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ABSTRACT .
M.Sc. Richard W. Clara Microbiology

SUPEROXIDE DISMUTASE, CATALASE, AND PEROXIDASE IN

AMMONTUM-GROWN AND NITROGEN-FIXING AZOSPIRILLUM BRASILENSE -

Superoxi&e dismutase (S0D), catalase (CAT), and peroxidase (PER) activities
were studied in Nz-fixing and ammonium-grown batch cuftures of Azospinillum
brasilense sp7. PER &ctivity, as measured using o-dianisidine or ‘
¥3'-diaminobenzidine as the H-donor, w;s not significant in most growth
conditions. SOD and CAT activities in cells grown aerobically with ammonium
were comparable to those in aerobically-grown E. cofe K12. Enzyme activities
in A. bras«lende so grown varied with the age of the culture, an effect that
could not be attributed to changes in dissoived oxygen content. SOD activit;
was present in cells grown anaerobically with ammon{um, but was higher in cells
grown in the presence of oxygen Jﬁd increased in response to higher oxygen
tension. CAT activity was significantly higher in cells grown at lower oxygén
tensions. SOD, but not CAT aétivity, increased in response to growth at oxygen
levels higher than ambient. In Nz-fixing cells, SOD activity was slightly
higher and CAT activity significantly lower than in cells grown similarly but

-

with NH‘CI as a source of fixed nitrogen. Cells grown anaerobically usfng.N03

as the terminal electron acceptor contained SOD and high CAT activity, Cells
grown similarly but with NZO as the electron acceptor, had significantly lower
CAT activity but slightly higher SOD activity Polyacrylamide gel electropho}esis
of the cell-free e;tracts revealed only one band of SOD activity under each
physiol%gical‘condition compared to‘three for aerobically-grown E. cota K12.

Thjs band proved to be 1ron-contain1ngﬁSOD (FeSCD) on the basis of inhibitor

o~

sensitivity.
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L.

s RESUME
M.Sc. Richard M. .Clara . Microbiologie

SUPEROXYDE DISMUTASE, CATALASE, ET PEROXYDASE CHEZ AZOSPIRILLUM
BRASILENSE, BACTERIE UTILISANT L'AMMONIUM ET FIXANT L'AZOTE.

Les enzymes superoxyde dismutase (SOD), catalase (CAT) et peroxydase
-4
(PER) ont été étudiées chez des cultures d'Azospirillun brasilense sp 7

. fixant d'azote et utilisant 1'ammonium. Dans la plupart des conditions de

culture utilisées, 1'activité de la PER, telle que mesurée par le donneur

d'hydrogéne o-dianisidine ou le 3,3'-diaminocbenzidine, n'était pas tres-

avec ammonium *
importante. Chez les cellules cultivées en aérobiose, les activités de la

SOD et de 1a CAT étaient trds comparables 2 celles de E. coli K12 pou;sée
dans des conditions similaires. Aussi chez les cellules cultivées de la méme
maniére, les activitées enzymatiques variaient avec 1'dge de la culture,
un effet qui n'a pu 8tre attribué aux changements en oxygéne dissous.

Chez les cellules cultivées en anaérobiose, 1'activité de la SOD detectée
était noind;-e queﬂ chez les (;ellules cultivées en présence d'oxygéne et
a\;guentait avec la tension d'oxygéne. L'activité de la CAT étatt beaucoup
plus élevée chez ies cellules cul.tivées d basses tensions d'oxygéne. La
croissance 3 des concentratiops d'oxygéne supérieures 3 la concentr;tion
ambiante permettait l;ne aygmentation de 1'activité de la SOD, mais non celle
de la CAT. Chez les cellules fixant 1'azote, 'l'activité de l\a S00 était

1égerement plus &levée et )'activité de.la CAT significativement plus basse

" que chez des cellules cultivées dans des conditions similaires mais

utilisint le KH,C1 comme source d'azote. Les cellules cultivées en

¥
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anaérobiose, utilisant le N0;~ comme accepteur final d‘'électrons, con-

tenaient la SOD etk‘la CAT en quantité importante. Des cellules cultivées
k%

dans des conditions semblables mais utilisant le N,0 comme accepteur

. d'electrons possédaient une activité de CAT définitivement plus basse bien’

que leur activité en SOD. Etait 1écirement supérieure. L'electrophordse des
extraits cellulaires sur gel de pB]yacrylamide n'a révélé qu'une seule
bande liee & 1'activité enzymatique de la SOD comparativement & 3 bandes

chez E. coli K12 poussée} en aérobiose et ce pour toutes les conditions

experimentales. Cette méme bande s'est révélée &tre une SOD contenant du

fer (FeSOD) te) que détecté par sa sensibilité aux inhibiteurs.

?
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( INTRODUCTION -

a

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

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

e A ———————. S

heavier demands are\placed on our limited agricultural resources by an .

»

increasing world population, the supplementation of natural fixed nitrogen

sources by fertilizer nitrogen is necessary to maintain adeguate pmﬁuction

levels.” Unfortunately, escalating production costs and uncertain availability
‘ of raw material have led to the realization that this practise may be

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

%
A major physiological problem in biological nitrogen fixation is the

fertilizer nitrogen with biological souréces.

oxygen sensitivity of the process. Although this problem has been muchaf PR
stud1"{ed, _ﬂ ;‘emair{s poorly upderstood and in gact, recent ad‘vaﬁifes in our
understanding of" oﬁxygen toxici ty :nd protection’have yet to be applied to this
- problem. This wirk studies the occurrence and certain physical chaﬁcteﬁstics
' of the oxygen-protecting enzymes o'f'the free-1iving diazotroph Azospiniflum
brasclense sp?, an organism that has shown much promise as a means of
pmviding fixed nitrogen to plants. bIt is hoped that such information,
especialiy in view of the d'ifferent physiological conditions under which this

organism can grow, will provide some insight into the value of these ‘enzymes’ .

—$0 the organism in general and to nitrogen fixation in particular". L

a
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1. LITERATURE ‘REVIEW

Oxygen holds a unique place in the evolutionary history of life on our
planet, important in both its presence and absence. I’t was in its absence
" that organic matter develgped and was able to coalesce into a primitive form
of 1ife, but it is now its presence that is essential in the processes
of life that evolved from that point. The importance of oxygen to the
maintenance of life is ialanced by the fact that oxygen in levels only <
slightly higher than atmospheric is toxic. Thus, important as the utilization
of oxygen is, protection against its toxic effects remains a .crivl:\ir,\u\.factor::

C. o v -
. - - B
The composition of the primitive atmosphere on earth is a contentious

point among scientists s:udying evolution) There is a general agreement that
this atmosphere was reducing in nature, sinte the abiotic synthesis of
compounds of biolegical interest and their accumlg:ion for development into
more complex molecules does nat occur under oxidizing conditions (Cloud, 1974;
Miller and Urey, 1959; Schopf, 1975). In the dbsence of oxygen and lacking an

Ne
adequate screen for ultraviolet rays,evolution of life could only take place

in shielded areas (eg. ten meters below the surface of the ocean) where

" conditions would be suitable only for the development of anaerobic
prokaryotes and baéterial pho'tosynthesis’ (Schwartz a;zd Dayhoqff, 1978). The.
advent of oxygen-evolving photosynthesis by Cyanobacteria (blue-green algae)
lappmxiutely 3 x 109 years ago (Schopf and Ba'rg_hopvn. 1967) marked a turning
point in evolution. The development of an effecw;ive'uv screen (ozone) and
the use of respiration (as opposed(;to fermentation) for the production of
mr;y supported the development of larger, more complex organisms. tiowever.
Quite apa;'t from the benefits that oxygen provides is the fact that cer‘tain
biological and non-biological reactions in its presence lead to the formation

' .
of highly reactive oxygen species that are pote-nt?ally toxic to cells. Thus,

"
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the pres;nce of oxygen necessitated the concurrent development of oxygen
protection mechanisms to alleviate its toxicity (Gilbert, 1965), a key ,
development since failure to do so would restrict the organisus‘to anaerobic
niches in an aerobic environment. .

This sequence of development has been challenged by othe}s who N
questfoﬁ the timing of key events (Schopf, 19?5) or support a greater role
for oxygen produced by the photodissociation of water (Carver, 1981; Towe,
19785. It is difficult to determine Q;;h any degree of certainty the
actual events from a vantage point removed by 3-4 x 109 ye;rs but a common

theme in these theories is the key importance of oxygen in the evolution of 11?@.

¢

. 1.1 Oxygen

1.1.1 Oxygen and Related Species

The oiygen atom has eight protons with six valence Efectrons in its

5,oyter shell. The combination of two oxygeh atomq'giveS«rise to dioxygen

(often referred to as molecular oxygen) with the electronic configuratign,
shown in Fig. 1 (Morris, 1975). It has a triplet ground state with two

unpaired electrons in the two degenerate =* anti-bonding orbitals (Jones et

'gl., 1979; Valentine, 1973). The presence of unpaired electrons is the

source of the paramagnetism of the oxygen molecule and a barrier to reaction
via a spin restriction. For an incoming pair of electrons to add to the
oxygen mblecule, a Spin change according t¢ the Pauli principle is reguired
which, althougﬁ possible, is a slow process (10'7\5) compared to the

lifetime of the collisional complex (10712 s) (Taube, 1965). Reactions with
djoxygen must therefore axoid the spin restricfﬁon either by first

cdﬁbﬂning with a transition metal (which also has unpaired electrons) or by
adding electrons univalently rather than in pairs (Fridovich, 19{7; Malmstrom,

1982). The latter process gives rise to active oiygen species which are




Figure 1. Schematic molecular orbital diagram for dioxygen and
related species.

Orbitals indicated by horizontal 1ines (* indicates anti-bonding
orbitals) with the vertical position corresponding to their energy
level. Individual electrons are represented by arrows pointing

up or down to indicate spin. Electrons are paired when two
electrons of opposite spin occupy one orbital. Taken from Hill
(1978) and Morris (1975). :
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( potentially toxic to the cell (Fridovich,1975a: 1976; 1977; 1978).
' In spite of its-!gck of reactivity, oxygen is a key nnléiule to
biochemical processe;’in the cell. [t is a powerful oxidizing agent
(E;= +0.82 V) aﬁd is usg? in enzymatic oxidation processes, most notably
— . ‘as the terminal electron acceptor in respiration via cytochrome oxidase
’(Haddock and Jones, 1977; Wilshire and Sawyer, 1979),. It is involved in
biosynthetic, reactiqns cafalyzed by monooxygenases and dioxygenases (Malmstrom,
1982) and in other reactions such as the production ofj\céﬁt.catalyzed by !
lyciferase in photolumine;cent bacteria. It is also responsible for the

rggu]ation of synthesis of many proteins in the ggjl, especially those enzymes

involved in aerobic and anaerobic growth.

1

" Singlet Oxygen
. - » Molecular oxygen is the low energy form of oxygen while the excited
‘;' state (singlet oxygen) results when .the grOun& state is energized (Fig. 1)
(Hill, 1978). The auter shell electrons are of opposite spin (paired) in
this case and the resulting orbital configuration determines the excitétion
energy. The lAé form is 23.4 kcal pe; mole above the ground state and has
its glectrons in the same orbital while the electrons in the ‘zé form are in
separate orbitals resulting in a higher energy state (37.5 kcal per mole).
ibk Generation of sing]et oxygen genera]]}’involves dye-sensitized photooxidatigns
(Fig. 2) (Foote, 1976; Krinsky, 1979) and is oft%n the species implicated in
Tight-dependent cellular damage. . '
The singlet oxygen molecule is highly unstable and has a tendency to
' release energf by direct relaxation to ground state (triplet) oxygen with
the emission of light (fluorescence and/or chemiluminescence) (Morris, 1975).
This reaction is quite rapid for the 125 form (107 1! s, Foote, 1976) while

the 1ag form is longer lived and hence potentially more dangerous in biologica)

<
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Figure 2. Redox and acid/base characteristics between dioxygen and
related species.

Changes in electron content indicated vertically while that for
proton content indicated horizontally {except for singlet oxygen
formation). Taken from Fee and Valentine (1977) and Hill (1978).

(a) pKa 4.8
(b) pKa >14
(c).pKa 11.8

'
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systems. Since the spin.restriction is no longer a barrier to reactivity
. ’ ) A
(Fridovich, 1979), singlet oxygen is particularly toxic to cells but its .

biological significance is far from clear. ‘

There are reports, based on luminescence studies, of the involvement of
singlet oxygen in prostaglandin biosyﬁthesis (Panganamala ggigl.. 1976),
microsomal 1ipid oxidase reactions (Chen and Tu, 1976) and xanthine oxidase
reactions (Pederson and Aust, 19}3) while others maintain that the toxicity
of free singlet oxygen makes it an unlikely intermediate in biological reactions
(foote. 1976). The production of singlet oxygen by the spontaneous ' !
dismutation of superoxide (Bus et al., 1974; Khan, 1970; 1981) and fts |
activity as a bactericidal agent produced by polymorphonuclear 1eukocytés
(Allen et al., 1972; Rosen and Klebanoff, 1977) has also been questioned
(Foote, 1979; Foote et al., 1980; Harrison et al., 1978). Singlet oxygen
generation in the base-catalyzed disproportionation of HZOZ has also been '
demonstrated in vitro (Smith and kﬁl{g; 1975), but its intracellular
significance‘is vnclear. W
p
Superoxide .

On the addition of electrons univalently to dioxygen, the first product
is the superoxide anion (02', Fig. 2). The conjugate acid, the perhydroxyl
radical (Ho;-). h;s a pKa of 4.8, hence the unprotonated form dominates at
physiological pH. It retains one unpaired electron (Fig. 1) and is
;hgrefore paramagnetic (Fee and Va]entine,«197f; Sawyer and Valentine, 1981).

The chemistry of superoxide has been studied and reviewed extensively
in recent years in the 1ight of its suggested involvement in oxygen toxicity
(Fee and Valentine, 1977; Sawyer et al., 1980; Sawyer agd Valentine, 1981;
Singh, 1982). In aqueous media, the principal reaétion is that of spontaneous

dismutation (Bielski and Allen, 1977; Hill, 1978):

2
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’

«+ HOs~ H,0, + 0, K;= 7.6 x 105 Mol !s!

Oy + HOy =~ H0, + 0,
HO, + oz"‘ ~ Hoz’ +0, K= 8.9 x 107 Mol™ls™!

R = -_, 27
0, +0;, =0,° +0,

\

Though the rate is dependent on bH and is fastest when pH*pKa. it

Ky= <0.3 Mol ig7!

is_very rapid at ph¥siologica] pH (Sawyer et al., 1980) and is.conplete

even at pH 14 (Sawyer et al., 1978). In its ability to abstract protons for
the dismutation from soivent or weakly acidic organic molecules, superoxide
gemonstrates the prgperties of a strong Bronsted base (Nanni et al., 1980).
As well, in aqueousjsolution, ;uperoxide can act as a moderate one-electron
reductant to organic molecules such as tetranitromethane (Rabani et al., 1965),
cytochrome c (McCord and Fridovich, 1968) and others (Hill, 1978) or to )
transition metal complexes (Halliwell, 1975; Singh, 1982). Though it does
show the ability to oxidize certain compounds (Lee-Ruff, 197?;ﬂ

Misra and Fridovich, 1972b) its ability is thought to be weak at best (Sawyer
et al., 1978) and may in fact be mediated by the¥dismutat10n products

rather than 02' itself.

