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,LINGEN Men moet de waarheid niet altijd 
openlijk uitspreken, en het is van 
groot belang hóe zij wordt uitgesproken. (Erasmus) 

liet alleen de plantenfysiologie, maar ook de plantenbiochemie en planten-
iektenkunde zouden meer profijt kunnen en moeten trekken van reeds be-
chikbare of te selekteren mutanten. Mogelijkheden daartoe zijn sterk toe
enomen door de ontwikkeling van cel- en weefselkweek van planten. 

• Braaksma, F.J. (1982). Genetic Control of Nitrate Reduction in Arabidopsis 
thaliana. Proefschrift R.U. Groningen, Groningen, stelling 4. 

• Chaleff, R.S. (1981). Genetics of Higher Plants. Cambridge university 
Press, Cambridge, pp. 184. 
Scherings, G. (1983). In Vitro Technieken bij de Induktie en Selektie van 
Somatische Varianten -Betekenis voor de Veredeling van Planten anno 1982. 
IVT Rapport 179. IVT, Wageningen, pp. 104. 
Scherings, G. en J.M. van Tuyl (1983). Gewasbescherming 14: 181-192. 
Somerville, C R . (1982). What's New in Plant Physiology 13: 29-32. 

et wordt in het algemeen te weinig onderkend dat toepassing van sommige 
n vitro technieken bij de veredeling van generatief vermeerderde gewassen 
roblemen met zich mee zal brengen, die analoog zijn aan die van de kon-
entionele mutatieveredeling. Het feit dat nu toepassing van in vitro technie-
en wordt geëntameerd zonder dat relevante expertise in de konventionele 
lutatieveredeling voorhanden is of wordt nagestreefd, duidt op een weinig 
onsistent onderzoeksbeleid. 

Anonyme (1983). Tissue Culture Techniques in Plant Breeding, an EEC 
Workshop. The plant Breeding Institute, Cambridge, pp. 14. 
Melchers, G. (1980) in: Perspectives in Plant Cell and Tissue Culture. 
Int. Rev. Cytol., suppl. IIB. Academic Press, New York, pp. 241-253. 
Scherings, G. (1983). In Vitro Technieken bij de Induktie en Selektie 
van Somatische Varianten -Betekenis voor de Veredeling van Planten anno 
1982. IVT rapport 179. IVT, Wageningen, pp. 53-54. 

én bottleneck voor de toepasbaarheid van genetische manipulatie (in 
rede zin) bij kultuurplanten is de slechte regenerabiliteit van proto-
lasten van belangrijke kultuurgewassen. Bij het verwijderen van die 
lessehals lijkt studie van de fundamentele processen die regenerabili-
eit bepalen op fysiologisch/biochemisch nivo een rationelere aanpak 
an het doorlichten van komplete genenbanken op erfelijke regenerabili-
eit. 

Boss, W.F., N.S. Allen and H.D. Grimes (1983). in: Protoplast 1983 Poster 
Proceedings (Potrykus, I., C.T. Harms, A. Hinnen, R. Hütter, P.J 
King and R.D. Shillito, eds.). Birkhäuser Verlag, Basel, pp. 96-97. 
Hock, K. (1983). Ibid. pp. 206-207. 
Potrykus, I. and J. Petruska (1983). Ibid. pp. 12-13. 

e in vitro selektieprocedure van Thomas en Pratt op paraquat-resistentie 
n tomaat gaat voorbij aan het bekende mechanisme van paraquat-toxici-
eit in planten en is landbouwkundig irrelevant. Hetzelfde geldt voor een 
ergelijkbare selektie van Miller en Hughes in tabak. 

Chia, L.S., D.G. McRae and J.E. Thompson (1982). Physiol.Plant. 56: 
492-499. 
Miller, O.K. and K.W. Hughes (1981). In Vitro 16: 1085-1091. 
Thomas, B.R. and D. Pratt (1982). Theor.Appl.Genet. 63: 169-176. 
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5. De suggestie van Maris et al. dat Azotobacter cellen ook in aanwezigheid 
van N H A + een eiwit synthetiseren dat immunologisch niet te onderscheiden 
is van nitrogenase is misleidend. De auteurs gebruikten een niet-speci-
fiek antiserum waarvan zelfs niet is aangetoond dat het met gezuiverd 
nitrogenase reageert. 

- Maris, D.J., Li-Wen Wang, P.B. New and Y.T. Chan (1983). in: 5 t h Sym
posium on Nitrogen Fixation, Book of Abstracts, abstract 4B2. 

6. De verhouding van de opbrengst van gereduceerd produkt tot de inge
straalde hoeveelheid lichtenergie in artificiële fotosystemen met terti
aire aminen of thiol-verbindingen als electronendonor wordt meestal over
schat aangezien deze veelgebruikte donoren na oxidatie ook in een donker-
reaktie gereduceerd produkt kunnen leveren. 

- Krasna, A.I. (1980). Photochem.Photobiol. 31: 75-82. 
- Rougee, M., T. Ebbesen, F. Ghetti and R.V. Bensasson (1982). J. 

Phys.Chem. 86: 4404-4412. 

7. Door de huidige situatie: een tweedeling van aan de ene kant langdurig 
werkloze en aan de andere kant hooggesalarieerde maar overbelaste aca
demici, te laten voortbestaan, maakt de overheid zich schuldig aan 
vernietiging van kapitaal en kreativiteit op grote schaal. 

8. Bepaalde vormen van diskriminatie kunnen van belang zijn voor de sociale 
zelfbevestiging van het individu en zijn derhalve, in strikt gekontroleerd 
vorm, niet a priori te veroordelen. 

9. De huidige trend om ook bij sollicitatieprocedures voor wetenschappelijke 
funkties het begrip 'contactuele eigenschappen' als een belangrijk selek-
tiekriterium te hanteren dient, zeker door universitaire instellingen, 
met gepaste reserve te worden bezien. 

10. De nadruk die christendemocraten plegen te leggen op het gezin als hoekste 
van de samenleving zou, indien hij is bedoeld als waarborg voor instand
houding van de eigen ideologie, gezien het grote aantal PvdA-kopstukken me 
confessionele achtergrond wél eens averechts kunnen werken. 

G.H. Scherings 
Aspects of the oxygen-tolerance of 
nitrogen fixation in Azotobacter 
vinelandii 

december 1983, Wageningen. 



'S-slaagsysteem 10 IA?' vroeg heer Ollie vol bange voorgevoelens. 'W-wat 

is dat voor iets?' 'Dat is de methode om door kennis iets te bereiken, 

legde de onderwijzer uit. 'Ik geef toe dat het ver gezocht is - maar nog

maals, we hebben geen keus!' 

Marten Toonder, Het slaagsysteem, in: Zeg nu Zelf De Bezige Bij, 

Amsterdam, 1974, pp. 205. 

Een mens moet eeuwig zijn keuze doen tussen kreatieve uitingen, 'the 

struggle for life' en de zich voordoende mogelijkheden van volvoerende 

ontdekkingen. 

Ben Borgart, De vuilnisroos. De Bezige Bij, Amsterdam, 1972, pp. 149. 

Aan mijn ouders 



VOORWOORD 

Sinds de dagen van Justus Liebig (1803-1873) en Jean-Baptiste Boussingault 

(1802-1887) hebben landbouwkundigen de letter N tot één van de belangrijkste 

uit het landbouw-alfabet gerekend. Het aantal veldproeven waarin het effect van 

N (naast P en K) op de opbrengst van een gewas werd bekeken moet intussen van 

een welhaast astronomische orde zijn. 

