and Fridovich, 1973b). 

In the obligate aerobe B. ~tofp~, SOD is induced by higher oxygen tension only 

in the initial phases pf growth (Von Stein et ~., 1982). In this organism 

~nd in E. eo~, constituitive SOD activity is provided by an FeSOD and oxygen 

~nduction affects only separate enzyme forms, such as MnSOD (E. cati) or 

other FeSOD isozymes. In this study, SOD activity in ammonium-grown A. b~ilenoe . 
doubled when conditions were changed from microaerobic to fully a~robic and 

there was also an increase in aetivity when oxygen 1evels higher than ambient 

were used. Induction of SOD activity by oxygen apparently involved onlY-o~e 

FeSOD'enzyme since only one band of SOD activity was found by electrophoresis 

of cel1-free extracts from aerobica11y-grown ce11s. 

-e The induction of CAT aetivity by oxygen ;s less elear. J Increa_sed CAT 

activity due ta higher oxygen tension was found in E. coti K12 (Hassan and 
1 

Fridovich, 1977d; Yosphe-Purer ~!L., 1977), B. ~ub~ (Gregory and Fridov;ch;-

1973b), Lepto~p~ pomon~ (Rao et al., 1964), SaéchakomYce~ ce~ev~~ae 

(Sulebele and Rege, 1967; 1968) and two strains of S~epto~occ~ 6aec~ 

(Jones et ~., 1964) but not E. co~ B (Gregory and Fridovich, 1973a) of 

B. J.Jtofp.u.. (Von Stein et .èl., 1982). In A. b~de~e~AT .activity 1ncreased 

as the oxygen content of the~sparging gas was,in fact, ldwered and was not ~ \ 
Q, 
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,. 

, 
.. . 

{nduced by leve~s higher than ambient. The stimUiation of CAT activity by . 
by this means was also fO,und in'N~.seJùa. me.ungi..t.icl.i4 (~rchibald and Dey~e,. 

'1978; Yu,1980) and P.seudomo~ 6lu.oJtucen,.6 (Lenhoff,and Kaplan. 1953). Although 

the CA,T acti vit y was qui te-io\'t, a s imjl ar t'rend 'was found in A. bJta.6Ue.nfle 
- ' ..r 

strain cd (Nui" et li., 1982). This implies -that substrate indue,tion is not 
" Q ~ 

the only controll ing factor for CAT activi ty since H2.02 production woul d' be 
4 

expeeted to decl ine wi th a 'decrease in oxygen tension. _ The kinetics -of CAT 
, ' • 1) 

induction by 02 in E. coli. KI2 led Yosphe-P~rer et !l., (1977) to-suggest . - . 
that it was in fact an indirect effect of a general increase in metabolic 

activi ty. Hassan and Fridovich (1978) demonstrated that the synthesis of 

,CAT and PER in f. coU' KI2 was linked to the synthesis of e~ectron transport 

components and independent of 02 and H
2
02• They found that mutants ~ef.ective 

, " \ 

in certain respiratory prOteins did not show nonnal synthesis of CAT-until 

phenotypic nonnality was restored. The stimulation of respiratory proteins 
n , 

_ ..... f 

by low oXygen tension is well-docllDented in E. coU (Wimpenny et li." 1963), 

N. rrtUWt9~ (Archibald and DeVoe .. 1978) and P. 6luolte.4cen4 (Lenhoff !!!l .. 

1956. Rosenburger and Kogut. 1958) and is suggested ta increase the effieieney (f 

, v 

of respiration êlt'low ~2 tension by inc!:!!asing the number of target sites for 

oxygen (Archibald and DeVoe. 1978). Although growth conditions were slightly . 

different than those used in this study, such an increase in A., MJuUe..nfIe. sp7 

cytochrorne content in response to a decrease in oxygen tension has been 

demonstrated (Lalande and Knowles, unpubl ished). In view of the above arguments, 
c " 

this increase rnay aceount for the stimulation of'tAT activity in A. bJta..6-U.en.6e. 

at lower oxygen tensions. 

Asada et .li. (1980) did not find any difference in the ~OD content of 
...... r 

\aRlllOnium-grown or N2-fixing Azdt.ob«h:.te.1t spp. Evidently, higher enzyme levels 

were not required for the protection àf nitrog~nase and the high respiration 

rates attained-during aerobic N2 fixatio~ di'd not result in O2-, levels nigh 

.. 
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e~ough to induc~ SAD synthesis. In the non-heterocystous CyanObacte~um 

r;lpeOCA.TU>~activity of 02-protecting enzymes (including SaD) was ~ , 

highestlldurîng maximum nitrogenase acti~i ty and wére suggested to provide it 

witb O2 protection (Toz~ and Gallon. '1979). l'n this case. the absence of 

.' alternate methods of
e 

prot~cting the nitrogenase may increas.e the importance 

'of 02-protecting enzymes in this function. Nitrdgen-fixing cells of 

A. bIta.6..uen.6e.. with, their requirement for tOw,oxygen tension. had lower SOO 
,- . 

, 0 

activ~~y than aerobically-grQWn cells but slightly higher activity than 

. cells grown at a similar oxygen tension but with anmonium as a source '~f 
, .. 

fixed nitrogen. It is telnpting to speculate that this latter difference 

reflects the m!ed for inc:eased 02 protection in cells actively fi xing n~ trbgen 

but there is no direct evidence to substanti~te this hypothesis. The low . '\ 
, , 

level of CAT in 'N2-fixing A.' bJr.lU..u~e as compared to cells grown similarly 
, , 

-

on almlOnium highlights. the physiologieal differences between the t\t(O states. 