In aprotic media, the superoxide anion is a stable species and quitg
amenable to chemical anal;sis.’ It"p{oves to be a powerful nucleophile,
attacking alkyl halides !ith results consistent with an SNZ mechantsm
(San Filippo et al., 1975). Such is not evident in aqueous solution due to
the dominence of the Jismutation reaction and strong solvation effects
(Sawyer and Valentine, 1981; Valentine, 1979).

The occurrence gf superoxide in biological systems can be a required
characteristic of an enzyme or an inadvertant consequence‘of normal cell
processes. Many of the reduced forms of cell prdfeins including

hydroquinones (Misra and Fridovich,-1972a), reduced flavins (Ballou et al.,

1969; Massey et al., 1969), thiols (Misra, 1974), ferredoxin (Misra-and

T A AR a um Y T PP ) ot ——
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Frfgovich.'197l; Orme-Johnson and Beinert, 1963) and hemoglobin (Rotilio
33_51,. 1977) wtll autooxidize and relea;e superoxide. Some enzymes such as
‘ xanthine oxtdase (Fridovich, 1970; Knowles et al., 1969) and aldehyde

oxidase (Rajagopalan et al., 1962) will release superoKide as part of their o~

reaction mechanism while others such as galactose oxidase (Hamilton et al.,

—— - p——— - W ————— 1Sy 5 e

J‘1973) and tryptophah dioxygenase (Hirata and Hayaishi, 1971) generate it at ‘

some intermediate step in the reaction. Other intracellular sources include
subcellular organelles such as chloroplasts (Asada and Kiso, 1973) and .

* mitochondria (Cadenas et al., 1977; Loschen et al., 1973; Nohl and Hegner, 1978).

.
Peroxide ’ BN . i

Peroxide (022") is produced by the addition of two electJ;gs tq)

——

ground state dioxygen (Fig. 2) or via theﬁdismutation of superoxide,and is

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

The protonated forms are the hydroperoxy anion (HOZ') and hydrogen peroxide -
(HZOZ} and at physio]oéical pH the fully protonated form predominates due , §
to the high pK,'s (Fee and Valentine, 1977). ¥
Hydrogen peroxide is a good oxidizing agent toward organic molecules, f
especially sulfhydry]gcompounds (Little and O'Brien, 1967; Sanner and Pihl,

- 1963) but these reactions are rather slow unless the concentration of HZOZ

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

HZOZ to 02 and HZO (Duke and Haas, 1961) which can lead to singlet oxygen

(Smith and ig, 1975) or radical formation (02- and OH) in aprotic regions '
(e.g. hydrophobic areas of membranes) (Wilshire and Sawyer, 1979). A second
reaction leading to the generation of radicals is the one-e]eétron reduction
catalyzed by transition metals known as the Fenton reaction (Walling, 1975):

Fe2' + H,0, » Fe3' + OH™ + OH-
This react%on generates the hydroxyl radical {OH-), a powerful oxidizing species ‘
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that forms the basis of the current theory of Ox;?en toxicity: (below).
. A number of oxidases are capable of the diy;lent reduction of dioxygen

including d-amino acid oxidase, diamine o§idase and glycollate oxidase
. \ , 4
(Rotilio et al., 1973) while otheT enzyméf such as xanthine oxidase and

2
(with or without catalysis) will result in H202 production. Many eukaryotic

aldehyde oxidase will reduce 0, univalently and the resulting dismutation
sources of H202'are Tocalized in peroxisomes (Masters and Holmeés, 1977) as
well as other subcellular organelles such as mitochondria (Boveris et al.,
1976; Halliwell, 1971; Tyrrens et al., 1982), microsomes (Thurman et al.,

19725 and illuminated chloroplasts via the well-known Mehler reaction (Mehler,

1951; Robinson and Gibbs, 1982).

1.1.2 Oxyge? Toxicity . - .

The toxicity of oxygenlhas béen evident since the élement was discovered
and was first physio]ogicq]ly characterized by Paul Bert in 1865 (Haugaard,
1968). The advent of underwater diving, high altitude aircraft and, more
recently, ‘disease treatment using high pressure oxygen has spurred interest
into its né;ure and extent. Characterization of oxygen toxicity in
microorganisms and aﬁ?nals both in vivo and in vitro (Gottlieb, 1971;"
Haugaard, 1968) and its involvement in seemingly ;nrelated processes such as

radiation ddmage\hnd lyophilization (Swartz, 1973) has led to a number of

theories as to its mechanism. - ‘ .

Hydrogen Peroxide .

Mcleod and Gordgn iléZj) put forth one of the eanliest theories of
oxygen toxicity with particular réference'to anaerobes. They interpreted the
inability of some clostridia to produce heme groups (an essential component
for the production of Hzoz-decomposing enzymes ) a; an indication that the

toxic effects of oxygen were due to a build up of H202. To this end it
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is possible to demonstrate that H,0, is produced in cell-free extracts and,

at high concentration, will kill most cél]s. However, HZOZ is not thought

I

to be particularly toxic (thance t al., 1979; Halliwell, 1974) and in fact,

“most organisms can tolerate low Tevels of H202 and some can even excrete

a

it into the med#um (Costilow and Keele, 1?72). ‘Int?ace1lu1ar concgntrations
have been measured at 10°9-10"7 M, maintained at that level by the action of
H20£—scavenging enzymes. Therg are also examples of obligate anaerobes ‘
containing catalase (Sherman, 1926) and acatalasic aerobes (McCord et al.,
1971) which argue ag;inst the importance of H202 in oxygen toxicity.

A complicating factor, however, is the reaction of H202 with transition
’meté1s (Fenton's reaéent). Hydroxyl radicals produced by this reaction are

highly and indiscriminately reactive, which would tend to mask the lack of

reactivity of HZOZ itself and account for any toxic action. .

-SH Oxidation

Anéther early proposal to explain oxygen toxicity was the Tnactivation -
of some enzymes by oxygen, especially those containing sulfhydryl groups
(Barron, 1955; Dickens, 1946; Haugaard, 1946). The activity of‘certain key
enzymes (e.g. g]yceraldehy@e-3-phosphate dehydrogenase) or their cofactors
is maintained only when the essential thiol gro;ps are in a reduced state and
oxidation leads to irreversible inactiva%ion (Little and 0'Brien, 1969). This
process is particularly applicable to anaerobic organisms but is evident:in
some aerobes‘as well (Haugaard, 1968)& However, the importance of this '
phendmenon as a primary agent of oxygen toxicity f; unclear since in at least.
one case (Stees and Brown, 1973), the oxidation of -SH groups proceeded rather

slowly (0.2% h™1)* even though the level of oxygen used was immediately

3
é

inhibitory, ° N ' .




Lipid Peroxidation , s

Another manifestation of oxygen toxicity is the peroxidation of
polyunsaturated fatty acids contained in membranes (Halliwell, 1981). The

formation of organic raddicals in the presence of oxygep leads to the formation

\

of lipid hydroperoxides (Mead, 1976): _ v
i =15 e (1)
R. + 02 + Roz- (2)
" ROD- + RH o+ ROOH + R- (3)

The initial H. abstraction by prévious]y formed peroxide radicals or
hydroxyl radicals (e.g. produced via the Fenton reaction) is fo]]ovted by a
rapid reaction with oxygen to form a peroxide radical. Abstraction of a
second H- results in hydroperoxide formation and a second organic radical,
making the reaction autocatalytic. Though the non;xal rate of lipid peroxidation
is quite slow, the presence of transition metal ions greatly accelerates the
process by catalyzing the production of initiating radicals (Mead, 1976;

]
0'8Brien, 1969):

1, oH™ + ro-

Me"" + ROOH » Me™

In additior‘) to damage to the structural components of membranés, 1ipid
hydroperoxides and their degradation products are also cytotoxic, leading to
further enzyme and membrane damage (H#cks and Gebicki, 1978; Putvinsk)} et al.,
1979). , '

Tipid peroxidation is also a consequence of the intracellular production
of singlet oxygen. This reactive speciés has an affinity for e]ectron-r{ch
areas and reacts directly with polyunsaturated fatty acids to form 1ipid
hydroperoxides. Production of singlet oxygen c;;w occur in the presence of

1ight-absorbing dyes (e.g. chlorophyll) and there is some suggestion of its

formation via the superoxide dismutation reaction.- Much of the work in the

.
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latter is unclear due to the lack of specificity of singlet oxygen
scavengers (Foote, 1979) but recent spectroscopic. evidence of such F

singlet oxygen formation-may finally settle this contentious issue (Khan, 1981).

Oxygen Radicals . ) e ‘

The similarity of the effects of oxygen toxicity and irradiation led ji
Gerschman et al. (1954) to suggest a common free radical mechanism. The -
discovery of intracellulrar superoxide production by xanthine oxidase (Knowles
et al., 1969) and of an enzyme (superoxide dismutase) to catalyze its
removal (McCord and Fridovich, 1969) has led to its suggestion as the mediatos
'‘of oxygen toxicity. In vitro studies have shown~ superoxide to be jnvo\\(ed '
in DNA damage (Brawn and Fridovich, 1981; Lesko et al., 1980; Nishida et al.,

1981), mutagenicity (Mood; and Hassan, 1981), lipid peroxidation (Bus et al.,

1974; Pederson and Aust, 1973; Sutherland andvGebicki, 1982; Thomas et al.,

1982) including_membrane damage (Goldberg and rStern, 1976; Kellogg and

Fridovich, 1975; 1977; Kong and Davidson, 19é1; Lyncr; and Fridovich, 1978),
depolymerization of polysacharides (McCord, 1974), hydroxylation of aromatic
compounds (Haltiwell and Ahluwalfa, 1976; McCord and "Day, 1978) and direct

killing of bacteria and viruses (Lavelle et-al., 1973; Michels:m‘ and ' :
Buckingham, 1974).

Altﬁough there\ is substantial biochemical evidenceﬁ to suggest superoxide .
toxicity, it is difficult to justify on fa chemical basis. Superoxide is
telatively unreactive to many compounds in vitro (Bielski and Richter, 1977;
Bors et al., 1980) and in fact tends to be a reducing *agentfin agueous

solution. The oxidizing ability is 1imited because the formation of 022'

is unfavourable (Fee and Valentine, 1977; Valentine, 1979) but oxidatian of.

acidic conTﬁound:s in vitro is possible via proton abstraction leading to HOZ'

(Nanni et al., 1980). Formation of 0,27 can be avoided to some extent by
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by reattion with the metal ion Hn2+, which caﬁn lead to the oxidizing species

Mn0," (Bielskiyand Chan, 1978) .\ ,
In addition to its lack of reactivity, damage is often prevented by the

presence of superoxide dismtase or catalase indicating that both 0, and

HZOZ are required for toxic effects (Beauchamp and Fridovich, 1970; Cohen,

1978). Based on these results, it was suggested that hydroxyl raditals were

generated via the Haber-Weiss reaction (Beauchamp and Fridovich, .1970; Fridovich,

1975‘_)’ - 0, + Hé({z ~ OH- + OH™ + 0,

and that, the reactivity of these radicals could_ehasi_ly account for the
observed oxygen toxicity. However, further study has shown that this reaction
as s'hown' is. too slouf to compete with the di;mtation reaction of superoxide’ -
(Gibian and Ungemann‘, 1979; Halliwell, 1976; McClune and Fee, 1976; Melhuish
and Sutton, 1978; Rigo et al., 1977). The current theolr:y of oxygen toxicity
avoids this problem by proposing a catalysis of the mreaction by transition .

metals, in particular Fe2' (Malliwell, 1981):

Fe3+-c9mp'lex + 02“ - Fe2+-complex + 0,
‘Fe2+-comp'lex + Hzo2 - Ee”-compl'ex + OH- + OH .

02 + H20 *.soﬂ’ +0H + O2

- This reactjon is referred to as the Fe-catalyzed Haber-Weiss reaction.
(or the Fe-driven Fe;|ton reaction) and 1:n it superoxide acts only as a b
reducing agent to regenerate Fe2¥ while OH. is produced by the well-known
"Fenton reaction. The feasibility of this theory has been confirmed in vitro
(Butler aﬁd_HaHiweH, 1982; F‘orI\g et-al., 1973; Halliwell, 1978a; 1978b; McCord
and ;Day, 19785 but its intracellular significance has yet‘to be established.

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

agent since more effective reducing agents (e.g. ascorbate) are available in

—_—
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the cell (Valentine, 1979) and others have questioned the availability of
normally sequestered metal ions for the reaction (Fee\ 1980). Bors et al.

- (1980) suggest that free OH. is in fact too reactive to be the primary cause
-of oxygen toxicity since much of the damage would be restricted to the site
of ge;eration and it is therefore unable to explain the selectivity an;i
delayed onset of oxygen toxicity. They propose that the formation of organic
radicals is more important i.n,oxygen toxicity. " These inter:esting points have
raised some controversy (Fee, 1981; 1982; Fridovich, 1981; Ha]h’well; 1982) -

which will no doubt spur greater efforts into this area.

Beneficial Applications ,cof Oxygen Radicals )

In spite of their toxicity, the high reactivity of oxygen radicals has
been put to good use by some organisms. For instance, it hasnlo_ng been known
that déstruction qf engul fed bacteria by polymorphonuclear leukocytes is
accompanied by a burst of respiratory activity (Karnovsky, 1962). This activity
has now been linked to the generation of G, , K50, and OH- {but not singlet
oxygen, Foote, 1979) by 1ntracgl-lu1ar enzymes as the destructive agents _;
(Bibior‘; 197681; 1978b; Badwey and Karnovsky, 1980). Oxygen .;adicﬂs released
by destruction of the leukocyte can also produte damage in the host (McCord,

1974) and lead to inflammation by activating a chemotactic factor for

>

leukocytes (McCord and Ro'y.: 1982). Involvement of active oxygen species in other
processes such as -anti-tumor drugs (Bgtes and Winterbourne, 1982; Ob;rly and
Buettner, 1979) and lignin degradation (Forney et al., 1982; Nakatsubo et al.,
1981) indicates the diverse uses tb which they have been applied by man®

and microorganisms.

1.1.3 Oxygen Protection
In view of the ‘reactivity of oxygen intermediates and the essential role

of oxygen in'aerobic metabolism, a means to ameliorate its toxicity is necessary.

‘.
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In an evolutionary sense, the initial production of free oxygen by cyanobacteria

Y

would not have been possible without a method to deal with its toxic effects.
"One theory suggests lhat the oxidation of ferrous iron external to the cell
would have maintained low atmospheric oxygen levels untii a}ternate methods of
ﬂhrotection'became established (Cloud, 1968). 'Others have questioned the

value of extf;cellular oxygen protection on the oxygen produced by
intracellular photosynthesis (Schopf, 1975) leading to the suggestion that
oxygen produced by phoiodissociation may have prompted the production of
oxygen-scavenging enzymes prior td the evo{htion of oxygen-evolving
photosynthesis~(Towe, 1978). Whatever the initiating event, a number of
i}rategies have evolved to counter the threat of oxygen, each having

importance in overall oxygen protection.