De stikstofvoorziening van landbouwgronden is dus al sinds het begin van de land

bouwwetenschap een 'hot issue'. Tegenwoordig is N een sine qua non voor de atatus 

quo van de voedselvoorziening. N 'moet'. 

Zoals bekend heeft het nivo van stikstofbemesting in Nederland en andere rijke 

landen reeds enige tijd het gebied van de afnemende meeropbrengsten bereikt. Het 

is echter goed te beseffen dat de overvloed aan voedsel die voor een groot ge

deelte daaraan te danken is, niet anders is dan 'living on borrowed time': dan

sen op de vulkaan. En wel, omdat ze is gebaseerd op enerzijds verbruik van 'non

renewable energy sources', anderzijds een hoogst merkwaardige distributie van 

ekonomische en politieke macht tussen rijke en arme landen. Aan het laatste kan 

de wetenschap helaas niets direkt veranderen; wél aan het eerste. 

Nog steeds worden vrijwel alle stikstofmeststoffen industrieel geproduceerd op 

basis van het Haber-Bosch-procédé. Op zich is dit een zeer efficiënt procédé, 

gegeven de beide grondstoffen N„ en H . N„ is inderdaad 'gegeven', d.w.z. bij

na voor niets uit de atmosfeer voor verwerking beschikbaar. De produktie van 

H„ zoals die thans geschiedt, voornamelijk uit CH, (aardgas), is daarentegen 

energie- en grondstof-verslindend. Eén strategie om goedkopere stikstofmest

stoffen te produceren is daarom het zoeken naar efficiëntere manieren om H» 

te produceren, en bij voorkeur niet uit een schaars goed als aardgas. 

Andere strategieën zijn, te proberen de 'natuurlijke', biologische, wijze om 

luchtstikstof te binden biotechnologisch hanteerbaar te maken, dan wel chemisch 

na te bootsen, dan wel de erfelijke eigenschappen die dit proces bepalen, in 

te bouwen in kultuurgewassen. Het is de wens om deze laatste strategieën te 

realiseren die mede ten grondslag ligt aan de grote vlucht die het genetische, 

fysiologische en (bio)chemische onderzoek aan de biologische stikstofbinding 

sinds twee decennia heeft genomen. 

Ik dank mijn promotor, prof.dr. Cees Veeger, van harte dat hij mij de gelegen

heid heeft gegeven een klein steentje bij te dragen aan dit dynamische onder

zoeksterrein. 

Ik dank de Nederlandse Organisatie voor Zuiver Wetenschappelijk Onderzoek (ZWO) 



voor financiële ondersteuning daarbij. 

I would like to extend my gratitude to the ARC Unit of Nitrogen Fixation at the 

University of Sussex, Brighton, for their hospitality during the summer of 1977. 

I am particularly indebted to Dr. M.G. Yates and Mrs. Frances Campbell, who 

taught me how to handle nitrogenase 'with care'. 

Het is natuurlijk niet zo dat voor het dragen van wetenschappelijke steentjes 

bijzondere, zwaardere, gravitatiewetten gelden dan voor alledaagse. Dit boekje 

is de neerslag van vier jaren werk, niet meer, niet minder. Er waren vele ups, 

en evenzovele downs; soms was het werk prettig, soms ook minder prettig. 

Kortom, gewóón werk. De gewoonte om in het voorwoord bij een proefschrift vrien

den, bekenden en labgenoten uitbundig lof toe te zwaaien voor bewezen diensten, 

als was men zojuist aan een ware Sisyphus-arbeid ontsnapt, en dat dan nog 

slechts dankzij een laatste krachtsinspanning en dankzij talrijke toegestoken 

handen, komt mij dan ook weliswaar begrijpelijk, doch enigszins overdadig voor. 

Toch moet ik voor één persoon een uitzondering maken, en wel voor mijn co-referent, 

Dr. Huub Haaker. Dat heeft alles te maken met de enigszins ongewone omstandigheden 

waaronder dit proefschrift tot stand is gekomen. Dat dit werk, vier jaren na 

feitelijke beëindiging ervan, met dit geschrift kan worden afgesloten op de 

naar geldende inzichten passende wijze, is aan hem te danken. Het vertrouwen dat 

hij in mij heeft gesteld, gevoegd bij zijn persoonlijke en wetenschappelijke in

tegriteit en tegelijkertijd informaliteit die vier jaar lang voor een prettige 

samenwerking borg hebben gestaan, rechtvaardigt een 'Huub, bedankt!' uit de grond 

van mijn hart. 



CONTENTS 

Voorwoord 

Contents 

Chapter I 

Chapter II 

General introduction 1 1 

Regulation of nitrogen fixation by Fe-S protein 

II in Azotobaater vinelandii 41 

Chapter III 

Chapter IV 

Membrane energization and nitrogen fixation in 

Azotobaater vinelandii and Rhizobium legwnino-

sarum. Protection of A.vinelandii N„ase 

against damage by 0„. 

On the formation of an oxygen-tolerant three-

component nitrogenase complex from Azotobaater 

vinelandii 

51 

79 

Chapter V 

Samenvatting 

General discussion and Conclusion 89 

103 



I. GENERAL INTRODUCTION 

A striking contrast exists between two main chemical components of the biosphere, 

N and C, in the way they are incorporated from inorganic precursors. Whereas 

the precursor of organic C, CO., is present only in near-trace amounts in the at

mosphere, the precursor of organic N, N , actually is the main constituent of 

the atmosphere. Whereas C is incorporated by a widely, in prokaryotes as well 

as in eukaryotes, distributed process, called CO fixation or 'Calvin cycle', 

the process for incorporating N called N fixation, is very sparsely distributed, 

and exclusively in prokaryotes (123). Why there should be such an unequal dis

tribution of these two processes, both of prime importance to life, is an inter

esting question for students of evolution. 

It is generally accepted that without either a major expansion of industrial 

nitrogen fixation, or the development of alternative technologies for increasing 

biological nitrogen fixation, the available nitrogen will continue to be the 

most important single factor limiting world agricultural productivity (62). Ex

pansion of industrial fixation would probably rely heavily on 'non-renewable 

energy sources' and is therefore in the long run not feasible; development of 

alternative technologies seems far more attractive as a long-term investment. 

It is therefore somewhat surprising that, till recent times, the study of bio

logical nitrogen fixation has been neglected, at least far less intensively 

studied than photosynthesis. Thanks to the energy crisis, priorities have 

changed*. Several laboratories have been established worldwide that have the 

study of nitrogen fixation as their main or exclusive research aims. Among the 

forerunners were (and still are) the Charles F. Kettering Laboratories at Yellow 

Springs, where N_ fixation was designated a major research target along with 

photosynthesis, and the ARC Unit of Nitrogen Fixation at Brighton with N„ fixation 

as sole and exclusive research subject. It seems quite appropriate that nitrogen 

fixation nowadays should be a booming area for study, at all levels, from agri

culture to genetics, physiology, and (bio)chemistry. Recent progress in these 

separate fields has been monitored and discussed in the reviews mentioned below. 

Besides, a monograph encompassing virtually all these fields in summary has appeared 

recently (108a). 

*0ne doesn't have to go back far to find a historical parallel. In 1893, Sir 
William Crookes warned the British Association for the Advancement of Science 
that the nitrate deposits of Chile, till then the major source of fixed nitrogen 
for agriculture (and warfare, incidentally), were approaching depletion (13). 
Twenty years later, the first commercial ammonia manufacturing plant was esta
blished in Germany, based on the now-famous process patented by Fritz Haber in 
1908 (54). 