, The process ,,of nitrogen fixation drains much of the avail able energy and 
.. 

redueing power, whieh is reflected in- the longer generation time. The shunting 
, 

of electrons to nitrogenase May result in lower ~202 production and' possibly 

lower cytO'chrome fevels (if indeed involved) for the in'duction.of CAT .... 

. ' Under anaerobic conditions, O2- and. H202 are not pro~uced and the 

presence of the-ir respective enzymes in organisms gro~n anaerobica1ly has . , 

. been a. ,ajor s~umbling block to t~e current theory of oxygen ~oxicity. SOO 

aétivi ty 1s found in ·anaerobi cally-grown E. c.oti (Gregory and Fr; dovich, 1973a); 

Hassan and Fridovich, Ip1d) and ,is present at low levels in many strict 

anaerobes (Gregory and Dapperj 1980; Hewitt and Morri s, 1975; Tally et li. , 

1977). The presènce of 500 under these conditions indicates ,that ind,~ction 

is not entitely dependent on the"presence of °2-, In this study, the ~OD 
" .. 

. activity in anaerobical1y-grown cells is similar to that in cells grown 

microaerobically on all1110nium and like1y represents the level of activity , , ' 
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1 ndependent of the presence of °2-, The di fference in SOD a~ti vi ty.' between 

< the two types of anaerobi c cul ture (N03 - -' and Na.0-~rown cell s) indi cate~ that 
, • Il ' 

certain physiological elements may a150 bE! important, in the induction of SOD. 

, Production of CAT ~ur;ng anaerobic gr:ow~h with N03 - as' found here, was . 
'" .. 

first demonstrated- in E. coR.J KI2 (Hassan and Fridovich, 1978). The absenc;~. 
, 

~f H202 ~roduction un~er artaerob.it conditions and the respiratory natur~ 
, , 

of anaerobic growth by this organism was further evidence that the syntflesis • 
1 .. )- • 

"' df CAT.was ;n9ependen~f\H202 and in tact regulated by the synthesis of 
. . 

respiratory protein~. Similar argument~ may apply to A. bJta.6-Ue.n6e.. since t 
~ , 

anaerobic growth in, the presence of N03 - in this organism is also respiratory. 
4 

in, nature. It is interesting ta note that cells 50 grown, which had the 
, v 

highest CAT activ,ity of all the 'culture conditions examined, had higher' 
C !' - ~ . 

cytochrome le,!el s than a~robica lly-grown cel ts ... (lal ande and Knowles. 'Unpubl iShed). 

Similarly, lower CAT activity·in N20-grown cells as compared ta those grown 

with NO~- corresponds to lower éytoc~rome level,s in these cells (Laland~ and 

Knawles, unpubl i shed). 

It is evident on-the' basis ofresistance té CIN- inhibit.ion, that the low 
J > 

1evels of o-dianisidine PER activity detected in sôme ,A. bJr.tt&-Uenu cell-free 
1 

"extracts Go not represent- "true" peroxidase aètivity; Although higher rate~ 

. ~'ere obtained using DAB as the H-donor, the CN- -sensitive, H2Q2-dependent activit~ 

was very low. The pellet fractions- (except that from E. eaU) did cQ,ntain low but 

detectable levels of CN--sensitive o-dianisidine PER activity,_ N2-fixing 

cells in particular. The DAB assay proved to be unsuitable for.these pellets 

due to the presence of a CN--sensitfve factor capable of H202-independent dye 

-'o.xidation. Thè natùre and signifi,cance of this à-dian~sidine. PER activity 
• 

assaciated with "the particulate material, although quite low. is not known. 
< ~.~; .... _~ :r <II .-' 

T)1e fact that" th~se assays were"unab'le to detect 1significant PER activity does 

'hbt preclude the passibilitY· that _such, activitv is present. Even in cases 
.~ ... -

,. 
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where PER is present, the nature of the int~acellular H-do~or ;s often· 

difficu1.t to detennine and may be suff;c;ently unique that there ;s no ac.tiv4ty 

with 'the one present in the assay mixture. This i5' amply demo"nstratèd in thiS 
, , 

study, in that E. eaU cell-free e,xtract cl early demonstrates peroxidase 

act1vity using o-dianisidine bu~ with DAB as 'the H-donor ;ts ,activity 1s .. 
much l ower. ' 

Only one achromatic band was produced by electrophoresis of the 
). 