'

Avoidance ]
Probably the simplest‘methau of oxygen protection is that used by'the
obligate anaercbes, that is, to avoid exposure to oxygen and hence its
toxic intermediates. These organisms have based their metabolism on methods -
not involving molecular oxygen, such as fermentation (e.g. CLo&ti&dLum),
anaerobic photosynthesis (e.g. Chromatum) or anaerobic respirat;on |
(e.g. Desulfovibrio) and can inhabit environments devoid of oxygen (Morris,
1975). Exposure of an obligate anaerobe to oxygen produces growth inhibition
and cell death, although oxygen fo]erance among anaerobes in general is quite
variable. This failure to adapt to oxygen in an evolutionary sense has
restricted them to a less efficient method of energy ggneration but has also
eliminated th; problem of oxygen to;icityf
In an indirect way, aerobic bacteria also use avoidance as part of their
protection against oxygen toxicity. The terminal enzyme of the respiratory

chain, cytochrome oxidase (Haddock and Jones, 1977), processes the most oxygen

1
,
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of all the enzymes in the cell via:

0, + 4H' + 4e™ > 2H,0

&

This enzyme contains two Fe2+ and two Cu2+, both paramagnetic transition
metals, and thus is able to circumvent the spin restriction to bring about
the tetravalent reduction of oxygen (Antonini et al., 1970). This is of

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

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

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

Glutathione N

The presence of reduced thiols_in aerobic ce]1§ provides 5 second
;;chanism of protectioﬁ, especially against damage due to -§H ogidation. ‘The
most intensi;ely studied of these 1s\glutathione (GSH), a small tripeptide
containing cysieine: In the presence of oxyfen, the réducéd sulfhydryl group

is oxidized forming the disulfide, a reaction which may be catalyzed by

transition metal ions (Misra, 1974): |

2GSH + 502 - GSSG + H,0

2

The enzyme glutathione reductase will reduce the disulfide at the expense of

£
NADPH+H+ maintaining a high GSH/GSSG ratio (ﬁglliwell and Foyer, 1979 The

high concentration of reduced glutathione in the cell makes it "more available™
i

to oxygen than the -SH groups of enzymes, hence .t is preferentially oxidized

(Halliwell, 1981).

In animal cells, glutathione 1s also involved in the removal of HZOZ

)
and lipid peroxides via the selenium-containing enzyme glutathione peroxidase

(Chance et al., 1979; Jocelyn, 1979):

2GSH + H202 + GSSG + 2H20

2GSH + Lipid-00H ~ Lipid-OH + GSSG + H20
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(f' \ This enzyme is distributed in the cytosol and mitochondria of animal ée]js ‘§' ,

but is not found in plants or microorganisms (Smith and Shrift, 1979).
® The importance of glutathione and reduced/thio]s in oxygen protection

and as cofactors for some' cellular processes is reflected in their wide
dis?ribution in living cells (Kosower and Kosower, 1969; 1978). The
distributioh in prokaryotes is more complicated in that glutathione is
detected in most Gram-negatigplcel1s but few Gram-positive organisms (Fahey
et al., 1978) though other reduced soluble thiol compounds may replace it. In

addition, mutants lacking GSH are able to grow normally in air, (Fuchs and

Warner, 1975) indicating tﬁﬁt it may not be essential for aerobic organisms.

b

-

_ Antioxidants ‘

The presence of antioxidant substances can also be a means of oxygen
. protection. By their structure, these compounds are able to dissipﬁje the
(” energy of active oxygen species (mainly singlet oxygen) rencering them innocuous
to the cell. For instance, the presence of a-tocopherol (vitamin E) in
chloroplasts can prgvent lipid peroxidation by scavenging singlet oxygen and

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

o

Lipid-0,+ + Donor-H - Lipid-00K + Donor-
This will terminate the radical chain reaction, minimizing the damage to
membranes. The donor radical formed can be regenerated via reduction by
ascorbic acid (Packer et al:, 1979).

A similar role is played by carotenoids-(e.g. e—caroteﬁe)\which are
present in animals, plants (chloroplast§ in particular) as wel! as some
bacteria amd fungi (Krinsky, 1979). In both photosynthetic and nén-photosynthetic
ofbapisms. the protective effect of carotenoids against damage due to Tight, or
singTet oxygen has been shown using mutants lacking them (Krinsky, 1978; 1979;

Shimizu et al., 1979). , \
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[ Catalase - ,

The enzyme catalase brings about the catalytic decomposition of HZOZ

‘ and is unidﬁe in that it does so by two routes (Chance et al., 1979):

Catalatic H202 + H202 N 2H20 + 02

Peroxidatic HZp2 + AH2 - 2H20 + A

The pathway used will depend on the concentration of\HZO2 but in ggqeral; the
catalatic reaction dominates, at high levels of H202 (aboye 1074 M) wﬁi]e the .
peroyidatic activity dominates aé Tow levels (in the presence of a suitable
N H-donor) (Deisseroth and Dounce, 1970). o N

The typical catalase is an oligomeric protein with a molecular weight of
approximately 240,000? It consists of four identical subunits (MW 60,000),
each of a single polypeptide chain and containing the prothetic group
Fe3+-protopnrphyrin IX. The subunits are associated by nqn-covalent inféractions )
and can function independently of one another (Deisseroth an& Dounce, 1970;
Schoébaum and Chance, 19765. In general, biosynthesis occurs by a stepwise
process via synthesis of apoprotein subunits, .addition of the heme and \
tetrameri2ation (Ruis, 1979). ¢ 1

The occurrence of catalase 9% often associated with the possession of
cytochrome systems (Deisseroth and Dounce, 1970) and it is found in most aerobic
organisms. Some exceptions include Acetobacter perwxydans, Bacdlus poptﬂﬂaé .
(Costilow and Keele, 1972), the blue-green bacterium qucocabsa 56. LB795 (Tozum and
Gallon, 1979) and a number of aerotolerant anaerobes (McCord et al., 1971). «
Mbst anaerobes do not contain catalase, but again there are exceptions such as
f}opion&bacte&&um sheamancte (Sherman, 1926). " In most plant and animal
tissues, catalase is localized in peroxisgpes, which also contain many of the

n

( s H202-producing enzymes (Masters and Holmes, 1977). Catalase has not been

- . detected in mitochondria or chloroplasts (Allen, 1977; Day et al., 1979)

s ‘ bav -



t 7
' } , - &
t

20

( though there may‘be‘ofher enzymes present (e.q. glutathione peroxidase) which

scavenge HZOZ' . —
6 It is evident, in view of the mechanism and localization in peroxisomes,

that a primary function of catalase is the removal of intracellular HZOZ

(Fridovich, 1976; Halliwell, 198]; Ruis, 1979). However, it has been

suggest;; that it may also participate in the metabolism of certain hydrogen

donors via the peroxidatic reaction (De Duve and Baudhuin,1966). Measurements

LY

have put the intracellular concentration of HZOZ at 1078 M which may indicate

that the peroxidatic reaction is dominant (Deisseroth and Dounce, 1970).

Peroxidase .
A second group of hemoproteins that will catélyze the reduction of uzoz

using H-donors are the peroxidases (Saunders et al., 1964)¥

H,0, + AH2 + 2H

20 0‘# A ‘

2
! In general, peroxidases have a high specificit} for the peroxide but are
relatively non-spegific for the H-donor (though there are some with restricted
H-donors such as glutathione peroxidase) (Putter, 1974). In addition to
this typical reactlion, there have also been reports of peroxidases actipg as
oxidases (Kenten, 1955) and monooxygenases (Buhler .and Mason, l§61). /n
) fh0ug@ peroxidases are widely distributed, studies have centered on Fhe
~‘easily isolated pgro;idéée of - horseradish (HRP) as-a representétive example.
v This enzyme has a molecular reight of EE.OOO and consists of a single
polypeptide chain of 287 amino acid residues, a prosthetic group and some
carbohydrate, probably neutral and amino sugars (Saunders g;_gl.,';964). The
" prothetic group is Fe3+-protoporphyr1n IX (similar to catalase) and is
easily removed from p1§nt peroxidase§ but tightly bound in animal forms

(Yamazaki, 1974). Glutathione péroxidase is a unique case in that even though

selenium replaces the heme group as the active metal, it shares a similar
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kinetic ;echanfsm (Chance et al., 1979):

v In the many years since it was discovered, peroxidase has been found to

be widé]y distributed (for a list see Saunders g;hgl;, 1964 and Putter, 1974). Of
the many plants in which it is-found, fig tree sap and horseradish root are
pa}ticularly good sources, the latter having been studied quite intensively. .

}t has also been detected in‘a variety of animal tissues as well as some
invertebrates and fungi. Peroxidase activity has been found in a nquer of .
bacteria but in many cases the enzyme involved is not a irs; (heme) peroxidase
(Saunders et al., 1964). A non-specific peroxidase has been detected in
Escherchea cole (Hassan and Fridovich, 1978).

While there has been much study of the enzymology of peroxidase, few

"have examined its physiological role in detail. It is generally thoughf that

the oxidation of donor molecules is of primary importance (Yamazaki, 1974;
Saunders et al., 1964) but little is known of ,the significance-to the cell of
HZOZ removal by this enzyme (Fridbvich, 1976). In at least one case (glutathione
peroxidase), the scavenging of HZOZ and lipid hydroperoxihes is a very';mportant
function but sjnce the intracellular substrates for a non-specific peroxidase

are unknown, it is difficult to assess the magnitude of H202 removal by thjg
means (Halliwell, 1981).

Superoxide Dismutase

The most‘recently identified enzyme invoTVed Jn oxygen protection was

“known for many years as a copper-containing protein of unknown function.

Originally isolated from blood, it was labelled "hemocuprein" alluding to its

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

‘1gplated from other sources (e.g. hepatocuprein, cerebrocuprein, etc.) and were

well-characterized without identification of any catalytic activity. In 1969,
in a totally independent line of study, an éﬁzyme was discovered that was

capable of the dismutation of superoxide and which proved to be identical to -

\
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the cupreins isolated many years previously (McCord and Frido&ich, 1969).
Thus, an unanticipatéd biological activity was uncovered which had immediate
implications for the theory‘of oxygen toxicity. )
Superoxide dismutase (SOd). as the enzyme is now known, will catalyze
the dismutation of superbxide radicals with high efficiency at physiological

’

pH (Halliwell, 1982):

0.7 +0, " + 24 - HO

2 0 20, * 0

2 .

Though this dismutation can take place spontaneously, the enzyme-catalyzed
rate is 10* times faster (Fr;dovich, 1978). Hydrogen peroxide produced by the
reaction is rapidly removed by H202-scavenging enzymes (Frigbv§ch and Hassan,

1979) and the oxygen is the “innocuous triplet (ground) state (Halliwell, 1981).

Some early reports that SOD was able to quench singlet oxygen (Finazzi-Agro

"et al., 1972; Paschen and Weser, 1973) have now been found to be in‘error -

~(Schaap et al., 1974) and superoxide dismutation is the only known reaction

(Hi11, 1978). ' g

Three forms of the enzyme have been identified 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 zn2* (Fridovich, 1975b). The others also have two subupité and
contain one Mn3" or one Fe;+ per subunit as the active metal (MW 40,000 in
both cases). The structural characteristics of the enzymes and their active
sites have been well-studied (Fee, 1977; Fridovich, 1976; Lieberman et al.,
1982; Walker et al., 1980).

' Much study has gone iﬁlo the biology of superoxide dismutase, only an
outline qf which is appropriate here. The CuZnSOD occurs in certain algae
and in @1 higher eukaryotes almost exclusively (Asada et al., 1980). One of

the first prokaryotic sources uncovered, the symbiotic organism Photobactercum

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

%




23

L oy
via gene transfer from its host fish (Martin and Fridovich, 1981). A
CuZnSDD;like activity in Paracoccus denitrcgicans was found on charagherization

t al., 1982).

—— —

to%be structurally distinct from eukgryotic CuZnSOD (Vvignais
However, the discovery of true CuZnSOD in the free-living prokaryote
Caulobacten crescentus (Steinman, 1982) raises some interesting questions
regarding its origin. The similarity of CuZnSOD among the higher eukaryotes,
even to primitive invertebrates, indicates that the enzyme is quite stable in
an evolutionary sense (Fridovich, 1976). '

The MnSOD and FeSOD are foundvpredominantly in prbkaryotes as well as
some eukaryotic algae and protozoa (Asada gg_gl;f 1980). The MnSOD is also
found in the mitochondrial matrix (Henry et al., 1960; Weisiger and Fridovich,
1973a;'1973b) and bound to the thylakoid$ of ch]broplaéts (Asada et al., 1980;
Kanemafsu and Asada, 1979) and so is often detected in higher eukaryotes.
Recent evidence of FeS0D in certain higher plants (Bridges and Salin, 1981;

Salin .and Bridges, 1980; 1982) again raises several questjons since it was

previously thought to be strictly prokaryotic. Among prokaryotes, there is a

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

tpose containing FeSOD or both FeSOD and MnSOD are Gram-negative but there

are several exceptions (Britton et al., 1978).

Asada et al. (1980) have made some interesting suggestions concerning the
phylogenic distribution of the three types of SOD. They find that the
occurrence of FeSOD is marked 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 éuch
that aerobic and facultative prokaryotes, cyanobacteria and some 1ower
eukaryotes contain either or both of these enzymes. The CuZnSOE arose
independently in primitive eukaryotes later in the evolutionary scale, hencé -

it is not found in prokaryotes. These concepts are supported in part by
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with some suctess. A mutant of E. coli was isolated that was unable to grow
aeiobica]ly at high temperﬁiure due to a temperature-sensitive defect in ~
SOD production (Fridovich, 1975a). Unfortunately, catalase and peroxidase
levels were not examited so the significance of these results to oxygen
toxicity in general is unclear (HaTliwelﬁ. 19@1). Other mutants found intolerant
to oxygen were fodﬁd to lack MnSOD, catalase and peroxidasé. Revertants
regained all of the enzymatic activities or had }ost the ability to respire
(Hassan, 1976). . |

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

Streptococcus faecalis and Saccharomyces cenevlbkae (Gregory and Fridovich, -

'19733; Gregory et al., 1974) alluding to a possible role in oxygeﬂ‘proteqtion.