11 



agriculture 

genetics 

physiology 

biochemistry 

chemistry 

(61) 

(3,116,69) 

(143,71,124,112,33) 

(36,57,91) 

(59) 

Biochemical studies of nitrogen fixation are mainly concerned with the enzyme 

that 'fixes' N„, called nitrogenase. One outstanding difficulty with this complex 

enzyme is its extreme sensitivity to oxygen. This property has frustrated many 

early studies; moreover, it is exactly this property of nitrogenase that will 

predictably frustrate attempts to genetically 'engineer' nitrogen fixing crop 

plants (13,1,84) unless proper attention is paid to it. So far, the oxygen sen

sitivity of nitrogenase hasn't received the attention it thus deserves, but 

interest does seem to quicken (42,105). Hopefully, this thesis will contribute 

to that by focusing on the nitrogenase of that most aerophilic (or perhaps 

least aerophobic) of nitrogen fixing organisms, Azotobaoter vinelandii. 

I.1 Nitrogenase 

Nitrogenase proteins, i.e. enzymes that are able to physically bind N_ and me

diate its reduction to NH , are remarkably similar, whether they are obtained 

from aerobic or anaerobic, symbiotic or free-living organisms. Therefore many 

properties of nitrogenases can be discussed without making reference to their 

origin. If reference is made, however, it usually occurs in an abbreviated way, 

as follows: nitrogenase from Azotobaoter vinelandii consists of Av and Av_; 

that from Clostridium pasteurianum of Cp and Cp„; that from Rhizobium japoniawn 

of Rj and Rj„. In this nomenclature, originally proposed by the Brighton group 

(38), it is implicit that a nitrogenase enzyme consists of two proteins, namely 

the components 1 and 2. Both are required for activity. 

Component 1, also referred to as FeMo protein, is a large tetrameric (a„g ) pro

tein (M 220-245 kDa). It contains 2 molybdenum, 28-32 iron, and about 28 

acid-labile sulfur atoms (36). The role of these atoms in catalysis is not yet 

clear but is under continuous investigation (17,99). About half of the number of 

Fe atoms seems to be organised into two iron-molybdenym cofactors, one per aß-

unit (36). These cofactors, called FeMoCo, probably contain the binding site(s) 

for N (119). The remaining Fe is probably organised into four [4Fe-4S] clusters 

(36), the so-called P-centres. 

Interestingly, FeMoCo appears to be related to another Mo-cofactor from an en

zyme involved in nitrogen metabolism, nitrate reductase. The latter cofactor 

12 



has been called MoCo (102). In a nar-D mutant of Escherichia coli, defective in 

MoCo synthesis (or perhaps Mo-mobilization), Kp polypeptides may be synthesized 

from a full complement of plasmid-borne wi/-genes from Klebsiella pneumoniae, 

- however not a functional Kp. holoprotein. In wild type E.aoli on the contrary 

a fully functional Kp holoprotein is synthesized (70). Thus, in cells that 

contain both nar- and nif-genes, MoCo may be a precursor for FeMoCo (36). Both 

MoCo and FeMoCo can be isolated from their respective apoproteins by precipi

tation and extraction with organic solvents (17,106). Isolated FeMoCo is extremely 

sensitive to oxygen, this in contrast to the FeMo holoprotein which is only mo

derately so (36). A last property of the FeMo protein which should be mentioned 

is that it may contain binding sites for MgATP. At least four weak binding sites 

have been demonstrated in Kp. (89); however, in Av. no binding sites at all 

could be demonstrated (24). Whether such binding sites have relevance to nitro-

genase activity is not clear. 

Component 2, also denoted as Fe protein, is a smaller, dimeric (Y„) protein, 

M 60-65 kDa (36). As isolated, it usually contains 4 iron and about 4 acid-

labile sulfur atoms, organised into an [4Fe-4S] cluster (43,97). However, recent 

findings indicate that there may be other possibilities: fully active Av» protein 

probably contains at least eight Fe atoms (12). Fe protein is much more sensitive 

to oxygen than FeMo protein; quoted half lives in air range from 2 min to 45 sec 

(37). Fe protein contains binding sites for MgATP and MgADP. Especially binding 

of MgATP alters the physical properties of reduced Fe protein, as evidenced by: 

(a) increased reactivity of Fe and sulphydryl towards specific reagents, (b) 

increased sensitivity to oxygen, (c) a significantly lowered midpoint redox po

tential and (d) a change in the form of the e.p.r.-signal (36,37). These effects 

are usually interpreted as indicating a gross effect of MgATP on protein tertiary 

structure, especially around the [4Fe-4S] cluster (36). The number of binding 

sites for MgATP and the characteristics of MgADP vs. MgATP binding were for 

some time thought to be well established: two sites for MgATP binding and com

petitive binding of MgADP vs. MgATP (36,91). However, more recent results of 

Cordewener et al. (24) indicate that some of the previous work may be in error, 

due to insufficient attention to redox state and integrity of the Fe protein, 

both of which may change considerably in the time course of conventional (time 

consuming) measurements. The careful experiments of Cordewener et al. (24) in

dicate that free, reduced Av„ can bind only one molecule of MgATP. If, as 

Hageman et al. (58) propose, two molecules of MgATP must bind to Av„ before 

electron transfer to Av. can take place (see below), the second binding site 

needs to be generated after binding of Av„ to Av.. -If anything, it should be 

13 



clear that the Fe protein, though simpler than the FeMo protein, is still not 

an open book. 

The two nitrogenase components interact with each other during catalysis; 

however, the nature and extent of this interaction have not been established 

definitively yet and are the subject of some controversy. Still, at least a 

general sequence of events has been accepted by most for the time being, as 

follows (Scheme 1). 

Av„ + e >> Av0 1 . 
2ox 2 

Av + Av + MgATP ^ — Av^.MgATP.AVj 2. 

Av.MgATP.Av > Av, .MgADP.Av , + P. 3. 

Av„ .MgADP.Av, , _ ~ ^ Av. + MgADP + Av, , 4. 
2ox & lred ~~» 2ox ° lred 

Av, , + ? + S >• Av, + ? + S , 5. 
lred 1 red 

Scheme 1. Tentative sequence of events in nitrogenase catalysis. For clarity, the 
abbreviated denotation for the Fe and FeMo proteins from A.vinelandii has been 
used, though the scheme is meant to represent the functioning of nitrogenase 
generally, irrespective of the source. No effort has been made to represent the 
reactions stoichiometrically. Possibly two molecules of MgATP have to bind before 
inter-protein electron transport (step 3) can take place (58). If Av„ accommo
dates only one reducing equivalent (step 1), at least two cycles of steps 2-4 
will be necessary before step 5 can take place. After Mortenson and Thorneley 
(91). 

It is clear that the central issue in nitrogenase function, as its formal name 

'reduced carrier: dinitrogen oxidoreductase (ATP-hydrolyzing)' (EC 1.18.2.1) in

dicates, is electron transfer to the final substrate N . Although extensive stu

dies have been performed on the redox properties of the Fe and FeMo proteins 

(36,81,91,120,147) there are still gaps in our knowledge (11). One reason for 

this is, again, the oxygen sensitivity of these proteins, which specifically 

may affect the redox centers (37); due to this it is quite hard to obtain intact 

(fully active) protein. Owing to these and other problems, it would be virtually 

impossible to define stoichiometries of the reactions that are, roughly, out

lined in Scheme 1. For further comments on the crucial importance of establishing 

the degree of integrity of any nitrogenase preparation in the evaluation of 

enzymological studies, see the Discussion in Hageman et al. (58). 

