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STELLINGEN 

l.De conclusie van Fuller en Verma dat de soya leghaemoglobine 
genen reeds drie dagen na inoculatie tot expressie komen, moet in 
twijfel getrokken worden. 

Fuller,F. en Verma,D.P.S. (1984) Plant Molecular Biology 3,21-28. 

2.Gezien het feit dat met flavodoxine als electronendonor een veel 
hogere specifieke activiteit voor het Fe-protein te bereiken is in 
vergelijking met dithioniet als electronendonor, is het in deze 
tijd van superlatieven, noodzakelijk de tot nu toe bestaande en 
algemeen gebruikte standaard activiteitsmeting te wijzigen. 

Hageman,R.V. en Burris,R.H. (1978) Biochemistry 17,4117-4124. 
Scherings,G.,Haaker,H. en Veeger,C. (1977) 
Eur.J.Biochem.77,621-630. 
Dit proefschrift. 

3.De suggestie van Orme-Johnson en Davis dat de binding van MgATP 
een verlaging van de intrinsieke redoxpotentiaal van het Fe-eiwit 
veroorzaakt, kan niet worden gedaan zonder de bindingsconstanten 
van MgATP aan het geoxideerde en gereduceerde Fe-eiwit erin te 
betrekken. 

Orme-Johnson,W.H. en Davis,L.C.(1977) In:Iron-Sulfur Proteins III, 
Lovenberg,W.,ed. Academie Press, New York. p.38. 

4. Het gebruik van de term "energieproductie" als jargon door 
biochemici is in strijd met de eerste hoofdwet van de 
thermodynamica en zou consequent veranderd moeten worden in 
"energieomzetting". 

5.Correctie voor het aanwezige inactieve Fe-protein in een 
preparaat wordt soms ten onrechte toegepast en kan leiden tot 
"wishful thinking". 

Ljones,T. en Burris,R.H.(19 78)Biochem.Biophys.Res.Comm.80,22-25. 
Huynh,B.H.,Henzl,M.T.,Christner,J.A.,Zimmerman,R.,0rme-Johnson,W.H 
en Munck,E. (1980) Biochim.Biophys.Acta 623,124-138. 
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6.Gezien het effect van de groeiomstandigheden op sommige 
eigenschappen van het te isoleren Fe-protein van nitrogenase, kan 
men nu niet meer volstaan met uitsluitend het vermelden van de 
samenstelling van het groeimediura van de bacterie in een 
publicatie over de eigenschappen van het nitrogenase enzymcomplex. 

Dit proefschrift. 

7.Het is hoogst wenselijk, dat de parameter voor de 
hydrofobiciteit voor biokatalytische reacties in multifase 
systemen gestandariseerd wordt. 

Hilhorst,R.,Spruyt,R.,Laane,C. en Veeger,C.(1984) 
Eur.J.Biochem.144,459-466. 
Brink,L.E.S. en Tramper,J.(1985) Biotechnol.Bioeng.27,1258-1269. 

8.Met een redelijke mate van waarschijnlijkheid kan gesteld 
worden, dat de abnormale divergentie in hyperfijn structuur van 
EPR poeder-spectra rond 1990 opnieuw ontdekt zal worden. 

Bleaney,B.(1951) Phil.Mag.42,441-458. 
Nieman,R. and Kivelson,D.(1961)J.Chem.Phys.35,156-161. 
Chen,I.,Abkowitz,M. and Sharp,J.M.(1969) J.Chem.Phys. 
50,2237-2244. 
Lee,S.,Ames,D.P. and Putnam,J.M.(1982) J.Magn.Reson.49,312-321. 

9.Het bestaan van een ijzer-chlorose signaal tussen de spruit en 
de wortels, kan op grond van de huidige literatuur gegevens nog 
niet uitgesloten worden. 

Bienfait,H.F. (1985) J.Bioenerg.Biomembr.17,73-83. 

10.De Michelingids zou aan die restaurants die de nouvelle cuisine 
nastreven, behalve een kwaliteits- ook een kwantiteitsaanduiding 
voor de maaltijd moeten geven. 

A.Braaksma 
Electrontansport through the 
nitrogenase enzyme complex of 
Azotobacter vinelandii. 
Wageningen,november 1985. 
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Het tot stand brengen van een proefschrift wordt vaak als een 

grote prestatie gezien. Mocht dit zo zijn, dan is dit zelden of 

nooit geheel aan de verdienste van één persoon toe te schrijven. 
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biologie te studeren. 