&

Higher than ;ormél intracellular SOD activity (achieved by growth at high
oxygen tension) has been correlated to increased resistance to theatoxiqity of
hyperbaric oxygen and 02' generated enzymatically by stieptdnjgrin (Gregory
and Fridovich, 1973b; Gregory et al., 1973). In Baciflus subtilis, catalase
but not SOD is inducéh by oxygen but no corresponding increase in resistynce
to toxic hyperbaric oxygen is found, which i@p]ies that SOD is more important
in‘oxygen protection (Gregory and Fridovich, J973b). Higher SOD levels have
algé been correlated direct%y to intrace]]u}ar 1evéis of 02' produced by
reypiration (Hassaﬁ and Fridovich, 1977a) or artificially via methyl viq]égen

(Hassan and Fridovich, 1977b; 1977c). Induction of SOD (primarily pulmonary)

in rats in response to oxygen, with a corresponding increase in resistance to

oxygen toxicity, has beeﬁ found (Crapo and Tierney, 1974) though results in such ,

a complex system are difficult to interpret (Crapo and McCord, 1976).
Despite this evidence, there are those who ﬁuestion the iﬁportance of

superoxide dismutase in oxygen toxicity and even its role in superoxide

‘dismutation. They interpret the ability of simple metal complexes (especialty

those containing Cu2+) to catafyze superoxide dismutation (Brigelius et al.,

-
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1974; Rabani et al., 1973) as an indication that this activity in SOD is

simply a consequence of the preseqce of copper and maintain that its true

activity has not yet been fourid (Feé, 1982). Others are quicf to point out

[
that other copper proteis$ do not react withjﬁzf as éfficiently as SOD and

that FeSOD and MnSOD are much-more effective than their corresponding free

salts (Halliwell, 1981; 1982). : S

e
4

1.2 Nitrogen Fixation

Nitrogen i$ an important element in the growth of all organisms (micro
and macro) as a major component of proteins and nucleic acids.' Diatomic

- N, (dinitrogen), is the most abundant form constituting approximately 78%

2
of the earth's atmosphere. It is an inert molecule due to a high bond energy
(946 kJ per mole) and an electronic configuration unfavourable to oxidation

~or reduction (O]ivé and Olive, 1979). Since this is unsuitable for”assimi1ation
into cells, uptake of nitrogen in iis combined form, ammonia (NH;) or nitrate
(NO3), is the Drinc;bal means by which.the biological nitrogen requirement

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

ES

plants), leaching or voJati1%zatidﬁ/(denitrifichtion) can iead to levels
insdfficient io support fgrther growth. Replacement most commonly involves
\' addition in the form of aamonia proquced\from dinitrogen (referred to as
fixed) by biological or non-biological mean;% The 1att;r is very important
for the production of ammonia fertilizer for use in agriculture and is known

as the Haber-Bosch process: ' :

Ny + 3H, 2 2NH

2 3

i ‘ B
- It uses an 1rdp oxide catalyst with high temperatures (approximately 500°C)

* and high pressures to overcome the lack of reactiéﬁty of N2 (0zaki and Aika,

0

(;C 1979; Bridger et'al.s 1979). These extreme conditions contrast to the

bidlqgica] process (nitrogén fixation) in which the reaction is enzyme-

)
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catalyzed using physioldgical reductants at ambient temperatures. It is a
strictly prokaryotic process carried out in many and yaried locations, most
naiab1y, in soil. Symbiotic qitrogen fixers do so-only in association with a
host plant, a classic example of which is ghe Rhizoblum/Tequme symbiosis

(though there are others, including non-1egumes ) These organisms invade °

the root of the host legume and become established as bacteroids within a
root nodule (Alexander, 1977; Dart, 1977; Vincent, 1977). In return for an .
energy source (photosynthate), they fix nitrogen to the benefit of the host
plant (Pate, 1977). A second group of nitrogen fixers are free-living and
fix nitrogen non-symbiotically. They include anaercbes (e.g. CLostridium,
Desulfovebrco), facultative anaerobes (e.g. Baciffus, KZebA&ezkn) and

aerobic organisms (e.g.Azotobacten, Deaxfa) using N2 as their sole source of
nifrogen (Alexander, 1977). A number of unicellular (e.qg. qugocapaa) and
filamentous (e.g. Anabaena, Plectonema) cyanobacteria also fix ﬂjtrogen

“

(Stewart, 1980).

1.2.1 Nitrogenase

Biological nitrogen fixation is one of the most complex of enzymatic

catalyses requiring six individual components. The enz*pé is a complex of two
proteins witﬁ different functions, both of whiéh are essential for enz}matic I
activity. The true nitrogenase (directly responsible for substrate binding o
and reduction) is a large, tetrameric metalloprotein (MW approximately 220,000)
‘referred to as dinitrogenase, component I or simply MoFe-protein. It tonsists ‘
of two dissimilar subunits (MW 50,000 and 60,000) and contains 2 molybdenum,

24-32 iron and approximately 28 acid-labile sulfur atoms (S2°) per molecule

(Eady and Smith, 1979: Mortenson and Thorneley, 1979). A major structural

feature is an extractable "cofactor" containing 1Mo:8Fe:652 (Tlabelled
L .

FeMo-co), two of which form the active sites in the native molecule (Shah and

Brill, 1977).
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The second component‘f, referred to as ciini’troge;lase reductase, component 2
or Fe—protein,‘is also a metalloprotein but is not involved in substrate
bim‘j'lng. [t has a2 molecular weight of approximately 60,900 and cohtains 4
iron and 4 acid-labile sulfur atoms. ' It associates with the MoFe-protein to,
form a tight complex and is responsible for the bindin§ of Mg2¥ and ATP
required for the catalytic reaction (Eady and Smith, 1979; Mortens:on and -
Thorneley, 1979). The similarity of the respective enzyme components in
various organisms is illustrated by the fact that in many cases the Fe-protein-
and Mofe-protein from different sources will combine to form functional

(albeit less active) nitrogenase in vitro (Burris, 1971; Ead} and Postgate,

-
5

1974; Hardy and Burns,‘1973). ; -

A key factor that a#ect§ all aspects of nitrogen fixation is the oxygen
sensitivity of the process. Most diazot;‘ophs fix nitrogen gptimally under
reduced oxygen tension and all are- adversely affected Ey elevated oxygen levels.
Oxygen is an uncompetitive inhibitor of nitrogen fixation (Ho)ng and Burris,
1972) and at higher levels causes jrreversible :nactivation of nitrogenase
irréspective of its’ sourcei(Burris, 1979) .. Of the purified components, the Fe-
protein proves to be the most sensitive in vitro, with a half-life in air of
approximately 45 seconds (Eady et al., 1972; Yates and Planqué, 1975). This
sensitivity 1s augmented in the presence qf ATP (Yates, 1972) probably due
to a confor}nation change that occurs on binding. The MoFe-protein is somewhat
less sensitive to oxygen, with a half-life of 8-16 mﬁfftes?ﬁady et al., 1972;
Shah and Brill, 1973; Yates and Planque, 1975) although the extractable
FeMo-co separately proves to ‘be even more oxygen sensitive than the Fe-proteir.\
(Shah and Brill, 1977). Other cc;mponents requirgd for nitrogen fixation (e.q.
ferredoxin) are also oxygen sensitive (Petering et al., 1971). — Q

Se‘veral me thods have been used in an attempt to determine the mchanis;
of -this inactivgtion. One proposal suggests that oxygen interacts with the ‘

— , . L .
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reduced state of the enzyme (e.g. reduced sulfur—moieties? disrupfi!ag_its
structural pintegrity. That this is feasible is demonstrated by the denaturation
of other iron-sulfur proteins (e.g. ferredoxin) by oxidation of labile

sulfide to SO (Petering et al., 1971) and enzyme inactivation by the oxidation
of sulfhydryl groups (Little and O'Brilen. 1969). Air inactivation of

C. pasteunianum Fe-protein in vitro is accompanied by the oxidation of one

S27 and two sulfhydryl gr:ou;;s (Moustafa and Mortenson, 1976). The importance

474
structure of the MoFe-protein active site (Ci‘amer et al., 1978; Mortenson and

of labile sulfide in the structure of Fe,S, centers and in the postulated
-

Thorneley, 1979) illustrates that substantial damage can be produced by
I *\' ‘_\ 3
such oxidation. ) ,

The titration of the MoFe-protein through several oxidation states while
retaining activity is possible<¢Paimer et al., 1972; Smith et al., 1972), but
?pactivitign results on pr_‘olongedu exposur?e to 0?_.e Spectral changes ,(FPR, B—
Mossbauer, circular dichroism) indicate that changes occur in the redox state
of the Fe atoms and -in a-helical contént on exposure;o 02 (Ea;,\y\ and Smith, ‘
1979). In_some cases, gxpos\ure leads to loss of the metal (Huang et al., 1979)
which may account for the loss of activity. Using )Z—ray absc;rptioﬁ Spectroscopy,
it is possible to detect Mo==0 on exposure to air but not in its' absence

(Cramer et al., 19?8). which may be another manifestation of oxygen damage to

—

— 3

the 'er‘nzyme. .
The inactivation of the Fe-pm’teir‘\ of Klebscella pneumoncae is suggested
t; bmceed initially 'tiwough a conformation iﬁ;:apable of accepti"lectrons
for the reaction (Smith and Lang, 1974) rather than direct destruction of the
‘FeS center. dxygen-daﬁaged ,Fe-prﬁtein loses Eubstantial a-)heh’c_al content
and has a Mossbauer spectrum similar to that of reduced ferredoxin but no
‘EPR activity (Eady and Smith, 1979). It retains the ability to bind ATP but

forms an inactive complex with active MoFe-;;?otein (Biggins and kelly, 1970)

_ . . ' )* _
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The intracellular generation of pouerfu] oxygen radicals and their -
_ involvement in oxygen toxicity‘has led to the suggestion that they may also
— play a role in the inhibitionA;f nitrogen fixationﬁknobson and Postgate, 1980).
Superoxide generated expgenously-has been found to inhibit nitrogenase

activity in whole ;ells kBuchanan. 1977) and tﬁg_presence of suberoxide
dismutase pius catalase will prevent the air inactivation o¥ the Fe-prﬁgéin S
n vitro to a cert%ln ex‘tgnt (Mog‘tenson _e_t_;_a_]f.g, 1976). In;ﬁbitipn of ..
acefylene reduction in Gloeocapsa sp. by HZOZ has also been demonstrated ’ )
(Tézim and Gallon, 1879). However, Tittle work has been done regarding the
generation ofxthege species during nitrogen fixation or éhe}r significance to
the process. Misra and Fridovich (1971) demonstrated the generation of
superoxide by the autoo}idat%on of reduced ferredoxin in vitro but did not
- r;]ate this to nitrogen-fixing conditions in vivo, where oxygen levels are loy :
., or négligible due to the oxygen sensitivity of the prdcess. Radicaﬁ generation -
may result in attack on the nitrogenase direcf]y or interuption of the flow

of ATP and/or reducing power by the disrupt{on of cellular metaﬁalfsm and

™

membranes. . ’ .

—-1.2.2 Oxygen Protection }
* Since many components of nitroggn-fixing systems .are oxygen sensitive,
, ;he process itself ig_éeen as being anaerobic in nature (Yates, 1977; Yates
and Jones, 1974). Yet, the capacity for nitrogen fixation exists not only in
anaerobes but is found in aerobic and even.oxyggnaevo1ving photosynthetic

1

organisms as well. This apparent paradox is resolved by the presence of
protective mechanisms that ensure that adequately low intrgcel]ular 02'
tensions for nitrogenase are majmtained. Since ‘the efficiency and distributioh |

of these mechanisms vary, nitrogen-fixing organisms cover & wide range,

of oxjgen tolerance. . ‘ -
- ‘ R ' E 4 .
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" Avoidance

\
In avoiding oxygen to mqintain their metabolism, many nitrogen-fixing

obligate anaerobes (e.g. C. pasteurianum) indiréct]y produce céggitions
favourable for nitrogenase. In fact, some facultative anaerobes such as
Keebsiella pneumoniae (Mahl and Wilson, 1968) and Bac.iffus pofymyxa (Grau
and Wilson, 1963) will fix nitrogen only under anaerobic conditions, even
though they can grow aerobically. i

N y
Physical Barrier | \

' There is(a number of examples in which low gfygen tensioﬁ is maintained
by a barrier to reduce oxygen diffusion. One of the best known is the
heterocyst of filamentous , nitrogen}fixing cyanobacteria. These specialized
cells have a thick envelope acting as an 0, barrier which, in combination with
otH;;'mathods (below), provide a protected environment for nitrogenase (Stewart,
1980) . N1t?bgen f1x1ng mutants whose heterocysts lack the proper envelope
glycolipids are more senswtwve to oxygen {Haury and Wolk, 1978).

Nodules resulting from the symbiosis between Rhizobium and

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

Their impermeability (Tjepkema and Yocum, 1973; 1974) and the high respiration

rates of the bacteroids conspire to keep the oxygen level low in the nodL]e
tissye (Bergersen, 1979). Oxygen for ATP production is transported to the
bacteréids by leghemoglobin, a soluble, he«nglobinvlikéﬂgigment which can
reversibly bind oxygen (Bergersen et al.,'1973; Bergersen and Turner, 1975a;
1975b; Imamura et al., 1972; Wittenberg et al., 1972). Its high affinity for
oxygen (Diiworth and Appleby, 1979) ensures that the low internal level of
free oxygen is maintained (Wittenberg et , 1972).
There is some suggestion that the production of extracellular
X

polysaccharide (slime) by diazotrophs may impede the diffusion of oxygen thus

protecting'the nitrogenase (Hill, 1971). However, mutant diazot%ophs nof
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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; Yates and Planque, 1975).
As well, no correlation has been found between slime production and oxygen

tolerance in nitrogen-fixing K. pneumoniae (Wilcockson, 1977) or Gloeocapsa sp.

.LB795 (Tozum and Gallon, 1977). These examples have raised questions regarding

the significance of slime production in oxygen protection.

¢

Since many mengolic processes cansume oxygen, they are often used to
maintain oxygen concentrations optimal for nitrogenase. For example,
Azotobacter spp. have one of the highest known respiration rates (Williams and
Wilson, 1954). Using a branched respiratory chain (Haddock and Jones, 1977)
this organism is able to increase its respiratory rate to maintain low
intracellular oxygen levels while fixing nitrogen under aerobic conditions
(Dalton and Postgate, 1969a; 1969b). Respiration for the purpose of
scavenging oxygen is poorly coupled to ATP production resulting in an energy
wastage &t high oxygen tensions (Jones et al., 1973). The net effect is
oxygen protection at the expense—ef growth and nitrogen fixation efficiency.

Limited respiratory protection is found in most non-anaerobic diazotrophs,
though withqut the unique adaptation found fnyfzotobagfen. The normal
metabolism of these organisms has a small but not insignificant capacity to
scavenge oxygen (Biggins and Postgate, 1969; 1971). The relatively low upper
limit at which it is able to maintain sufficiently low oxygen tension for
functional nitrogenase restricts these organisms to microaerobic conditions
when fixing nitrogen (Robson and Postégzé. 1980) . _

This type of protection is augmented in many diifotrophs by the E;esence

of an uptake hydrogenase:

£

H2 + %02 - ZHZO
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( Aside from its value in recovering energy lost by the ATP-dependent H2
evolution of nitrogenase, oxygen is used in the reaction with the net effect
of reducing its 1ntracell&1ar level (Bothe et'al., 1977; Ruiz-Argueso et al.,
1979; Yates et al., 1981). This method has been found to be particularly
important under carbon-limited conditions whare bxygen uptake by normal

- respiration may be insufficient (Gallon, 1981; Yates et al., 1981).

-

Conformational Protection . : ‘
, Nitrogen fixation in Azotobacter will cease when tpe respiratory
- protection meehanism is overwhelmed by high oxygen but will resume without |

- 'de novo nitrogenase synthesis if the exposure is sufficiently brief (Drozd
and Postgate, 1970a; 1970b). Referred to as conformational protection,
exposure to oxygen causes the nitrogenase to‘assume a relatively oxygen-
1nseh§1t1ve state that is unable to fix nitrogen (Hill et al., 1972).
Reactivation of this' nitrogenase wﬁen the oxygen level 1soaga1n suitable is
possible, providing the exposure is not long enough to produyce structural
damage to the enzyme (Drozd and Postgate, 1970b). This protection is now
attributed to the association with nitrogenase of a s&a]], 2Fe:2S protein

which is capable of Conferring oxygen stability to the purified enzyme in 1§
vitro (Haaker and Veger, 1977; Robson, 1979).

Cyanobacteria i
The problem of nitrogenase inactivation is compounded in cyanobacteria
by the oxygen evolved by photoéynthesis. Some have only simple methods of
oxygenﬂprotection and are able to fix nitrogen only under anaerobic (e.g.
Synechococcus ) or microaerobic (e.g. Plectonema) conditions, while others
possess methods effective enough to handie aerobic conditions. One st;ategy

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

Stewart et al., 1969; Tel-Or and Stewart, 1977) which lack the
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oxygen-evolving photosystem II of vegétative cells (Thomas, 1970) and *
have thick walls to bar atmospheric oxygen (Haury and Wolk, 1978). Under
these conditions, metabolic activity (including an uptake hydrogenase) is

able to maintain Jow internal oxygen levels (Stewart, 1980). Other

qcyanobacteria are capable of aerobic nitrogen fixation but lack heterocysts to

separate the two processes, so tyey are present in the same cell (Gallon et al.,

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

1nact1vation 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 al., 1981). Others (e.g. Trcchodesmwum) seem to be able

to localize nitrogen fixation in theinterior of cell colonies where oxygen

evolution does not occur (Carpenter and Price, 1976).