The experimental data on each of the steps 1-5 have been reviewed by Mortenson 

14 



and Thorneley (91). Steps 1 and 2, reduction of the Fe protein and subsequent 

complex formation of the reduced Fe and FeMo proteins and binding of MgATP, are 

relatively little debated. Several questions may be raised , however. For in

stance, step 1, though it is often represented as an irreversible reaction 

(91,131), is a truly reversible reaction, at least with artificial electron 

donors such as dithionite (11). In step 2, the sequence of binding of MgATP and 

of Av„ to Av, relative to each other is questionable (11). About step 3, all that 

can be said with certainty is that electron transfer from the Fe protein to the 

FeMo protein is dependent on the presence of MgATP and is somehow coupled to 

the hydrolysis of ATP. Because the demand for ATP determines to a large extent 

the efficiency of the overall process, this will be discussed further below 

(1.2.2). In any case, starting from the dithionite-reduced state, step 3 results 

in the formation of a 'super reduced' state of the FeMo protein. 

It should be made clear that the term 'superreduced state' by itself does not 

mean a great deal; according to the hypothetical scheme of Thorneley and Lowe 

(130,131) it is just one of the redox states that the FeMo protein may assume in 

a catalytic cycle. Similarly, while sometimes the dithionite-reduced state is 

regarded as the normal 'resting state' (131), this does not mean that it nece

ssarily has any special significance in catalysis; on the contrary, the speci

fic e.p.r. signals that are exhibited by the FeMo protein in the dithionite-

reduced state are not usually observed during turnover. 

What happens after step 3 is hotly debated. Step 4 as given indicates that the 

complex dissociates after each le -transfer, as deduced by Hageman and Burris 

(56) and generally accepted (91,131). However, one should remain conscious of 

the fact that the deductions of Hageman and Burris (56) were based on kinetic 

studies on the hydrogen evolution reaction of nitrogenase in which (a) the 

reaction mechanism may be quite different from the physiologically more impor

tant N reduction reaction (131), and (b) the concentrations of enzyme are much 

lower than would be the case in vivo (65,111). Further evidence that the propo

sal of Hageman and Burris (56) may relate to an arteficial in vitro situation 

only can be drawn from studies by Braaksma et al. (11,12) indicating that intact 

Fe protein may accommodate two reducing equivalents which perhaps are transferred 

simultaneously to the FeMo protein. 

The last step of Scheme 1 is hottest debated. Concerning this step, Burris and 

his coworkers have repeatedly argued (19,58) that FeMo protein, at a suitable 

redox level, is able to reduce substrates on its own, without further involve

ment of the Fe protein. Their scheme (Fig. 1) has the virtue of simplicity but 

many authors regard it as an oversimplification (126,131). In Burris view, the 

15 



2MgATP 

Fe protein 

(reduced) 

FeMo protein 

(oxidized) 

Fe protein 

(oxidized) ̂
l/\l FeMo protein 

(reduced) 

y 
2MgADP+2P. 

Substrate 

(reduced) 

Substrate 

(oxidized) 

Fig. 1. A simplified scheme outlining electron flow and ATPase activity in nitro-
genase. In this scheme, e indicates a low potential electron donor: in vivo 
usually a flavodoxin or ferredoxin (46,143); in vitro almost always dithionite 
(S02'~). Substrate may of course be N„ but also a host of other simple compounds 
such as N.O or CN (if present) or - last but not least - H (which of course 
is always present). H reduction is probably mechanistically different from the 
reduction of other substrates since (a) all other substrates contain triple 
bonds and (b) H reduction is not inhibited by CO whereas reduction of all other 
substrates is. In routine in vitro activity measurements C„H„ is employed as the 
reducible substrate because only one product is formed (C^H,; which can be very 
easily and accurately measured. 
Figure from Stewart (123) after Burris et dl. (19). 

Fe protein acts exclusively, though very specifically, as an electron pump which 

reduces the FeMo protein. In accordance with that idea, he proposed to rename 

the FeMo protein as 'dinitrogenase' (the 'true' nitrogenase), the Fe protein 

as 'dinitrogenase reductase' (19). For the time being, this proposal has been 

rejected (126), because other evidence and considerations point to a probability 

that the Fe protein has more than one role to fulfill, specifically in preventing 

electrons from being allocated to H instead of N. (131). According to Thorneley 

and Lowe (131), further interactions of Fe protein with FeMo protein are de-

sined to the effect that the turnover of nitrogenase is effectively slowed 

down to a rate where the level of reduction of Mo can be kept sufficiently 

low to allow efficient competition of N relative to H or L . This would fit 

in nicely with considerations based on chemical model studies (23). -The un

certainty about step 5 in Scheme 1 has thus been indicated by a question mark; 

it may well be that a complex of the Fe and FeMo proteins, rather than the Fe

Mo protein alone, is involved in substrate reductions other than those of H . 

One reason that really unequivocal experiments concerning this debate are pre

sently difficult or impossible to design is the lack of inhibitors at the re

ducible substrate side: once electron transfer between Fe protein and FeMo pro

tein has taken place, subsequent transfer to substrate cannot be stopped or in-
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hibited. If N„ as a substrate is omitted from the reaction mixture, H will take 

its place as an alternative substrate. Indeed, up to now it appears physically 

impossible to isolate the FeMo protein in a 'superreduced' state or any form 

that will reduce substrate by itself (131). Physical studies on 'superreduced' 

FeMo protein are possible, though, by employing extreme conditions such as 

low temperature (2-4 K) plus a high ratio of FeMo/Fe protein (122). 

1.2 Integration of nitrogenase into cellular metabolism 

1.2.1 On the price of nitrogen fixation 

In vitro, the demands for nitrogenase action are, at least qualitatively, easily 

enough met. Dithionite can be used as a ready supply of low-potential electrons, 

and at the same time scavenges residual oxygen from the reaction mixture. The 

supply of (Mg)ATP can be ensured by an ATP regenerating system (usually creatine 

phosphate/creatine kinase), which simultaneously keeps the level of (Mg) ADP, a 

powerful inhibitor, at a minimal level. 

For the experimenter, the economy or efficiency of such a reaction is not usu

ally a (high) priority. However, if 'survival of the fittest' is the law, of 

course things are different. Indeed, the low frequency with which the trait 

'diazotrophy' is encountered in Nature (123) may well be an indication of some 

high price that has to be paid for being able to carry such an, obviously other

wise extremely useful, trait (15). Other indications that diazotrophy does carry 

a considerable price tag may be found in the following facts, from genetic (a) 

and metabolic (b) studies. 

(a) The expression of the 'diazotrophy' trait appears to be subject to strict 

regulation. In K.pneumoniae, the trait was exclusively expressed in the absence 

of oxygen and severely repressed in the presence of any source of fixed nitrogen, 

especially NH (103,127). In fact, it has been stated that 'the repressive effect 

of NH is several orders of magnitude greater than that usually found for other 

enzyme systems' (14). 

(b) The 'energy charge' (2) of C.pasteurianum, K.pneumoniae and A.vinelandii 

(respectively obligate anaerobic, facultative aerobic, and obligate aerobic or

ganisms) declined in all three cases by > 15% when sucrose-limited cells were 

shifted from N -dependent to NH -dependent growth (132). 'Energy charge' may 

be regarded as a measure of metabolically available energy, defined as a ratio 

of adenine nucleotides: (ATP + 0.5 ADP)/(ATP + ADP + AMP). Since these ex

periments by Upchurch and Mortenson (132) were, however, performed mainly on 

batch cultures, other factors may have played a confusing role, as indeed has 
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been shown by the experiments of Marriott et al. (85) on N.-grown chemostat 

cultures of A.beijerinakii. Whether 'energy charge' still can be considered 

a useful concept in studies of the energy requirements of nitrogen fixation re

mains to be established. A critical review of some early data has been given by 

Postgate et al. (109). 