A. bJta.6U~lt6e cell-free extrac;:t from any g~owthCondition. This is.strong 
"".. '~ , " , 

but' not conclusive evidence of a .single enzyme, s;m:e in, separation on the, . 
bas;s of size and charge it i5 possible for two'structul"ally-distinct enzymes 

t~ co-~igrate ... ~nhibi tian ,onl y b~ H202 indic~tes that the enzyme is an . 

~ron-containing 500. Other'diazotrophs" that ~ave bee,n so examlned, including 

Azotobac..teJt spp. (Asada et al., 1980), Rh.izobium spp .. (Stowers arl'd Elkan, 1981). -- , 

and Anabae.na. c.yUndM..c.a. (Asada kt al., 1980), also contain only FeSOD., Thus, 

results f~om A. b~ite~e resembles,that fûCm other diazotroghs and lends 

• support to the suggestion of Asada et ~. (1980) that FeSOD is associated with 

cells ,characterized by low if)tracellular O
2 

concentrations such as ,aerobic 
, 

diazotrophs. Three enzymes are resolved in E. eati grown aeroQically, the 

fastest is FeSOD while the slowest'is MnSOD. The middle achromatic band has 

, been found to be -a hrbri d SOD containi ng one subunit from each of FeSOQ and 

MnSOD (Fridovich. 1981). l't ;s .. interesting to note the similarity of Rf 

between the FeSOD of A. bJta.6.u.e~t.6e and that of E. eaU. Though this 1mpl ies . 

structural similarity, no such conclusions can",be drawn on the basis of this 

techniq.ue~but it does provide rich ground' for further study . 

"' .. 

Although thi s study did not address the question of' t'he importan~e of ~ 

02-protecti~g enzym~s directly to nitrogen fixation, it dGles prov,ide a' 

foundation ~pon which such studies'can be based. Compounds capable of 
" 0 

, "li' ' 0: O2 - would appearC' to be ideal tools (H~ssan generatïng an intracellula~ flux 

\ 
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and .Frido'~;ch, 1979). In add.1tion to th'e test1ng of the .. süsceptibility ai 
-

nitrogenase to O2- in vivo·, their ability to.induce SOD and to a certa'in extent 
, 

CAT and PER, offer a upique,opportunity ta demonstrgte their cQntribution,to the 
d 

oxygen protecti on of nï trogenase. .AssiPY-s.to meas'ure i ts oxygen sens i ti vit y are 

ava,ilable' (Pedro"sa et al:','1982; Til;>elius and Knowles, 1983) but the presence of 
o -- • , 

" 

an appt'opriate diaphorase (the enzyme responsible for ,the reduction. of the redox 

active compound) has yet to be demonstrated in A. bltlUlileIHe.. A~ incre'ase in 

nitrogenase oxygen tolerance due to elevated l~vels of oxygen-protecting enzymes 
". 

would be evidence of their contribution to its oxygen protection. 
, . " - ~ 

Another area deserving fur~her study is t~e induction of CAT by low oxygen 

tensi,on and its presence und,r anaerob~c conditions. Arguments that CAT act,ivity 

; in A. bI!.CUÛe.Me. may be closély l'inked to the synthesis, of respirat~y proteins 

have bee.n presented. The presence of hemé as the pro?thetic group in both CAt' 

and some 'respi ra tory proteins ra i ses the poss; hil ; ty tha t i ~ may have a 

regulatory funct;on a~ well. S tud i es us i ng Sac.c.ItMomtjc.e~ c.eitev.i.6 iae. have found 

that oxygen, .glucose and heme regulate t~e synth~s'is of a number of hemoprote"ins, 

tnclud1ng CAT, at th~ level of trânsc'ription (Ho~tner et al., 1982; Richter 
, ,- - j 

~ ., 
et li .. i980, Woloszczuk et ~., r980). There is also evidence that h.eme is 

involved "in ~he control of cert~in poh-translational events i,n some çases 

(Ross and Schatz, 1976; Salzgaber-~1uller 'and S.chatz, . .l978). Thus.Jleme may be 
, 

, an importànt factor in the co-induction of respiratory prot~;ns and> CAT in 

A. bJUl,6 Uen~ e.. 
, 

~To SUl]lTlar;z~,· the presence of SOD and CAr has been d~monstrated,in 
, ," .. .. "" ~ ""-

aRlllon; um-grown, N2-fr~"ng and den; trifying A. bJtaJ.<.ee{~e sp7: CAT and SOD 

ac·t;vi~ies var;ed dur~ng growth and in r.esponse-'to changes ;n culture conditions. 

PER activ;ty us;ng o-dianisidine or 3,3.'-d;aminobenzidine as the H-donor was . . , 
mostly low or undetecta61e. Only a single achromatic band of SOD activity was 

~ , 
evident i,n p~lyacryfamide gels, which provep ta be FeSOD on the basis'of . 

in~ibitor sensitivity. 

. ,.~ 

l 
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