S

Superoxide Dismutase, Catalase and Peroxidase

Only a few diazotrophs have actually been examined to determine their
content of Oz-scavenging enzymes and in spite of their acknowledged importance
in oxygen pfotection, little is known of their direct significance to
nitrogen fixation. Members of the genus Azotgbacter contain }eSOD and
catalase but their contribution to fhe protection of nitrogenase is unclear
(Asada et al., 1980; Buchanan, 1977; Buchanan and Lees, 1980)% Inhibition of
nitroéen fixation in whole cells by exogenous superoxide is prevented by -
exogenous superoxide dismutase (Buchanan, 1977) which may indicate
that the intracellular enzyme may also have some protection value.

A survey of Rhczobaum spp.found that all those examined contained FeSOD
and differences could be detected in the enzyme from fast- and slow-growing
strains (Stowers and Elkan, 1981). The FeSOD of R. japonccum was inducible by
increased aeration or an 02' flux generated intracellularly, but its importance
to nitrogen fixa;fon directly was not examined (Stowers and Elkan, 1981). The

presence of CuZnSOD and catalase in the nodule itself is suggested to be of
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some importance ’; the prevention of irreversible inactivation of leghemoglobin

]

by H,0, (Puppd et al., 1982).. .
Some cyanobacteria have been examined specifically to determine the

significance of 02-scavenging enzymes to the nitrogenase. The levels of
catalase and superoxide dismutase were lower in the heterocysts of Anabacna
cylndreca thén tﬁe vegetative cells, possibly due to lower 02 Jevéls in the
absence of oxxgén;evolving photbsynthes1s (Henry et al., 1978). However,
they were unable to correlate the ability of these enzymes to }imit oxygen
damage to nitrogenase protecgion‘

~ Inhibition of acet}lene reduction in non-heterocystous Gfveccapsa sp. LB795
by added methyl viologen, has bee& attributed to the generation of H202
(via d;‘) (Tozum and Gallon, 1979). While catalase was not detected, the
fact that the levels of other HZOZ-scavenging activities (based on ascorbatg
and élutathione) and superoxide dismutase were maximal durﬁng the maximum
acetylene-reducing activity may indicate that they play a role in protecting
the nigrogenase. However, no one mechénism was found that was able to
account entirely for oxygen protection.

In short, thouéh the removal of active oxygen species is undoubtably

important ‘for nitrogen fixation, little concrete information is available

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

1.3 Azosparnillum spp. ’
Beijerinck (1922) first described a spirillum capable of nitrogen

fixation from enrichment cultures of soil and named 1t Azc*obactenr Spuadlum, .

later changing it to Spcrcllum Lepogerum. It generated little interest unti]
1974 when- 1t was identified as the major organismlresponsible for nitrogen
fixation in the roots of the tropical grass Dcgctatrwa decumbens (Day and

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

B v P PR . WP . R e
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+ Azospirium and has been found to be a ccommon.soil and root inhabitant

important nonleguminous plapts (Cohen et al., 1980; Kapulnik et al., 1981; !

»

-

of the tropics and subtropics (Albrecht and Okon, 1980; Dobereiner et al.,

1976; Neyra and Dobereiner, 1977). Interest in the organism has burgeoned in

recent years due to its potential for supplying fixed nitrogen to agriculturallye-

——

Nur et al., 1980a; 1980b; Rai and Gaur, 1982; Reynders and‘VIassak. 1982;
Tilak et al., 1982; Van Berkum and Bohlool, 1980).

The organism is a short, vibroid, Gram-negative rod often containing
refractile poly-g-hydroxybutyrate granules (Krieg, 1976; Krieg and Hylemon,
1976; Neyra and Dobereiner, 1977; Tarrand et al., 1978). It is highly
motile by a polar flagellum (Hegazi and Vlassak, 1979) and the colonies on
nutrient agar develop a light-pink pigment (Okon n et al., 1976a) thought to be

a b- or c-type cytochrome (Eskew et al., 1977) though this has been questioned
(Nur et al., 1981). Its metabolism is generally considered to be respiratory
in nature, with organic acids (malate, lactaie, succinate, pyruvate) providing

the best carbon and energy source for growth and nitrogen fixation (Okon

et al., 1976a; 1976b). Certain strains have a limited ability to ferment

carbohydrates, though growth is weak when using them anaerobically (Tarrand
et al., 1978). Two species have been identified based on DNA homdlogy
studies and differences in petabolism (Tarrand et al., 1978): A. bras«lense, which
has no fermentative ability (does not use glucose as sole carbon and energy
source) and no vitamin requirement, and A: Lipogenum, which is capable of using
glucose to support growth and nitrogen fixatiop but has a requirément for biotin,
A notable feature of Azospurcflum spp. is the ability to perform all
aspects of the nitrogen Cycle, except nitrification (Bothe et al., 1981). !
Under aerobic conditions, NH4+ or N03' (via assimilatory nitrate reductase) |
aLsed as the nitrogen source (Okon et al., 1976a; 1976b; Neyra and Van

can be

]
Berkum, 1977) with optimal growth rates being obtained with NH,". In the’
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absence of a combined nitrogen source, they are abfe to fix nitrogen, but
. due to the lack of adequate 5xygen protection for the nitrogenase (below),
will only do so under microaerobic conditions (Day and Dobereiner, 1976;
Nelson and Knowles, 1978:\0kon et al., 1976a; }977). Under anaerobic
'conditions; growth is possible using nitrate as terminal electron acceptor
(anaerobic respiration). Most strains are'able to reduce nitrate to nitrite,

while some reduce it further to N20 and N2 (denitrification) resulting in

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

C.a

1978; Neyra et al., 1977; Neyra and Van Berkum, 1977). There is some evidence
that the energy generated by this process can support nitrogen fixation
(Bothe et al., 1981; Neyra and Van Berkum; 1977; Scott et al., 1979) but its
occurrence and value have been questioned (Nelson and Knowles, 1978) since
assimilatory nitrate reduction is possible under anaerobic conditions (Bothe
et al., 1981; Nelson and Knowles, 1978).

The respiratory metabolism of Azospullum spp. makes oxygen a requirement
for energy generation but when fixing nitrogen its tolerance is ]imiteddby
the lack of adequate oxygen protect}on for the 02-1abiJ? nitrogenase. Nelson
and Knowles (1978) found only a limited ability to increase oxyéén uptake in
A.'bnaALlenAe, indicating that it iscincapable of the spectalized‘respiratory
pro;ection found in Azotobacter and thus is restricted to oxygen tensions ‘ !
that are adequately scavenged by normal respiratory processes {0.003-0.007
atm). This is illustrated 1n N-free semi-solid medium where a pellicle of
‘growth is formed 2-4 mm below the surface, apparently ;t the point where 02
diffusion is balanced by 02 uptake, creating optimal conditions for nitrogenase °
'(Day and Désereiner, 1976; Okon et al., 1976a). Uptaké- hydrogenase activity
is also suggested to pfay a role in this metabolic removal of 62 (Tibel1us
and Knowles, 1983; Volpon et ail., 1981)‘though 1n some cases 1t proves to

be too 02 sensitive itself to be of value (Pedrosa et al., 1982}).
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Other methods of oxygen protection have also been examined. Regeneration
of air-inactivat;d nitrPgenase is not possible wiihout/new protein synthesi:
(Okon et al., 1976a) indicating that there is no conformational brotgction.

A limited ability to use "reversible inactivation"'for oiygen protection has
been found (Berlier and Lespinat, 1980) but its value to nitrogen fixation .
. is not known. Therelis some suggestion that capsules fsrmed by A. brasifense

n

'jsolated from plant tissue cultures may be a method of regulating 02
“f1ow at high oxygen tension (Bérg et al., 1980). Capsules were found only; 4%
- when the cells were fixing nitrogen aerobically on the surface of N-free
nutrient agar and not under microaerobic condjtions (where presumably they
would not be required for 02 protection). However, they were upable to |
‘separate encapsulated from unencapsulated cells completely, so it is not
' known whether the encapsulated form is capable of fixing nitrogen. Others
ﬁavb raised doubts concerning the efficacy of 02 protection by slime capsules
//I (Wilcockson, 1977). The occurrence of carotenoids in niérogen-fixing but
not NH +-grown A. braselense strain cd has -been interpreted to indicate that

4
v ' they play a role in protecting the nitrogenase by scavenging singlet oxygen

\
and possibly other oxygen radjcals (Nur et al., 1981). The carotenoids are

| i produced under aerobic (but not microaerobic) conditions and in the presence
of diphenylamine, an inhibitor of carotenoid synthesis, acetylene reduction
was 50% lower than in the control. However, carotenoids are not found in other
strains of A, bnaALeénAe, so their significance to nitrogenase protection in

% . general is not known. Superoxide dismutase and low levels of catalase have
been found in A. braslense strain cd, th nitrogen-fixing cells were not

examined (Nur et al., 1982). N

-



39

2. MATERIALS®AND METHODS

2.1 Organisms
" Azospinitlum brasifense sp? (ATCC 29145), formerly known as Spiniflum :

Lipogerum, was received in the lyophilized state and revived by 12-18 h
incubation (30°C, 300 rpm) in 10 mL of the mediué of Nelson and Knowles (1978)
containing ammonium (detai1s‘be1ow) in a 50-mL Erienmeyer flask. MWorking
cultures were’prepdred by inoculating nutrient agar mini-slants which, after
12 h incubation (30°C), were stored at -88°C. Purity was checked on nutrient
agar plates. A fresh working culture was used for each exper{ment.
_ Eschenichea coli K12 (lyophilized) was acquired from Dr. J. Wood
X (Department of Biochemistry, University of Guelph) via M.T. 0'Reilly.
WorRing cultures were prepared by growth of a stock culture on 10 mL TSY
medium (beow) in a 50-mL Erlenmeyer flask (12 h, 37°C, 250 rpm) and
subsequent inoculation to nutrient agar slants in screw cap tubes. After
12-18 h incubation (37°C), the slants were stéyed at 4°C and transferred

monthly. Pyrity was checked on nutrient agar p}ates. Each experiment used

a fresh working culture.

‘0

2.2; Growth Conditions

The nitrogen-free medium for A. brasilense was similar to that of
Nelson and Knowles (1978) and contained in g per L glass disfilied water:
KZHPO4 3.0, KH2P04 4-H20'0.01, NaMoO4'2H20 0.092,
Mgs0, - 7H,0 0.2, ehc12-2Hzo 0.02, Sequestrene NaFe (13% Fe) (Ciba-Geigy Corp.,

“Greensboro, NC, USA, 27400) 0.006, L-maiic acid 1.0 (neutralized with NaOH

2.0, NaCl 0.1, MnSO

0 and CaC)

prior to addition). M950;27H -2H20 were autoclaved separately and -

2 2
added aseptically to sterile medium after cooling to prevent preéipitat%on.
The pH of the medium was adjusted to 6.9 with HC1 prior to autoclaving (121°C,

20 min). Asmonium chloride (1.0 g L™!) was added ag a combined nitrogen

source when required. VYeast extract (0.02 g L'!) was atso added for the

por
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groyfh of inocutum cultures. For growth under anaerobic conditions, the

-

medium with a combined nitrogen source was supplemented with 25 dg N0§-N mL™ T
(1 ug NQB—N m.~! for N,O grown cultures) added as KNO, .
- ’ ,An isolated coTony from a nutrient agar plate (previously sﬁreaked from )&
a thawéd mini-slant) was'ﬁsed to jnoculate 10 mL of inoculum medium in a
50-mL Erlenmeypr—flask. After aerobic incubation on a gyratory shaker
(12-18 h, OOC, 300 rem), 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 harvestéd by centrifugation (8,000 x g, 4°C,
10min) and washed twice with 30 mL portions of the sterile medium into which
they were to be inoculated. THe final pe]leé was resuspended in 10 mL of
sterile medium and approximately 4.5 mL used to inoculate 900 mL (un]ess0
otherwise'lndicated} of the desired medium in a 1-L batch culture flask
SFig. 3). These cultures were ﬁaintained at,30°C3 continuously stirred with
( a teflon-coated magnetic bar and sparged (at 450 mL min ! unless otheégise
iﬁdicated) w;th the appropriate gas mixture. Cultures at ambient oxygen
levels were sparged with agk,wh11e for anaerobic cultures 100% N2 was used
R (10% Néo in N2 for N20-groWn~cu1tures). For 1evé1s of oxyégn Tower than
ambient (including 0.75% oxygen for Nz-fixing cu]tureé) air and N2 were mixed
n the correct proportions using §Es f]ow;eters. Oxygenuleve1s higher than

\

ambient were obtained by substituting 100% 02

-~ accordingly. A bubble flowmeter Sttached to the exit line was used to

" for air and mixing with N2

monitor the gas flow-rate. Two ports, sealed with silicon-rubber reinforced
Suba-seals (William R. Freeman and go. Ltd., Barnsley, England), were used to

sample the culture and gas phase. , ' . . Y
_ The medium for growth of E.\foﬂi‘was,the TSY medium of Hassan and Fridovich

(1977d) consisting of 3.0% (w/v) Trypticase soy broth (Difco) and 0.5% (w/v)

yeast extract (Difco) and sterilized by autoclaving at 121°C (15 min).. An
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Figure 3. Growth vessel and sparging apparatbs for batch cultures
of A. brasilense. ~

1. 1-L Erlenmeyer flask 2. medium (900 mL unless otherwise 1ndicated)
3. fritted glass sparger 4. teflon-coated magnetic bar 5. gas
flommeters 6. sterile cotton filter 7. sampling ports 8. .bubble
flowmeter. .

[
.

-

n,

3¢

¥

’
. ———




3

~

’

o0

.-
B -
A B .
. ..
~ - - .
v - *
. . .o 7 -
- * N
- - . -
. - . -
Ay M -
v . el
B .
. Y
. . . .
R .
% “ '
< . ’ .
. . ~ *
P < e



i

B P R

1 '

isolated colony from a nutrient agar plate was used to inoculate 10 ﬁL TSY
medium in a 50-mL Erlenmeyer f‘lis;k. After 12 h of incubation ae’robicqﬂy on

a shaker (37°C, 250 rpm), 0.5 m. of this culture was used to inoculate a

. '“100 mL batch culture of the same medium in a 500-m_ flask and incubated

) . _

similarly.

2.3 Preparation of Cell-Free Extract S - '

Cultures in late-log phase (unless otherwise indicated), were divided
, .
into two (or more) samples of -equal size and the cells harvested by
centrifugation (10,000 x g, 4°C, 10 min).  After washing three times with

50 mM pﬁosphate buffer (pH 7.8) containing 10°“ M ethylenediaminetetraacetic

acid (PB/EDTA), the final pellet was resuspended in 7.0 mL of buffer and

}hé cells disrupted by two runs throughva French press (Ame(jzan Instrument
Co., Silver Spring, MD, USA) at i2,000-16,000 psi (83,000-110,000 kPa). Cel
debris was removed by centrifugation (60,000 x g, 4°C, 60 min) and the
super;atint (éell-free egtract) re£;ined for enzyme analysis. Where indicated,
the ce]l—frée extract was dialyzed overnigﬁt in -several chang;s of PB/EDTA

(pH 7.8). The pellet, when r;quired, was resuspended in 2.0 mi PB/EDTA °

.using a homogenizer.