The concept of 'energy charge' should in any case not be considered a universal 

indicator of the energy status of any type of cell. At least in cells that 

synthesize most of their ATP at membrane-bound H -translocating MgATPases (i.e. 

respiring or photosynthetic cells), the concept of 'membrane energy' or pro-

tormotive force may be more useful. In a series of elegant papers by the Veeger 

group (48,52,76,78,79) it has been convincingly shown that small (artificially 

induced) changes in the protonmotive force, 'energy charge' constant, correlate 

well with quite dramatic changes in nitrogenase activity, both in A.vinelandii 

and R.leguminosarum. Thus, in these organisms even at relatively high 'energy 

charge', nitrogenase activity is subject to regulatory mechanisms related to 

the energy metabolism of the cell. Indications that such mechanisms exist in pho

tosynthetic nitrogen fixers as well have been found with the cyanobacterium 

Anabaena variabilis (64) and the photosynthetic bacterium Rhodopseudomonas spha-

eroides (49). 

Despite evidence for N„ fixation being a major 'energy drain' in cellular 

metabolism and (therefore) being under tight control, still a precise calcu

lation of the 'cost' of biological nitrogen fixation cannot be given. In

deed, this should be a major worry for people anxious to 'engineer' nitrogen 

fixing crop plants: the possibility cannot be dismissed yet that the cost of 

crop diazotrophy will equal or exceed that of manufacturing, storing and distri

buting industrially fixed nitrogen. Only recently, research recommendations have 

been given in order to fill that gap in our knowledge (115). 

A minimum price of diazotrophy however, may be deduced from the following reac

tion formula which is generally accepted to represent the substrate and product 

stoichiometry of nitrogenase under optimum conditions (123): 

Mg , anaerobiosis 
N + 10H+ + 8e~ + 16ATP > 2 NH,+ + H * + 16 ADP + 16 P. (Eq. 1 ) 

N„ase 

*Tue evolvement of H„ is probably an unavoidable consequence of the mechanism ot 
binding of N to the active site of nitrogenase, namely, by displacement of H 
(131). Studies of model systems support this concept (114,23). This may be speci
fic for N as the substrate: in C H reduction, the product is almost exclusively 
C2H4 (60)f 



In the following, two components of this minimum cost will be summarily discus

sed: energy requirement of nitrogenase (1.2.2) and maintenance of anaerobiosis 

(1.2.3). 

1.2.2 Energy requirement of nitrogenase 

Nitrogenase complexes isolated from A.vinelandii and Cnvomatinum vinosvm with 

electrochemically reduced viologens or dithionite as electron donors show full 

activity at redox potentials below -500 mV and no significant activity at redox 

potentials higher than -430 mV (40,135). In Chapter II of this thesis it will be 

shown that, using flavodoxin from A.vinelandii as electron donor, a nitrogenase 

complex from the same organism is fully active at redox potentials below -500 mV 

but inactive at redox potentials above -460 mV (see also ref. 11)- Braaksma et 

al.(11) found that, with photochemically reduced viologens, flavodoxin from 

Megasphaera elsdenii, or dithionite as electron donors, purified nitrogenase 

from A.vinelandii keeps functioning up to a redox potential of -350 mV, activity 

being maximal below -440 mV. Thus, despite the fact that the couple N /NH, is 

characterized by a relatively high midpoint potential (E _ = -280 mV), the 

'working potential' of nitrogenase is, physiologically speaking, quite low. In 

this sense nitrogenase is comparable only to such typically anaerobic enzyme 

reactions as C0„ reductase (E n = -420 mV), hydrogenase (E _ = -420 mV) or 
I m,/ m,/ 

pyruvate:ferredoxin oxidoreductase (E 7 = -510 mV). This poses problems for 

aerobic nitrogen fixers, as will be discussed below. 

The relatively low redox potential at which nitrogenase operates apparently calls 

for specialized redox carriers, in order to link the enzyme to the rest of cel

lular metabolism. So far, electron carriers of two physiological kinds have been 

shown to interact directly with nitrogenase, namely flavodoxins (soluble proteins, 

containing FMN as prosthetic group, with molecular weights ranging from 15-25 kDa) 

(86)) and ferredoxins (mostly soluble proteins, all containing Fe-S structures 

as prosthetic groups but otherwise rater inhomogeneous with respect to molecular 

properties (82)). The properties of these redox proteins have been reviewed quite 

adequately elsewhere (46,82,86). In most cases it is not clear whether either of 

the two types has specific advantages as electron donor for nitrogenase; in 

K.pneumoniae , however, it has been proven unequivocally by genetic analysis that 

in vivo flavodoxin, not ferredoxin, serves as electron donor for nitrogenase: 

the gene coding for flavodoxin is part of the ni f gene cluster (10,95). In 

A.vinelandii and A.chroococcum circumstantial evidence points to flavodoxin being 

the physiological donor (this thesis, chapter II, and refs. 141,146). Though in 

A.vinelandii flavodoxin appears be present also in small amounts in NH, -grown 



cells, after derepression (transfer to N -dependent growth) synthesis of flavo-

doxin parallels synthesis of the nitrogenase structural proteins (Klugkist, 

pers.comm.) and therefore may be also (partially) n£/-specific. In other organisms 

both types may be interchangeable, e.g. in C.pasteurianum (73), where one or 

the other may be synthesized, depending on growth conditions. -In any case, quali

tatively speaking electron transport between nitrogenase and these types of 

carriers does not seem to pose any specific demands in vitro . The efficiency 

of electron transfer of course may vary considerably, depending on midpoint 

redox potential and other molecular properties of the carrier involved (cf. 

chapter II of this thesis). An interesting point in this context is the electron 

transfer between Av„ and the so-called 'Shethna' protein of A.vinelandii. The latti 

is a ferredoxin of the type containing [2Fe-2S] clusters, that plays such an 

important role in photosynthetic electron transport (128). In chapter III of 

this thesis it is shown that electron transfer between these two Fe-S proteins 

is very efficient, which may have important consequences for the protection of 

Av„ against inactivation by oxygen (see below, chapter 1.2.3). 

As hinted above, despite the fact that ferredoxins were actually discovered as 

a new class of electron carriers in the course of an investigation on nitrogen 

fixation in the anaerobe C.pasteurianum (92), both flavodoxins and ferredoxins 

are ubiquitous in anaerobic organisms and fulfill numerous functions apart from 

donating electrons to nitrogenase. In these organisms, they themselves accept 

electrons from pyruvate via the appropriate oxidoreductase. Although other e -dono 

for nitrogenase have been suggested; H (27) or formate (90), most probably these 

compounds should on the contrary physiologically be viewed as products, not 

substrates, of metabolism. After all, anaerobes are often characterized by 

excess production of reducing equivalents relative to ATP production and will 

somehow have to dispense with that excess (28,68,129). In short, nitrogen fix-

tion fits in quite easily on the map of anaerobic metabolism. 