2.4 Enzyme Analysis ) _

Enzyﬁé assays were_performed speciropﬁoxometrica]ly using a Gi1f6rd 240 -

spectrophotometer equipped with a temperature-controlled cell compartmeﬁt at 25°C.,

= — Y

2.4.} Catalase .

Catalase was measured by the spectrophotometric method of Beers and Sizer
(1952). An appropriate amount of cell-free extract (sufficient to ﬂnoduce
a significant rate) was sdspended’in appqpximately 2.0 m of 50 mM phosphate

~ .

buffer {(pH 7.0). The volume of stock H202 (0.4 mL 30 HZOZ in 50 mL

. phosphate buffer} required to produce a final concentrétion of 17 mM was /

A
(g
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determined immediately prior to the assaj using the extinction coefficient,x‘:
thus eliminating problems due to HZOZ decomposition during storage. The exact
-7 ®  amount of phosphate buffer used to_suspend the cell-free extract was adjusted

* s0 as to result in 5 f{nal volume of 3.0 mL upon addition of HZOZ' The

o

rate o§ decomposition was determined by following the decrease in absarbance
at 240 nm over time. VUne unit of activity is expressed as 1 umol HZOZ
decomposed per minute at zsbc, calculated using the extinction coefficient fgy

—v ' H‘,’!O2 of 43.6 M lcm !, Only the initial (linear) portion of the trace was
used to determine the rate and the mean of a minimum of three runs (per
sample) was used in the calculation. Specific activity is expressed as units

~ (U) per milligram ‘ceH-free extract protein. Data are the mean + SE of two

°

or more cultures each assayed in duplicate.

| . | 2.4.2 Peroxidase
The activity of ‘o-dianisidine peroxidase was determined according to the
Worthington Enzyme. Manual (Nortmngton Bioéhemicﬂ Corp., 1972) except that
b-diqﬁisidine-ﬁC] was used. To 6.0 m. of substrate (10 ul of 30% K0, in 100
-mL of 10 mM phosphate buffer‘ pH 6.0), 0.05 mL of a solution of o-dianisidiné-HCl

(1% w/v) in phospha\te buffer was added. A 2.9 m .'ah‘quot of this.mixture was

__trans;‘err-ed ‘to the chvette and the changes in absorbané:e at 460 nm were
followed upon addition of 0.10 mlL of the cell-free extract. One unit of activity
is expr{essed‘ as 1 umol H,0, decomposed per minute at 25°¢ based on an extinction
cogf?icient for HDZO2 of 1.13 x 10* Mlcm™! at 460 nm. The kFﬁate used_in the
calculation is ‘the, mean of duplicate assays for each sample. Specific activity
i§ expressed as fﬂ'ts (V) per 100 milligrams ‘of.ceﬂ-free exgract protein.
Data are the mean : SE of two !ov: more cultures each assayed in duplicate.
Controls for non-§pecm2 dye oxidation were gbtained by omitting HZOZ from the
‘reaction mixture. ;\ . ) '

& second peroxidase assay with 3,3'-diaminobenzidine (DAB) as the

&




ey N o SNepbed. g

-

H-donor, was kindly provided by Dr. F. Archibald. The ;ssay mixture

contained 0.5 mM DAB and 2.0 mM H,0, in 50 mM phosphate buffer (pH 7.2).

272

The reaction was started by the addition of 0.10 mL cell-free extract to
2.9 mL of the reaction mixture and the subsequent changes in absorbance

at 482 nm were followed. The activities are expressed as the change in

absorbance per minute per milligram of cell-free extract protein and are_the

mean + SE of duplicate cultures each assayed in duplicate.

2.4.2 Superoxide Dismutase ) L
Superoxiﬁe'dismutase (SOD) activity was determined by the‘hethéd of

HcCoréﬁ;nd Fridovich (1969) as described by Crapo et al. (1978). Reaction

mixtures contained 50 uM xanthine ahd IO“uH oxidized cytochrome c (as

determined using the extinction coefficient of Massey (1959) of 21.600

M lcm~! at 550 nm) in 3.0 mL PB/EDTA (pH 7.8).' The amount of xanthine oxidase

required to produce a rate of reduction of cytochrome ¢ of 0.025 absorbance

© - units (AU) per min at 550 nm was determined prior to the assay. Various amounts

of cell-free extract were added to the reaction mixture (replacing an equal

amount of buffer) to determine the amount necessary to inhibit this rate of °

reduction by 50%. This amount is defined as one unit and was used to calculate

the specific activity, expressed as units (U) per milligram of cell-free

extract prote{n. Data are the mean - SE of two or more cultures each assayed
in duplicate. The effect of added cell-free extract on the santhine/xanthine
oxidase reaction was determined by monitoring its effect on product formation

(urate) which absorbs at 295 nm.

2.5 Visualization of SOD Activity by Polyacrylamide Gel Electrophoresis

Disc gel electrophoresis was performed on 10% polyacrylamide gels
prepared according to the method of Davis (1964) as described by Shuster (1971).

The separating gels were prepared in 0.375 M Tris-HCI buffer (pH 8.9) and
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contained 10“ (w/v) acrylamide, 0.03° (w/v) N,N-methy]ené;bis-acrylamide,
0.03° (v/v) N,N,N',N'-tetramethylethylenediamine (TEMED) and 0.04 (w/v)
ammonium persulfate. This mixture was deoxygenated under vacuum and cast
into 8 cm lengths 1n 10-cm ac1d-washed glass tubes (6 mm ID). The spacer gei

consisted of 3.5 (w/v) acrylamide, 0.06: (w/v) bis-acrylamide, 0.06

(v/v) TEMED and 0.005° (w/v) riboflavin‘in 0.062 M Tris-HC1 (pH 6.8). After _

polymerization of the separating gel, 0.20 mL of the spacer gel mixture ’

(deoxygenated) was layered on top and phatopolymerized under fluorescent

light. Completed gels were placed in a Biorad model 150 disc electrophoresis

" apparatus maintained at 4°C with 0.025 M Tris-glycine buffer (pH 8.3) _;_a

the electrode buffer. Gels were pre-run at 4 mA/gel for 30 minutes pnioé
to the addition of sample.

Samples were prepared 1n spacer buffer (0.062 M Tris-HCl,'pH 6.8) and
conta%ned 100 ug cell-free extract protein, S‘mg bromophenol blue-and 20°
(v/v) glycerol in a totdl voluhegof 100 uL. Samples were layered carefully
on the top of the gel and run at 2 mA/gel (1 mA/gel for the initial 30
minutes) until the bromophenol blue marker had traversed to very’near the
end of the tube. The apparatus was then disasSembled and the gels removed
from thelglass tubes.

The stain for SOD activity was that of Beauchamp and Fridovich (1971).
Gels were soaked 1n 2.45 x 10 ® M nitrotetrazolium blue for 20 minutes 1n
screw cap. tubes, followed by a brief rinse with distilled water. They wére
then soaked 1n a solution conta1n1ng\0.028 M TEMED and 2.8 x 10 ° M riboflavin

1n 0.036 phosphate buffer (pH 7.8) for 20 minutes. The tubes were then

“sdrained and the gels illuminated for 5-15 minutes (depending on colour

development) by a 20 W flourescent lamp 1n a foil-Tined box. Achromatic zones
in the uniformly blue gels (indicating SOD activity) were measured for their

distance from the origin. Sensitivity to inhibitors was tested by scaking the
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50, or 1.0 wM CN” (in PB/EDTA pH 7.8) for 60 minutes prior

to statning. Control gels were soaked in phosphate buffer that did not

gels in 5.0 mM H

contain either inhibitor. Gels were photographed or scanned at 560 nm using

a Gilford 240 spectrophotometer with a linear transport accessory.

-

2.6 Analyses . .

Growth of the culture§ was followed by changes in oqtical‘density at
430 nm (A. bras<fense) or 600 nm (E. coli) using a Spectronic 20
spectrophotometer (Bausch and Lomb). Oxygen levels in the gas phase of
N

-fixing cultures (0.75% 0, in NZ) were monitored by gas chromatography

2 2
as described by Brouzes et al. (1971). A 0.5 mL sample, removed from the

gas phase by syringe, was injected into a Fisher-Hamilton Model 29 gas
partitioner 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"!) and the column temperature was ambient. Higher oxygen

—levels were monitored with a Servomex paramagnetic oxygen analyzer (Servemex

3

Controls Ltd., Crowborough, Sussex, England) previously calibrated with air
and sz Disso!ved oxygen concentrations 1n the culture were determined by a
sterilizable galvanic dissolved oxygen probe (New Brunswick Scientific, New «
Brunswick, NJ, USA), calibrated by sparging the medium with air and N2 prior

to inoculation.

For determination of NOZ' and N03' levels in anaerobic cultures, samples
were filtered to 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 0.2-mL gas phase samples into a Perkin-Elmer Model 3920 gas

chromatograph with an electron capture detector and a 200 cm x 6 mm column



of Poropak Q. The carrier gas was 5% CH, in Ar (30 mL min !) and the - -

4
column temperature was 65°C. The concentration-of NZO in N20-sparged cul tures
of A. braslense was monitored by injection of 0.5-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
carrie; gas was He (46 mL min !) and the column temperature was 60°C.
Protein was analyzed by the method of Lowry et al. (1951) except that
sodtum citrate was used 1n the p1:S§\of sodium tartrate (Eggstein and

Kreutz, 1955). 'Bovine serum albumin was used as th standard.

2.7 Chemicals
A1l special gases (02, N2 and 10% N20 in NZ) for sparging gas mixtures
were obtained from Liquid Carbonic, St. Laurent, Québec H4X 1X1. Xanthine,
fanthine oxidase, cytochrome c (type IV), superoxide dismu?ase, o-dianisidine-HC1
and nitroblue tetrazolium were obtained from Sigma Chemical Co. (St. Louis,
M0, USA). Horseradish peroxidase was obtained from Boeringer-Mannheim
Canada (Dorval, Québec) and the 30 HZOZ and KCN came from Fisher Scientific
" Ltd. (Montréal, Québec). The H-donor 3,3'-diaminobenzidine was kindly

provided by Dr. F. Archibald.
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3. RESULTS

Preliminary tests were carried out to determine-the suitability of
A. brasilense ceil-fkee extract for SOD analysis. Retention of SOD activity
by the cell-free extract after overnight dialysis in PB/EDTA (pﬁ 7.8) indicated
that it is a true enzymatic acfivity rather than a manifestation of high
levels of 02'-scavenging metals such as M;5+ (Archibald and fridovich, 1981).
To ensure that the decrease in the rate of cytochrome ¢ absorbance was not
due to an effect of the cell-free extract on 02' generation, the rate of
product (urate) formation by the xanthine/xanthine oxidase reaction was
followed at 295 nm in the presence and absence of an amount of cell-free .
extract equal to 1.0 U SOD. No inhibitory effects were found us%né cel)l-free
extract from any of the growth conditions used in this study. Cytochrome
oxidase can be a problem in soﬁe SOD assays since it can reoxidize cytochrome
¢ reduced by 02', mimicking the inhibition of reduction by SOD. The addition
of 1076 M CN™ to the reaction mixture (which inhibits cytochrome oxidase but
has no effect on SOD) had no effect on the assay, indicating the absence of

in;érféfence of this type. Low molecular weight compounds capablie of chemically

reducing cyiochrome c were also not a problem in these assays.

3.1 Enzyme Activities in Cell-Free Extracts

3.1.1 Ammonium-grown cells

Growth curves .(Fig. 4) showed that asmonium-grown and Nz-fixing
A. brasclense h;d generation times of approximately 2 and 7 h, respectively,
while that for E. ccé« (Fig. 5) was 30 min. In general, the stages of growth
as quermined by optical density or protein content (mg mL !) were very
s{;;lar, indicating that optical density was a satisfactory methad for
monitoring culture growth.

The activities of peroxidase (PER), catalase (CAT) and superoxide dismutase




'Figuiie 4. Growth Curves for ammonium-grown (O) and nitrogen-fixing (®)

A. brasilense in batch culture.
L Y
Cells were grown as descri n materials and methods in the presence

and absence of ammonium chloride (1.0 g L"!) and coptinuously
sparged (450 mL min"!) with air (asmonium-grown) or 0.75% 0, in N,
(nitrogen-fixing).
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Figure 5. Growth of E. culc K12 in batch culture.

Cells were grown aerobically at 37°C on a gyratory shaker (250 rpm)
in 100 mL of TSY medium in a 500-mL Erlenmeyer flask. Samples with
high cell density were diluted appropriately with sterile TSY medium.
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- . (SOD) in late-log ﬁhase A, bna#iéenAe grgwh aerobically on ammonium, are

compared to those of aerobically-grown E. coli (as referegce) in ‘Table 1.

Né o-dianisid%ne PER activity was found in A. bras«lense, though such activity

was easily detected in E. cof< and bprseradish peroxidase. A slightly ;
higher level of CAT was found in aergbically-grown A. brasilense as compared ]
to E. db&i, while the revéftse was true for SOD activity.

1 The changes in CAT 'and SOD activity during aerobic growth of A. bras«lense

are shown in Fig. 6. CAT activity was high in ear%y to mid-log cells but

decreased steadily during growth to re]ati;e1y Tow levels in the stationary

phase. SQD levels decreased only slightly over the same period, but increased

| fnqzhe stationary phase. PER activity was not detected.

{ , The gossibility that the Eha;ge in CAT activity duri;g growth might be

‘ due to changes in dissolved oxygen content of the culture was ex?mined. During

I

F . wjgrow;h’ﬁf A. bras«fense under the conditiens in Fig. 6, the concentration of
di;solved oxygen decfeased from 100% air saturation in the early spages to ’
approximately 26% in.late-log phase (Fig. 7). The Tevel feturned to air-
saturated conditions in!the stationary phase. This substantiél decrease “in ‘ .
the disso]Ved oxygen content could bé avoided by increasing thé sparging and
/‘ \‘\\mstirﬁing rate of the culture to increase the efficiency of aeration (Fig. 8).
In this case the concentration of dissolved oxygen decreaséd only slightly
, (approximate]y 10%) at the highest cell density. Cells grown under these
N two conditions were harvested in late-log phase (where the d;fferenpes in
dissolved oxygén content were greatest) and their enzyme activities compargd*
(Table 2). CAT and SOD levels did not differ significantly while PER wad not
dgtected in either case. ’
The response of the enzyme activities to oxygen was examined by changing -
the sparging gas oxygen cqptent'(Table 3). Increasing the oxygen con}ent to .

60% resulted in a stight increase in SOD activity but no significant chaqqe in
. -
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Table 1. Peroxidase, catalase arid superoxide dismutase activities
1r= aerobically-grown, late-iog phase cells of A, zxascfconse and ‘
Eocele K12, -
: B
Organism PER- _ R ¢ 500
. (100 mg) . mg - .
A rrascdense NC 18.9 -. 1.0 12.7 - 0.7
E. ot Kle 4.9 - 1.5 13.4 - 0.7 19.6 - 1.0
Cells were grown as in F1g 4 'ammonmium, or F1g. 5 and harvested
n late-log phase for amalysis of enzyme activities. Data are
the mean - SE of duplicate ‘cultures ND - nQt detecteg. a
-
/ -
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Fagure 6 Changes 'n catalase [} ang superoxide dismutase (A
activities during aerobic growth (2) of A pras<lons

Cells were grown 1n 600 m of mea'um containing ammon um chior:de
1.0 gL - and sparged with ayr 225 mL min -+ At the appropriate
times, the cells were harvested by centrifugation and enzyme
activities determined as described in materials Wnd methods
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Figure 7.

Changes 1n dis¥olyed oxygen content (O} during aerobic

growth (@) of A. bras«fense sparged at 225 mi min !,

Cells were grown as in Fig. 6 with a galvanic dissolved ox}gen probe
(New Brunswick Scientific Ltd.) for the measurement of dissolved

oxygen.

Duplicate cultures were examined with typical results shown.
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Figure 8. Changes in dissolved oxygen content (O) during aerobic
growth (@) of A. brasiense sparged at 450 mL min L

+
3

~
Conditions similar to those in_Fig. 7 except that the culture was
sparged with air at 450 mL min! and stirred more vigourously.
Duplicate tultures were examined with typical results shown.
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Table 2. Effect of sparging and stirring rate on the enzyme
activities in late-log phase cells of aerobically-grown
A. brasilense.!

Sparging Rate Stirring PER CAT_ S0D_
mL min! Rate U (100 mg) ! Umg! . Umg!
225 Tow ND 17.7 + 2.6 11.3 + 0.3
450 high _ND 18.9 + 1.0 12.7 + 0.7

‘e
1
i

ICells were grown as in Figs. 7 and 8 with the sparging and
stirring rates as indicated. Late-log phase cells were harvested
and enzyme activities determined as in materials and methods.
Data are the mean : SE of duplicate cultures. ND - not detected.
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Table 3. Effect of sparging gas oxygen content on the enzyme .
-activities in late-log phase cells of aerobically-grown

- — A. brasilense.!

\

PER CAT S0D
Ogygqn Content U (100 mg)”! U mgL Umg!
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
ICells were grown as described in materials and meihods in the
presence of ammonium chloride (1.0 g L !) and sparged with the!
indicated gas mixture (450 mL min'!), Data are the mean : SE

of duplicate cultures. ND-not detected.

AN




CAT activity relative to air-sparged cultures (21% 02). Decreasing it to
10% oxygen produced an increase in CAT activity but had no effect on the SOD

level. PER activity was not detected under any of these conditions.
y \
3.1.2 Nitrogen-fixing cells
The enzyme activities in Nz-fixing A. bras«Zense is shown in Table 4
and compared to cells grown under the same conditions except with ammon{ium
»
chloride (1.0 g L !). PER activity was detectable but low in both cases. CAT
L
activity in cells grown on ammonium under these conditions was strikingly

higher than that of N_-fixing cells or cells grown similarly at ambient (or

2
higher) oxygen tensions (Tables land 3). SOD activity in both cases was
Tower than that found in cells grown aerobically on ammonium, though of the

two, N,-fixing cells had slightly higher activity.
t ’ o p

3.1.3 Anaerobically-grown cells
For growth under denitrifying conditions, the medium containing NH4C1"
was supplemented with nitrate and sparged with N2 (Fig. 9). Gro;th proceeded
initially qsing NO3' as the terminal electron acceptor, reducing to N02°,
which was further reduced to NZO' Growth stopped when the supply of electron
acceptor was exhausted. The generation time for denitrifying cultures was
6-7 h. Under thﬁ:e conditions, NZO was not reduced further (to NZ) since asa
a gas it was swept out of the culture. For growth using N20 as the terminal
electron acceptor, a continuous supply of N20 was provided by sparging with

102 N O.in N2 resulting in an NZO concentratieg of 1.9 mM in solution as

2
calculated using the Ostwald coefficie Wilhell et al., 1977). A small

amount of nitrate (which was rapidly exhausted) was apparently required to

aid in the induction of the NZO reductase. The generation time for NZO—

grown cells was approximately 4 h (Frg. 10).

The enzyme activities were examined 1n cells grown anaerobically as in

a
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Table 4. Effe}:t of nitrogen soufce on the enzyme activities in
late-10g phase cells of A, baascfense sparged with 0.75% 02.l

. Nitrogen PER CAT_ S00_
Source U (100 mg) ! U mg ! U mg !
uu4c1' .07 + .01 52.9 + 4.1 6.2 + 0.2

SN \ .04 + .01 6.3 + 0.9 8.3% 0.1

'4. brasilense was grown as described in materials and methods
in the presence and absence of ammonium chloride and sparged
with 0.75% 0, in N, (450 mL min !), Data are the mean : SE of

. duplicate cu?tures?
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Figure 9.

-»

Characteristics of growth of A. brasilense under

denitrifying conditions.

®
0]
a
o]

Optical Density
Nitrate

Nitrite '
Nitrous Oxide

Cells were grown using medium supplemented with ammonium chloride
(1.0g L !) and nitrate (25 ug NO-N mL !) and sparged with N

(120 mL min '), Samples were taken at varfous times for anal§sis
of nitrate and nitrite. Nitrous oxide in gas phase samples was
determined by gas chromatography.

(%
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Figure 10. Growth of A. brasifense using nitrous Oxide as the
terminal electron acceptor.

Cells were grown as in Fig. 9 except that only 1 ug NO,-N mL™!
- was used and the sparging gas was 10% NZO in N2 (25 mL.”min ).
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Frgs Janc [T Tat'e } ME act vty o* o L-gvarcoogone PER was ow unoer

Hctr condittons  LAT actcvtty ceodenttroéytng (L tures was the hghest detecter
] .

Jnder any < ¢ the cOng trons testeC, ang -ontrasted with *he oOw ‘eve 'n

N,.-grown Le < 200 act vty was oresert “n opotr congttions, a-thougrh " wa

¢ Sgnt’, rigner r N _L-growr Cel s

. Detar ed .tudy 2t reroxigase Activety \

——

."nce percxidase 's a heme enzyme Launders et a . 19155. N

sens T tTvrty s ofter d&eg’:c “gent ¢y *rye’ Dperoridase activ oty Putter,

-

1974 “his aspect °f PERF attivity ‘and the Dpossibriity that activify was

cresent i1n the nigh-speed pellet ‘raction were examined Tabie 6 The low

‘eve's 2¢ p-granisidine PER n ce’1-free extract from both ammon'um-grown and
J

N.-“-xing cells proved to be (N resistant  “he latter also had yartea’

™3

act1vity 1 the absence of tne substrate =0, , ‘ndicating tne presence of
non-speci€rc ?ye.oxxdat!on. “he cell-free extract ‘rom demitrifying cells
nad somewhat higher actwity‘but much of 1t was aiso CN* resistant, The '
PER activity found 1n the cell-free extract of aerobically-grown E co{¢
proved to be very sensitive to 1.0 mM (N and had no activity 1n the absence
of HZOZ' The pellets had eviéence of "true" (CN~ sens1t1vé) PER activity
though sti11 at Tow levels. The peliet from Nz-fiang cells had substantially
higher activity than that of other cultures with one-third of the activity
independent of HZOZ‘ The peliet of g.hco€4 did not exhibit any o-dianisidine
PER activity. o
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, brasclense cell-free extract. To ensure that this increase in activity

\

was not due simply to the change in buffer, the o-dianisidine PER activity
in A. brasilense using both buffer systems was compared (Table 7). In

cell-free extracts from ammoniumzgrown and Nz-fixing cells, no differences

-
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Table 5. Effect of electron acceptor on the enzyme activities
n late-log phase cells of anaerobically-grown A. bras«fense.’

Electron PER CAT_ SO0

- Acceptor U {100 mg) - Umg - Umg -
N, .08 : .01 79.8 - 9.4 6.8 = 0.2
N0 ) .03 .01 10.8 : 0.5, 9.1 : 0.4

ICells were grown as in figs. 9 and 10 to late-log phase and
enzyme activities were determined as in matertals and methods.
Data are the mean + St of two or more cultures.
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R reaction mixture where 1ndicated Data are the mean St of duplicate cultures N1 not tested
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Table 6. Cyanide sensitivity of o-draslisidine PER activity 1n cell free extracis and particulale materral of 4 baase o ara T
a A, (mg protetn) min
Organism Growth Condition (ell-Free Extract Partroulate Metpr ral
S
No change " - uzt)" . NG Change N "

A bras«lensc Ammon 1um 0011 « 0001 o0l - 0002 0 002y« 20} it

N,-frxing 0077 0002 0082 0006 0041 0003 0287 . 0018 OOOR . OON - b S

Denmitrifying 01ll - 0023 Ion?s + 0019 0 0119 + 00t It 130 S TR
E. cote K12 Aerobic 1805 - 0188 0127 + 0014 0 0 ' Nt N

'The cell-free extracts and high-speed pellets (particulate nterul)sof A brasciemas and b cole K37 qgromn under the conditions indi. sted
were assayed for o-dianisidine PER activity as described 1n materialis!and methods Cyanide (1 0 wt) was added or u',o‘\ omitted Thom the

i g
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Table 7. Effect of buffer conditions on

o-dianisidine PER activity 1n cell-free extracts

of A. brasdlense.:

the conditions indicated were assayed for

. “A..-(mg protein) imin:
Growth Condition
pH 6.0 pH 7.2
Ammon i um .0012 - .0001 .0012 = 0000
N,-fixing .00/ - .0006 .0075 - .0019
“iCell-free extracts of A. brascfense grown under

o-dianisidine PER activity using 10 mM phosphate
buffer (pH 6.0) or 50 mM phosphate buffer (pH 7.2)

in the reaction mixture. Data are the mean

of duplicate cultures.

+ SE

chae
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1h activity were found. These results—also indicate that the low PER
activities found 1n A, pras.t. st cell-free extracts were not due 'O

the presence 0{ 3 DerOxvpase enzyme sensitive tC the s!igntly acid conditions
of the o-dianisidine assay. "he DAB Dercxrdase assay was used 1n a manne;_
simylar tc %hat shown 'n “abie 6 to examine PEP activity :Table .  “he
cell-free extract of ammonium-grown 4. otasi(. b provides some ev.adence

for Cﬁh-sensxtxve PER activity but the activity n celi-free extracts from
both denitrifying ang Nz-f1x1ng cells 15 entirely accounted for by CN -resistant
or nzoz-lndependent dye 0x1d;t1on Using this H-donor, PER act1v1t;*1n

the cell-free extract from aerobically-grown £. -of« was quite low, and

was n fact Tower than that found 'n A, pras«eense cell-free extracts. A1)

pellets, except that from E. . t«,exhibited high rates of CNJ-sens1t1ve dye

oxidation, but 1n al) cases this activity was independent of the presence of HZOZ

3.3 Vvisualization and Inhibitor Sensitivity of Superoxide Dismutase Activity

& The visualization of SOD activity in cell-free extracts using
polyacrylamide gel electrophoresis 1s a powerful technigue that can supply
information regarding certain physical characteristics of the enzyme. Far
inst:nce, 1t can resolve two or more forms of the enzyme 1n the cell if they
are shfficient]y different structu§a11y 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 FeSOD or MnSOD and Hy0, inhibits FeSOD but
has no effect on CuZnSOD or MnSOD (McEuen et al., 1980). The staining method
is that of Beauchamp and Fridovich (1973) in which the presence of SOD is
revealed by achromatic zones in the uniformly blue gels (Fig. 10). Using
this technique (Table 9), it is evident that the cell-free extract of

A“ienaAézenAe grown under all conditions Has only one achromatic band (Rf

Y
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o
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approximately 0.35) and that™it is only sensitive to inhibition by HZOZ'
Aerobically-grown £. cci« exhibits three bands {Rf 0.18, 0.27, 0.35), only
two of which are inhibited by Hzoz. Neither organism contains SOD activity
sensitive to inhibition by CN .
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Table 8 Assay and cyanide sensitivity of diaminobenzidine PER activity i1n cell-tree extracts and particulate material of A brasecowre and . wge )2 ¢

slkn,(qq protein) 'min"t !
Cell-free Extract

Organism Growth Condition

‘ .
Particulate Materigl
N . No ffff?f_______ _TF?{_ -"ZPZ -N202~Cn Mo chanae (N no, -N?OaOCN

A brasclense  Ammonium 0252 + 0006 0100 + 0009 0032 N004 NY 030y 00t 00 3% 0021 1290 nalo 0

Nz—f1x1ng 0788 0046 0876 - 0040 0285 . 00N9 n 0936« e Wik 064 AT Hog -0

Demitrifying 0325 - 0002 0326 - 0047 0191 000/ Ny . (XX)J\ 1347 0656 021 0ete 1444 10120 ]

t cotc K12 Aerobic 0167 - 0028 0075 0013 0020 0nt1 0010 0001 0013 [£3.9 1) oo M " NT

Cell-free extracts and high-speed pellets (particulate material) of A brascivns, and | it K12 Qrown under the copditigns tndicated were avseyed tfor
diaminobenzidine PER activity as described in materials and wethods

Cyanide (1 N m4) way added or N?Oz omitted 1100 the reactron misture 3. indidled
Data are the mean + SF of duplicate 'cultures

a

HT-not tested

e e 10 P SR A L TR Mo YTRSDRA TR SR TR e 1
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Figare 11. ViSualization of superoxide dismutase activity of
A. brasilense and E. colde K12 using polyacrylamide ge] electrophoresis

A.. A baaA¢Lenae cell-free extract - untreated (CN™ treatment
produced similar results)

B. A. braaciensc cell-free extract - treated with H202 (also
appearance of control without ce )

C. E. celc cell-free extract - treated with H202

D. E. ccle cell-free extract - untreated (CN  treatmen
produced similar results)

Cell-free extracts of A. brascfense and E. col« prepared as
indicated in materials and methods were applied to 10%

polyacrylamide gels and stained for SOD activity after electrophoresis.

Sensitivity to inhibitors was tested by soaking the gels in CN

(1.0 mM) or H,0, (5.0 mM) 1n PB/EDTA pH 7.8 for 60 minutes prior to
staining. Coatgo1 gels were sodked in PB/EDTA containing no
inhibitor. Photographs illustrate typical results.
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Table 9. Localization and inhibitor sensitivity of
A. brasfense and E. col« K12 superoxide dismutase activity
in polyacrylamide gels.!

Organism Growth Rf Inhibition by:
Condition o "0
272
A. brasilense ammon 1 um .35 - +
e Nz-f1xing .33 ’ - +
. denitrifying .35 . - *
E. colr K12 aerobic o .18 ‘ - -
- .27 - +
.35 - +
N

1The superoxide dismutase activity was visualized in 10%
polyacrylamide gels as in Fig. 10. Data for R. are the mean
of results from duplicate cultures. Sensitivity to inhibitors
was determined by complete or partial loss of the band in
treated versus control gels using linear densitometry.
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4. DISCUSSION

The intracef]ular production of highly reactive oxygen species and the
presence of enzymas to deal with tgém have led to many modifications of the
theories of ox}gen toxicity (Halliwell, 1981; Morris, 1975). Nitrogen fixation-
1s a well-known oxygen-sensitive process to ;hvch these concepts have only
begun to be applied (Gatlon, 1981, Yates, 1977). .The results of this §;udy S
establish the presence and certain characteristics of oxygen-protection
enzymes 1n the free-living drazotroph A, bras«fense sp7. Such 1nformat16n will
be useful 1n the continuing 1nvestigation of their imbortance tg nitrogen
fixation and as a basis for the planning of further studies.