The remaining, real enigma in the integration of nitrogenase into cellular me

tabolism, both as far as generation of reducing equivalents (below) and main

tenance of anaerobiosis (1.2.3) is concerned, lies with the obligate aerobe 

diazotrophs. Although in some of these, e.g. the cyanobacterial ones, the enzyme 

pyruvate:ferredoxin oxidoreductase has been found (94), activities in vitro 

are usually very low and certainly too low to account for the nitrogenase ac

tivities observed in vivo (46). The 'enigma' is that apparently nobody has 

been able so far to obtain satisfactory rates of nitrogenase activity in cell-

free extracts of aerobe diazotrophs by just adding cofactors and those carbon 

substrates (glucose-6-phosphate, malate) that might be expected to be able 
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to generate enough reducing power to drive nitrogenase. Now and again reports 

appear in the literature claiming nitrogenase activity in cell-free extracts 

with 'physiological' e - donors, e.g. with pyruvate in photosynthetic bacteria 

and cyanobacteria (83,94) or NADPH plus an efficient NADPH-regenerating system, 

e.g. in A.vinelandii (6). However, in all cases the reported rates are just 

a fraction of the activity obtained with dithionite as electron donor. The 

candidate which has been advocated most persistently as 'the' physiological 

electron donor for nitrogenase (.via flavodoxin or ferredoxin) in aerobe dia-

zotrophs is NAD(P)H. However, the reduced pyridine nucleotides, despite the 

fact that they are probably the most common currency of reducing equivalent in 

aerobes, are a priori, somewhat unlikely candidates as indeed has been pointed 

out emphatically by Haaker et al. (46,50,133). Their reducing power is only 

moderate (E = -320 mV)*, relative to the 'working midpoint potential' of 

nitrogenase of at least -400 mV (see above). However, NAD(P)H has still not 

been ruled out definitively since many factors probably influence the 'working 
2+ 

potential' such as the ratio of Fe protein over FeMo protein, Mg -, ATP- and 

ADP-concentrations, all of which may in vivo be vastly different from the 

usual in vitro conditions. 

An interesting point in case is the argument put forward by Gutschick (44, 

45). The argument essentially says that the irreversibility of the inter-protein 

e -transport in nitrogenase, coupled to ATP hydrolysis (cf. chapter 1.1) would 

keep the Fe protein (E ranging from -290 mV for Cp„ (147) to -390 mV for Av„ 

(11)) sufficiently oxidized for NAD(P)H (E , = -320 mV) to be able to function 
m, / 

as an efficient electron donor to the oxidized Fe protein (of course, via flavo

doxin or ferredoxin and the appropriate oxidoreductase). Subsequently, MgATP 

would bind to the reduced Fe protein, transforming the redox potential to a value 

sufficiently low for the Fe protein to act as an efficient e -donor to the MoFe 

protein and substrate. As Haaker (46) points out correctly, this presupposes that 

(a) the pools of NAD(P)H and flavodoxin/ferredoxin are in effective redox equi

librium via the appropriate oxidoreductase and (b) there is no redox equilibrium 

between Fe protein and Fe protein with MgATP bound. Neither supposition has 

been substantiated yet by experiment; the first supposition is problematic 

in any case since (a) efficient NAD(P)-ferredoxin (flavodoxin) oxidoreduc-

tases have rarely been convincingly demonstrated in aerobes (46) and more

over, are usually severely inhibited by NAD(P)H and (b) if such an equilibrium 

does exist, there would be no point for the cell in synthesizing such specialized 

*That is, assuming that NAD(P)H acts exclusively as a 2e -donor. 
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electron carrying proteins as flavodoxins with midpoint redox potentials as 

low as -495 mV (flavodoxin from A.vinelandii (5)). Further evidence against 

Gutschick's proposal is provided by the following two well-established facts: 

(1) As stated above, nobody has ever been able to obtain reasonable rates of 

nitrogenase activity, either in cell-free extracts of aerobes with organic I 

substrates capable of generating a high NAD(P)H/NAD(P) ratio, or in artificial 

reaction mixtures with very efficient NAD(P)H-regenerating systems plus flavo

doxin or ferredoxin plus an efficient oxidoreductase (46). Jungermann et al. 

(67), using a very efficient NAD(P)H regenerating system in combination with 

the aspecific electron carrier methyl viologen, found with nitrogenase from 

A.ùinelandii only 10% of the dithionite activity, against 40% of dithionite ac

tivity with nitrogenase from C.pasteurianum. 

(2) Measurements of the specific e.p.r. signal from the Fe protein during nitro

genase turnover (93,98,121) have shown that then it is at most for 50% in the 

oxidized state; and certainly not oxidized to the extent that Guts.chick's pro

posal would require. 

The one attractive feature of Gutschick's proposal (44,45), however, is that it 

offers an (admittedly teleological) explanation for the ATP requirement of nitro

genase. Otherwise, the question why ATP should be hydrolysed during nitrogenase 

turnover remains somewhat of a mystery since, after all, the reduction of N_ 

to NH is an exothermic one (113); the argument of Gutschick's leaves open the 

possibility that ATP hydrolysis should be coupled to electron transfer in order 

to 'pull' electrons against a redox gradient. This should be contrasted to the 

proposal of Haaker (46) based on data from Jungermann et al. (67) for anaerobic 

diazotrophs, where reducing equivalents from NADH might by 'pushed' towards fer

redoxin (and thus nitrogenase) through coupling to the hydrolysis of Ac^CoA. A 

similar but more complex proposal has been put forward by Haaker et al. (46,133) 

and Laane (75) for obligate aerobe diazotrophs, where electrons from NADPH might 

be pushed towards flavodoxin (and thus nitrogenase) through coupling to the dissi*-

pation of some 'energized state' or protonmotive force of respiratory (c.q. photo-

synthetic) energy transducing membranes. As has been mentioned above, the latter 

workers have convincingly shown that dissipation of the protonmotive force by arti 

ezal means leads to a shut-down of the electron flow to nitrogenase in all or

ganisms tested: the obligate aerobes A.vznelandii and R.legwninosarum and 

the photosynthetic bacterium Rps.sphaeroides. Attractive but rather speculative 

molecular mechanisms have been put forward by Haaker (47) and subsequently 
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Laane (75). Other mechanisms are however, throughout possible (46); also one 

should not neglect the hypothesis of Davis and Kotake (26) which postulates 
2+ 

that energizable membranes may regulate the Mg -concentration in the cytoplasm. 

This would be especially relevant in further evaluations of the hypothesis of 

Haaker et dl. (47) and Laane (75); though these workers have carefully checked 

that during their manipulations of the membrane protonmotive force the ratio 

ATP/ADP in the cytoplasm remained virtually constant, in fact it is the ratio 

MgATP/MgADP rather than the ratio ATP/ADP which is important in nitrogenase ac-
2+ 

tivity. Since the affinity of Mg for ATP is about ten times that for ADP, the 

ratio MgATP/MgADP at constant ATP/ADP will depend strongly on the concentration 
2+ 

of Mg . Still, the dramatic effects of some uncouplers and ïonophores on nitro
genase activity in vivo as observed by Haaker et dl. (50) and Laane et al. (78, 

79) can probably not be wholly explained by changes in the concentration of 
2+ 

free Mg 

Not only qualitatively, also quantitatively the hydrolysis of ATP by nitrogenase 

during turnover is not understood. It is indicated in the above reaction stoichio-

metry (Eq. 1) that 2 molecules of ATP are hydrolysed per 1 electron transferred 

to substrate. This, however, is the barest minimum attainable in vitro (34). It 

is well established that the consumption of ATP depends strongly on conditions: 

the ratio of Fe protein over FeMo protein (80), the rate of electron transfer 

(81), temperature (134) and pH (137). Why this should be so is not at all evi

dent; for a discussion see Miller et al. 

Especially when considering the ATP requirement of nitrogenase and its consequences 

for cellular metabolism, caution should be exerted. As has been stated above 

(1.1), a problem inevitably linked with nitrogenase studies is that one can 

hardly ever be sure that the nitrogenase one has isolated really represents 

a physiological preparation, owing to the (oxygen)- lability of the enzyme. 