SOévand CAT activity were present in A, bras«lense at levels which varied
(in some cases considerably) according to the culture conqjtionﬁ. In cells
grown aerobically on ammonium, the enzyme levels were comparable (with slight
differences) to those in aerobically-grown E. col¢ K12 except for o-dranisidine
PER activity, which was present only in the latter. In view of the current
theories of oxygen toxicity, many organisms ha{e been examined for their content
of oxygen-protect1ng enzymes but there 1s little information available
concerning factors governing their activity. One important factor is the
intracellular concentration of their substrates or other 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
other aerobic diazotrophs grown aerobically with a combined nitrogen source,
Azotobacten spp. possess substantially higher SOD activity than A. brasifense
(Asada et al., 1980) while that of R. japon&cum\is similar (Stowers and Elkan,

1981). A. bras4fense strain cd grown in continuous culture had high SOD
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activity but low CAT activity (Nur gﬁ_gl., 1982). However, comparisdns

such as these must be interpreted with caution due to differences in assay
meghods and the importance of external factors to enzyme levels (g.g. R. japonicum
SOD levels vary accordind to the carbon source) (Stowers and Elkan, 1981). .
There is no general trend that can be 1dentified for the kinetics of
synthesis of Oz-protect1ng enzymes and changes may simply reflect physiological
changes unique to each organ1sﬁ. Thus, SOD activity 1n R. japonctcwm grown
aerobically w;th a combined nitrogen source increased dramatically in mid- to
late-log phase cells (Stowers and Elkan, 1981) while that 1n the obligate
aerdbe Bdellcusbrce stolpac decreased during logarithmic growth and increased
gradual)y during stationary phase (an Stein et gl,,11982). In the latter
case, it was suggested that active repair mechanisms 1n log-phase cells obviate

the need for'0.-protecting enzymes while the decreasing efficiency of Such

2
mechanisms 1n stationary-phase cells necessitates alternate means of oxygen
protection. An 1ncrease in CAT and PER activity 1n E. ccf¢ during aerobic growth
in TSY medium was attributed to the switch to respiratory metabolism when
glucose for fermentation was exhausted (Hassan and Fridovich, 1978). Regulation
of CAT activity 1n a number of organisms 1n the presence of glucose has been '
ideptified as catabolite repression (Hassan and Fridov1&h, 1978) though thié
has been questioned (Richte[\and Loewen, 1982). The variation in SOD ;nd CAT
activity during aerobic growth of A. bras«fense 1n this study, could not be

\attributed to changes in the dissolved oxygen content of the culture and -
evidently results %rom undetermined physiological changes during growth.

Induction of SOD activity by oxygen is a major factor in support of its
importance in oxygen toxicity. In:f. cole, SOD activity increases with an,
increase in the oxygen tension,incTuding levels higher than ambient (Gregory
and Fridovich, 1973a; Hassan and Fridovich, 1977d). Other organisms in which

SOD induction by oxygen has been demonstrated include Streptococcus faecalis

]
& g
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(Gregory and Fridovich, 1973a), Spirochaeta aurantia (Austin et al., 1981),

the anaerobe Bacterocdes ﬁnag4£4A‘(Pr1va1le and Gregory, 1979), certain

halophilic vibrios (Daily et al., 1978) and ammonium-grown AzoApiicllum

brasfense strain cd (Nur et al., 1982). These increases are generally
accompanied by a corresponding increase in resistance to the toxicity of
hyperbaric oxygen or 02' generated by streptonigrin (Gregory and Fridovich,

1973a; 1973b; Privalle and Gregory, 1979) although not all of the above examples
have been so tesEgd. On the other hand, Bac«llus subtilis SOD activity was

not induced by increased oxygen and although CAT was induced, there was no
increase in resistance to toxic hyperbaric oxygen (Gregory and Fridovich, 1973b).
In the obligate aerobe B. stofp«i, SOD is induced by higher oxygen tension only

in the initial phases of growth (Von Stein et al., 1982). In this organism

nd in E. cole, constituitive SODnactivity is provided by an FeSOD and oxygen
Enduction affects only separate enzyme forms, such as MnSOD (E. cofi) or
other FeSOD isozymes. In this study, SOD activity in ammonium-grown A. brasilense
déub]ed when conditions were changed from microaerobic to fully aerébic and

there was also an increase in activity when oxygen 1eve1§ higher than ambient
were used. Induction of SOD activity by oxygen apparently involved on]}xéﬁe

FeSOD ‘'enzyme since only one band of SOD activity was found by electrophoresis

of cell-free extracts from aerobically-grown cells. ‘
- The induction of CAT activity by oxygen is less c]ear.J Increased CAT
activity due to higher oxygen tenéion was found in E. cofd K12 (Hassan and
Frjdovich, 1977d; Yosphe-Purer et al., 1977), B. subtilis (Gregor§ and Fridovichy
1973b), Leptospiha pomonas (Rao et al., 1964), Saccharomyces cerevisiae - o
(Sulebele and Rege, 1967; 1968) and two strains of Streptococcus faecalis

(Jones et al., 1964) but not E. cofc B (Gregory and Fridovich, 1973a) or

B. stolp«d (Von Stein et al., 1982). In A. bnaALﬂenAe&\gAT activity increased
1

wered and was not \

~

as the oxygen content of the sparging gas was, in fact,

S
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induced by levels higher than ambient. The stimulation of CAT activity by

by this means was also found in 'Ne,iMeuaL meningitidis (Archibald and DeYoe,-

I S
N\

* 1978; Yu, 1980) and Pseudomonas Luorescens (Lenhoff and Kaplan, 1953). Although
the CAT activity was qln‘te/Tou, a 'simjlar trend was found in A. brasifense
strain cd (Nuf et al., 1982). This implies 4hat substrate induction is not
tt;e only controlling factor for CAT ac‘t.ivi_ty since HZOZ production would be

expected to decline with a decréase in oxygen tension. The kinetics of C;T
inducti'on izy 02 in E coli{ K12 led Yosphe-Purer et al. (1977) to-sguggest ) {
that it was in faci an 1ndirec£ effect of a general increase in metabolic .
activity. Hassan and Fn‘t;ovich (1978) demonstrated that the synthesis of

CAT and PER in E. cold KI2 was linked to the synthesis of electron transport
components and independent of 02 and HZOZ' They found that mutants defective

'in certain respiratory prdteins did not sho;v normal syn\khesis of CAT-until
phenotypic normalit_y was restored. The stimu]atign' of respiratory proteins

by low oxygen tension is w:]’l-docunented in E coli (Wimpenny et al., 1963),

N. meningitidis (Arphibald and DeVoe, 1978) and P. gluonescens (Lenhoff ég al., §
1956; Rosenburger and Koqut, 1958) and is suggested to increase the efficiency ¢
of resptration dt low 02 tension by incga%ing the; rﬁmber of target sites for -
oxygen (Archibald and cDeVoe. 1978). Although growth conditions were s]iéht]\y‘h-
different than thoseﬁused in this stud;', such an increase in A, brasilense sp7
cytochrome conteht in response to a decrease in oxygen tension has been

demonstrated (Lalande and Knowles, unpublished).r In view of the above arguments,

this increase may account for the stimulation of ‘CAT activity in A. brasilense
at lower oxygen tensions. '
Asada et al. (1980) did not find any difference in the §99, content of
\ammonium-grown or Nz-fixing Azc;tabdi;telc spp. Evidently, higher enzyme Tevels
were not required for the protection of nitrogenase and the high respiration

rates attained _during aerobic N2 fixatio;\ d{d not result in 02"1eve'}s high
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“of 02-protectfng enzymes in this function. Nitrogen-fixing cells of

A. brasilense, with, their requirement for 'l_dw_oxygen tension, had lower SOD

"cells grown at a simi‘la‘r oxygen tension but with ammonium as a source ‘of

- reducing power, which is ref]ected in' the 1onger generation time. The shuhting

75
enough to induce SOD synthesis. In the non-heterocystous cyanobactev{iﬂum
Gﬁvﬁommtl.f(activity of Oz-protecting enzymes (including SOD) was -
highestiduring maximum nitrogenase activity and wére suggested to provide it
with 62 protection (Tozum and Gallon, 1979). In this case, the absence of

alternate methods of protecting the nitrogenase may increase the importance

activity than ‘aembically-grwn cells but slightly higher activity than

fixed nitrogen. It is tepting to speculate that this latter difference

reflects the need for 1ncreased 02 protection in cells activelynfixing nitrogen -
but there is no direct evi@ence to substan‘tiate trn‘“s hypothesis. The Tow

Tevel of CAT in ’Nz-fixing A. brasilense as compared to cells grown similafly

on ammonium highl_ights the physiological différences between\the two sta\tes.

The process .of nitrogen fixation drains much of the available energy and

of electrons to nitrogenase may result in lower H202 production and possibly
lower cytochrome levels (if indeed involved) for the induction.of CAT.. )
Under anaerobic conditic;;ls, 02' and H202 are not produced and the

presence of their respective enzymes in organis;ns grown anaerobically has
_been a gaaor stumbling block to the current theory of oxygen toxicity. SOD
activity is found in-anaerobically-grown E. cofi{ (Gregory and Fridovich, 1973a);
Hassan and Fridovich, l/ﬁd) and is present at low levels in many strict K‘
anaerobes (Gregory and Dapper; 1980; Hewitt and Morris, 1975; Tally et al.

1977). The presence of SOD under these conditions indicates .that 'ind‘pction,

is not entnre]y dependent on the presence of 02 In this study, the $OD
_activity in anaerobically-grown cells is similar to that in cells grown

microaerobicany on ammonium and likely represents the level of activity

a9
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. of CAT was 1ndependeny}>f\H202 and in fact regulated by the synthesis of

76

independent of the presence of 02'. The ddfference in SOD activity.'netween :
:the.two types of anaerobic culture (NO3'-'and NZO-qrown cells) indicates that
certa'ln physiological elements ma} also Ee important. 1“n the induction of SOD.

: Production of CAT durmg anaerobic growth with N()3 as’ found here, v;as )
first demonstrated in E. co&. K12 (Hassan and Fr1dovich 1978). The absenqe‘ ‘
qf H202 oroducgon under an,,aerob:c conditions and the respiratory nature
of aneerobic growt(h by this organism was further evidence tnat the syntﬁeshis .
respiratory p'roteing. Similar arguments may apply to A. brasilense, since v
anaerobic growth in‘the presence of NO3'H in this organism is also respiratory'
in. nature. It is interesting to note that cells so grown, which had ‘the
highest CAT activity of all the ‘culture conditions examined, had higher -
cytochrome levels than aerobmca]ily -grown ceHs. (La]ande and Know]es *unpub'hshed)
S'lmﬂarly, lower CAT activity in N20 grown cells as compared to those grown
with NO3 corresponds to lower cytochrome levels in these cells (La1ande and
Knowles, unpublished). ’

It is evident on-the basis of res1stance to CN mh'lbition that the Tow
1evels o’r‘ o-dianisidine PER activity detected in some A. brasilense ceH free

-extracts do not represent’ "true" peroxidase activity: Although higher rates

' vfe‘r‘e obtained using DAB as the H-donor, the CN -sensitive, H202-dependent activity

was very Tow. The pellet fractions- (except that from E. coti) did contain low buc
detectable levels of CN -sensitive o-dianisidine PER activity, Nz-‘fixing ‘
'ceT'I:s in particular. The DAB assay proved to be unsuitable for.these pellets
due to the presence of a CN--sensitﬂ/e factor capable of H?_Oz—independent dye

oxwdation. Thé nature and significance of this B-dianisidine PER activity

assoc1ated with athe part1cu1ate material, although quite low, is not known

The fact that thése assays were‘unable to detect*s1gmf1cant PER activity does .

~fbt preclude the possiblhty' that such activitv is present. Even in cases
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where PER is present, the nature of the intracellular H-donor is often-
difficult }:o determine and may be sufficiently uiique that there is no activdty
with ‘the one present in the assay mixture. This is amply demonstratéd in this

study, in that E. colc< cell-free extract clearly demonstrates perox1dase

Y

activity using o- d1an1 s1d1ne but with DAB as ‘the H donor its act1v1ty is

¢
//

much lower. -~

Only one achromatic band was produced by electropho?esis of the
A. brasifense cell-free extract from any growthtondition. This is.strong
but' not conclusive ev‘idencé of a single enzyme, since in, separation on the

basis of size and charge it is possible for two structurally-distinct enzymes

to co-m1grate. Inh1b1t1on on]y by HZOZ 1nd1ca2%és that the enzyme is an. i
iron- contammg SOD Other °d1azotrophs that ﬂave been so examined, inc]uding
Azotobacter spp. (Asada et al., 1980), Rhizobium spp.. (Stowers and Elkan, 1981).
and Anabaena cylindrica (Asada e/e_t_ al., 1980) also contain only FeSOD. Thus,
results from A. brasilense resembles.that fyom other diazotrophs and lends
support to the suggestion of Asada et al. (1980) that FeSOD is associated ‘with -
cells characterized by low intracellular 02 concentrations such as.aerobic
diaiotroph’s. Three enzymes ére resolved in E. cof{ grown aerobically, the

fastest is FeSOD while the slowest'is MnSOD. The middle achromatic band has -

‘mbeen found to be-a hybrid SOD containing one subunit from each of FeS0D and

MnSOD (Fridovich, 1981). It is..interesting to note the similarity of Re
between the FeSOD of A. brasifense and that of E. cofi. Though this implies
structural similarity, no such conclusions can_be drawn on the basis of this
technigue,but it does provide rich ground- for further study.

Although this study did not address the question of’ the importance of A

° Oz-protecting enzymes directly to nitrogen fixation, it does provide a

foundation upon which such studies.can be based. Comﬁoundé capable of

generating an intracellulag flux of 02' would appear® to bg ideal too]s( (Ha;;’sén

\
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. and ﬁr1dd§ich, 1979). In ad&%tion to tﬁé test%ng of the¥sbsceptibi1ity o%

nitrogenase to 02' in vivo, their abi]iéy to .induce SO0 and to a certain extent
CAT and PER, offer a qp1que,opportun1ty to demonstrate the1r contribution.to the
oxygen protection of n‘itrogenase. Ass@ys 40 measure 1ts oxygen sensitivity are
avaj]able'(fedr6§a et al”, '1982; Tibelius and Knowles, 1983) but the presence of
an appropriate diaphorase (the enzyme responsible for the reduction of tﬂe redox
active compound) has yet to be demonstrated in A. brasilense. AB 1ncreésé in
nitrogenase‘oxygen tolerance due to elevated Pevels of Oxygen-protfcting en;ymés
would\be‘evidence of their contribution éo its oxygen bro?ection. .

Another area deserving further study is the induction of CAT by low dxygen

tension and its presence undi{ anaerobic conditions. Arguments that CAT activity
. in A. brasiLense may be closely linked to the synthesis, of respiratsry proteins

- have been presented. The presence of heme as the prosthetic group in both CAT‘

and some respiratory proteins raises the possibility that it may~have a
regulatory function as well. Studies using Saccharomyces cenevisiae have found
that oxygen, .glucose and heme regulate the synthééﬁs of a number of hemoprote?ns,
Tnc]ud%ng CAT, at thé level of trénsc}iptign (Hor&ner et al., 1982; Richter/

-

et al., 1980; Woloszczuk et al., 1980). Thefe is also evidence that heme is o
involved “in the control of certain post -translational events in some cases )
(Ross and Schatz, 1976 Sa1zgaber Muller 'and Schatz, . 1978) Thus, heme may be

an 1mportant factor in the co-induction of resp1ratory proteins and CAT in °
A. bras L?.Qné .

To sumnarize.~the presence of Séb and CAT has been dgmongtrated,i&
ammonium-érowﬁ, N2-fi}ihg and denitri?y}ng A. bn;aieeﬁie sp7. CAT and S0D
aotivitieé variéd durﬁng growth and in response to chahges in culture conditions.
PER activity using o-dianisidine or 3,3J-di;mfnobenzidine as the H-donor was
mostly 1ow or undetectable. Only a single achromatic band of SOD activity was

ev1dent in po1yacry1am1de gels, which proved to be FeSOD on the basis of .

inhibitor sensitivity.

»
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