Studies of Braaksma et al. (11,12) have made dramatically clear that much of 

the published nitrogenase enzymology may relate only to enzyme preparations with 

low activity. Therefore, any extrapolation from the in vitro to the in vivo 

situation can be made only with caution. This is emphasized by observations 

of Dalton and Postgate (25a) on the economics in vivo of A.ohroooocovm where 

an 'upper limit of 4-5 moles ATP consumed per mole N„ fixed was reported 

(cf. Eq. 1'.). 
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1.2.3 Maintenance of anaerobiosis 

In Postgate's perspective (107,108) the recognition by biologists of the oxygen 

sensitivity of the nitrogenase system has been one of the landmarks in nitrogen 

fixation research; and together with the introduction of the C.H« reduction assay 

it has been instrumental in sparking off the present-day boom. Indeed, the first 

demonstration in 1960 of reproducible nitrogen fixation in cell-free extracts 

of C.pasteurianwn using pyruvate as a source of both ATP and reducing equiva

lents (1.2.2) was only possible through that recognition (22). Thus observations 

by Bach et al. (4) almost thirty years before, putatively demonstrating N. fix

ation in cell-free extracts from A.ohrooooaaum, almost certainly have been in 

error and could not be reproduced even then (18). Initially, attempts at puri

fication of the enzyme were even more bothersome since, in the early sixties, 

adequate anaerobic handling techniques were not easily available. The solution 

proved simple. Indeed, as Postgate states (108): 'how fortunate that the 

enzyme tolerated sodium dithionite -an oxygen scavenger which still papers over 

many of the faults in simple nitrogenase purification systems...! * 

Yates and Jones (144) in their review quite strongly defend and augment the pos

tulate that nitrogen fixation is essentially an anaerobic process. On the other 

hand, however, it is well known that many nitrogen fixers grow either obligatory 

or preferentially with oxygen present. How do such aerobe fixers, - of which 

Azotohaater is the most prominent example - reconcile their apparently contra

dictory wants? In recent reviews (42,112), several strategies to do this have 

been outlined. These will be summarily discussed below. 

(a) Physical barriers. Several free-living aerobic nitrogen fixers surround them

selves with a thick capsule of slime. There is no direct proof that this limits 

the diffusion of oxygen into the cells (20,145). Similarly, most cyanobacterial 

fixers have their nitrogen fixing apparatus located in special thick-walled cells, 

called heterocysts (21), but again there is no proof that this would limit the 

diffusion of oxygen although it has been claimed (63). A very elegant and well-

documented case of a physical barrier, however, exists in the Rhizobium-legume 

symbioses. In this case, the 'barrier' (or buffer, rather) consists of an oxygen-

binding protein, called leghaemoglobin (LHb) which surrounds the bacteroids 

*Even so, one should remain hesitant in equating dithionite-reduced nitrogenase 
preparations to nitrogenase in vivo. Certainly dithionite-reduced Fe- and FeMo 
proteins should not be considered blandly as the 'normal' forms of these pro
teins, as Postgate rightly cautions (108). Similarly, key enzymological findings 
that have been obtained using dithionite as a reductant, should be re-checked 
using the physiological reductants (ferredoxin or flavodoxin, cf. chapter 1.2.2) 
as electron donor. 

24 



in ample amounts (7). The properties of this buffer are such that a high flux 

of oxygen can be maintained at an extremely low concentration of free oxygen 

(7,138). Actually, the existence of LHb allows one a fascinating glimpse of 

the intricacies of rhizobium-leguminous symbioses. It has been well established 

that apo-LHb is coded for and synthesized by the protein-synthesizing machinery 

from the plant, not the bacterium, whereas LHb-haem synthesis probably is the 

exclusive domain of the bacterium (9). Therefore one can disagree about whether 

this strategy was evolved by the bacterium or by the plant ?! Indeed, the bacterium 

by itself ('ex planta') has long been considered not to be able to fix nitrogen 

at all; only relatively recently has it been shown that some strains can fix 

nitrogen, though only at low external oxygen concentration and with rapidly 

respirable substrates (8,74,87,101). 

(b) 'Respiratory protection'. As hinted above, microaerophilic nitrogen fixers 

such as Ithizobium spp. ex planta and a diverse collection of diazotrophs of mi

nor importance (see Robson and Postgate, 112) require 0. for nitrogen fixation, 

but at such low concentrations that their own respiration (or other 0.-consuming 

processes) can keep internal oxygen concentrations virtually zero (8). Azotobaoter 

spp. are extreme examples of such a strategy that is intended to remove any external 

oxygen by respiration. Indeed, Azotobaoter spp. have respiratory capacities 

that are high in the microbial world (136); furthermore, they can adapt their 

respiration rates to a surprisingly large range of external oxygen concentrations: 

typically, rates may increase fivefold when the pO is increased from 0.05 to 

0.55 atm (25). Apparently, oxygen regulates the composition of the respiratory 

chain, to the effect that at high aeration energy conservation site III may be 

passed by (55), and the efficiency of energy conservation at site I is lowered 

(77), thus boosting 0. consumption. For carbon substrates taken up in an energy-

dependent fashion, such as sucrose, the rate of transport may be involved in 

respiratory protection (52). 

Azotobaoter spp. may by the only truly aerobic diazotrophs in the sense that they 

can adapt to a wide range of pO 's. The above-mentioned microaerophiles appear 

not to have this capability (112). The versatility of Azotobaoter spp. in combi

nation with the diverse effects of 0„ and N. on growth and energy conversion 

efficiency, which have given cause for wonder for a long time (18,112,144) now 

in any case makes teleological sense through the concept of respiratory protection. 

However, a complete picture of the molecular mechanisms involved cannot yet 

be given; other systems in the cell beside the respiratory chain will play a 

role. As Robson and Postgate surmise (112), one should envision an orchestrated 

series of changes, both genetic and kinetic, rather than one simple mechanism. 
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Isolation and characterization of mutants affected in oxygen- or nitrogen-meta

bolism should prove most useful. 

Sometimes the apparent obligatory evolution of hydrogen during nitrogenase ca

talysis (see above) is assigned an unexpected usefulness, as follows: H„ might 

be fed into the respiratory chain via an uptake hydrogenase, so that (a) a-

long the way ATP might by synthesized (indeed, in A.vinelandii a fourth energy 

conservation site has been proposed at the level of hydrogenase (77)) and (b) 

finally 0„ would be reduced to water. The latter would of course contribute to 

removal of 0„ from the cell like any fast respirable substrate would; however, 

it would appear a rather artificial construction to convert the waste of reducing 

equivalents inherent to nitrogenase catalysis into a 'useful' functionality, as 

Gallon (42) does. After all, the same reducing equivalents might have equally 

well been fed straight away into the respiratory chain without first passing 

nitrogenase and in the process consuming > 2ATP/e . In any case, H evolution 

and consumption would hardly contribute significantly to respiratory protection 

in a true aerobic diazotroph such as A.vinelandii. 

(c) Conformational protection. When cultures of Azotobaater spp. are shifted 

suddenly from low to high aeration, nitrogen fixation quickly stops; if subse

quently, not having given time for adaptation, the cells are again shifted to 

the original low aeration, nitrogen fixation will equally quickly reappear. This 

phenomenon has been termed switch-off I on (30,31,140). Both switch-off and 

switch-on may be accomplished within a few minutes; switch-on occurs also in the 

presence of chloramphenicol (31). Clearly, a fully reversible process with no 

protein synthesis involved results in a reversibly inactivated nitrogenase, which 

in that state is highly tolerant towards oxygen*. From the beginning it has been 

assumed that the switch-off/on phenomenon had some relation to the fact that 

nitrogenase in Azotobaater cell-free extracts was relatively insensitive to 

oxygen (31) and could even be partially purified without the stringent anaerobic 

procedures necessary in handling other cell-free extracts (16). However, it was 

not at all clear how this special oxygen tolerant form or 'conformationally 

protected' nitrogenase should be envisioned. Early proposals included binding 

to membranes (96,110), and stabilization by various crude extract fractions such 

as NADH dehydrogenase (139) or divalent cations (142). The most elegantly simple 

and effective explanation has been offered by Haaker et al. (51) and Haaker and 

Veeger (53) who started from a partially purified A.vinelandii nitrogenase, 

*Oxygen-dependent switch-off and/or switch-on phenomena have also been shown in 
Derxia gummosa and Xanthobacter flavus (142a) as well as in A.cylindrioa (122a) 
Even in the 'obligate' anaerobe C.pasteurianum a similar phenomenon may exist, 
-of course at appropriately low 0 -concentrations (ref. 108a, pp. 97-98). 
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the so-called Bulen-LeComte preparation (16). This preparation is still as stable 

as the cell-free extract; however, analysis by Polyacrylamide gel electrophoresis 

showed that it contained but one major polypeptide band besides the Av and Av„ 

polypeptides. This polypeptide was subsequently shown to be identical to an 

[2Fe-2S] protein that had been characterized years before by Shethna et al. (117). 

Reconstitution experiments showed that the 'Shethna protein' indeed could protect 

the nitrogenase proteins. In the present thesis, this finding is confirmed and 

enlarged upon. 

(d) Oxygen regulation of nitrogenase synthesis. Any free oxygen which cannot be 

kept out of the cell passively (strategy a) or removed metabolically (strategy b) 

will inactivate the nitrogenase proteins, either reversibly (strategy a) or irre

versibly (which is no strategy at all). Therefore, it is not surprising that oxy

gen inside the cell will act as an efficient repressor of nitrogenase synthesis. 

Repression of nitrogenase synthesis by oxygen has now been confirmed for the micro-

aerophilic R.japoniaum (112), the facultative anaerobe K.pneumoniae (35) and the 

aerophilic A.ahrooooooum (35). Repression may be as fast (K.pneumoniae) or 

faster (A.ohroooooaum) than that by NH, (35). In K. pneumoniae all the nif-

genes appear repressable by 0„, but the operon for the structural proteins 

(nif HDKY) to a far greater extent than the regulatory operon {nif LA) (29). 

Although in recent genetic studies emphasis tends to be on the mechanism of 

repression by NH (32,100), a consensus seems to have been reached that the 

nif L product is involved in both 0„- and (to a lesser extent) NH, -repression 

(66,69,88). Like in NH, -repression, the actual agent which mediates oxygen-

repression has not been identified yet, -in any case the two primary signals 

(NH, and 0„) appear to employ different mediators (35). It might be suggested 

here that the hydroquinone form of flavodoxin - a nif gene product in K.pneumoniae 

(95)- would be a potentially very sensitive mediator of free oxygen in the cell, 

since it is extremely rapidly autoxidized (86). 

(e) Various strategies. Especially cyanobacterial diazotrophs have had to de

sign some smart strategies in order to protect their nitrogenase: since these 

organisms have a plant-type photosynthesis, they evolve necessarily oxygen inside 

their cells, augmenting any normal environmental 0„ stress. Apart from the above-men

tioned strategies which they may or may not have, the cyanobacteria have deve

loped two exclusive strategies which effectively keep photosynthesis apart from 

nitrogen fixation: (1) spatial separation and (2) temporal separation. Spatial 

separation means that nitrogenase and photosynthesis are locked into their 

own specialized cells: 'vegetative' cells for photosynthesis, heterocysts (cf. 

strategy a) for nitrogen fixation. Temporal separation so far has been found 
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only in non-heterocystous cyanobacteria. It means that, given a suitable light-

dark regime, photosynthesis will be limited to the light period, nitrogen fixatioi 

to the dark. These and other aspects of cyanobacterial nitrogen fixation have 

been reviewed extensively elsewhere (42,125). It is justifiable that this class 

of diazotrophs should receive a great deal of attention in the literature since 

it is both agriculturally and biotechnologically a very promising class (123,41). 

The dualistic role which 0„ appears to play in Nature, beneficial as well as 

detrimental, is a fascinating subject which only recently is coming to flower. 

Insight in mechanistic aspects, however, is still very sketchy. A review has 

been compiled recently by Elstner (39); several excellent articles may be found 

in the volume Strategies of Microbial Life in Extreme Environments' (118). No 

published work at all exists on the chemistry of the destructive reaction of 0„ 

with nitrogenase proteins, -which is unfortunate to say the least. 

1.2.4 Concluding remarks 

Completing, at last, the discussion on 'costs' involved in nitrogen fixation, 

it should be clear that a lot of work is left to be done yet. Apart from the 

minimum amount of ATP which is directly required in nitrogenase function (2 ATP/ 

e ) and indirectly spent in the generation of reducing equivalents (3 ATP/e , 

assuming 3 energy conservation sites and complete coupling), an unknown amount 

of energy may be spent in : (1) the 'pushing' of electrons from NAD(P)H to the 

primary electron donor for nitrogenase (cf. 1.2.2), and (2) protection of the 

nitrogenase proteins against inactivation by surplus oxygen (1.2.3). Last but 

not least, the cost involved in de novo protein synthesis may be considerable. 

It has been calculated that the nitrogenase structural proteins alone may make 

up as much as 10% of the content of soluble proteins in a diazotroph (35,111). 

Since the ni f gene cluster contains at least 12 genes apart from those coding 

for the structural proteins (69) , and perhaps many more are involved in nitro

gen fixation by symbiotic diazotrophs, this last component of the costs of 

nitrogen fixation may indeed be high. 

To arrive at a more satisfactory and conclusive picture of how nitrogenase func

tion fits into cellular metabolism and what costs are involved, however, more 

precise data are needed, from both in vitro and in vivo studies. For more de

tailed discussions of the presently available data, see Gutschick (45), Pate 

et al. (104), Postgate et al. (109) and Schubert (115). 
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1.3. Outline of this thesis 

Following the pioneering physiological studies of Haaker et al. (47,53) on the 

generation of reducing equivalents for nitrogenase in Azotobaotev winelandii, 

it seemed desirable to further characterize interactions between the likely 

ultimate electron donors (flavodoxin and/or ferredoxin, see also ref. 145a) 

and nitrogenase. Isolation of these proteins was therefore necessary. Flavo-

and ferredoxin from A.vinelandii have been prepared to purity; as far as nitro

genase was concerned, however, it was deemed that the 0 -tolerant nitrogenase 

complex as isolated originally by Bulen and LeComte (16) should render infor

mation more physiologically relevant than could be the case using highly puri

fied nitrogenase components (Av + Av_). In chapter II, results are described 

suggesting that the Bulen-LeComte nitrogenase complex, with fully reduced fla

vodoxin as a source of reducing equivalents, has regulatory properties not 

exhibited by a more highly purified (AVj + Av~) complex, due to the presence of a 

'contaminating' third protein. 

This third protein appeared to be the same as that shown by Haaker et al. (51, 

53) to be responsible for the oxygen-tolerance of the nitrogenase complex. 

The spectral properties and molecular weight are shown in chapter II to be i-

dentical to that of the [2Fe-2S] ferredoxin isolated earlier by Shethna et al. 

(117) who, however, did not ascribe any physiological function to this pro

tein. 

In chapters III and IV, the interactions between Av], Av„ and the third protein 

are further characterized, as well as the conditions necessary to induce the 

reconstitution of an oxygen-tolerant complex from the purified proteins. The 

relation between the oxygen-tolerant complex and the so-called 'switched-off 

state' of nitrogenase activity -in vivo is discussed. 

Vlease note. Chapter III is the result of a multi-author effort. The author of the 

present thesis takes responsibility for the 2nd part only, 'Protection of 

A.vinelandii N ase against damage by 0 '. 
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