Een speciaal woord van dank voor mijn co-promotor Huub Haaker, 

die mij met een niet aflatende energie over de dode punten heen 

hielp. Hij deed dit altijd op een warme, menselijke wijze die ik 

zeer op prijs heb gesteld en waar ik grote bewondering voor heb. 

De vaste bewoners van lab. III, de beide Jannen en Hans, dank 

ik voor de fijne samenwerking en sfeer die de resultaten zeker ten 

goede kwamen. 

Verder dank ik mijn promotor professor Veeger voor zijn bege

leiding bij de tot standkoming van dit proefschrift. 

I am also indebted to Bob Eady who made this thesis more 

readible, not only by correcting the text into proper English if 
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voor het tekenwerk Martin Bouwmans. 
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List of abbreviations 

A430 

ADP 

ATP 

ATPase 

BPS 

DEAE 

Deazaflavine sulphonic acid 

DNA 

ENDOR 

EPR 
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MV 

Pi 

PIXES 

Tricine 

Absorbance at 430 nm. 

Adenosine 5'-diphosphate 

Adenosine 5'-triphosphate 

ATP phosphohydrolase (E.C. 3.6.1.3) 
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The MoFe and Fe-proteins of the nitrogenase of Azotobacter vine-
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referred to as Avj and AV2, Cpj and Cp2 and Kpj and Kpg respec

tively. 

11 



INTRODUCTION 

Nitrogenase in the evolution 

Living organisms are composed primarily of four elements: carbon, oxy

gen, hydrogen and nitrogen. These four elements combine in various ways to 

make up the four main classes of organic compounds as carbohydrates, fats, 

proteins and nucleic acids. The reason why life consists of these four ele

ments must be searched at the origin of life. The composition of the early 

earth atmosphere was probably methane, ammonia, dinitrogen, dihydrogen and 

water vapour [1-3]. It has been shown in experiments where primitive 

atmospheric conditions were imitated that in these reducing surroundings 

organic molecules can be formed spontaneously in such a variety that it 

seems as if whole organisms have been desintegrated into their building 

blocks [2,4]. Even in these early stages one can speak of selection in evo

lutionary terms. For instance conditions changed as oxygen accumulated up 

to a concentration of 13s probably by photochemical reactions by sunlight 

[3,5]. By a gradually changing environment the tendency to form aggregates 

was favoured. Even abiotic cell-like structures could be formed. This che

mical evolution, as it is called, is thought to have led to self-

replicating organic structures, or in other words: to life. 

Some 3 billion years ago there was probably a variety of life, but 

without fossilizable structures. Anaerobic organisms using inorganic 

comounds as energy source (S0 4
2 _ ), were probably the main forms of life on 

earth at that time. The next possible stage in the evolution process might 

have been the development of photosynthetic bacteria. They could use solar 

radiation as an energy source and metabolise both organic and inorganic 

compounds. The photosynthetic bacteria thus need not compete for the 

depleting supply of organic molecules as a source of energy [6]. Almost all 

photosynthetic bacteria are able to use N 2 as a source of nitrogen, this 

process is called nitrogen fixation and it is catalyzed by the enzyme 

nitrogenase [1]. But it might well be that the nitrogenase enzyme in the 

beginnning did not have a function in N 2 fixation but functioned to 

discharge electrons in the form of dihydrogen like Rhodospirillum rubrum 
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today still does when it is growing on an organic compound. One of the 

oldest fossils are cyanobacteria [6], many representatives fix dinitrogen 

today. This might indicate that nitrogen fixation appeared early in evolu

tion. Recently, nitrogen fixation has been discovered to occur in 

archaebacteria [7]. So the question arises, as to whether nitrogen fixation 

is so ancient a property that it originated before divergence of archaebac

teria and eubacteria or did diazotrophy originate separately in the two 

kingdoms? So it might be that the nitrogen fixing process is very old. The 

structure of the enzyme (nitrogenase) that converts dinitrogen into ammonia 

isolated from many eubacteria, is remarkably conserved. Not only the iso

lated nitrogenase proteins are very similar but DNA hybridisation studies 

indicate that the structural nif genes are highly conserved in all 

Diazotrophs investigated [8]. 

Significance of biological nitrogen fixation 

The nitrogenase enzyme complex is the only biological input system of 

dinitrogen into the N-cycle. To keep the N-content of a soil constant the 

loss of fixed nitrogen as dinitrogen by denitrification must be compensated 

for by an input from chemical and biological nitrogen fixation. In many 

areas on earth the availability of fixed nitrogen is rate-limiting for 

plant growth [9]. 

Today we have the possiblity of the industrial nitrogen fixation according 

to the Haber-Bosch process, but it is only applied to agriculturally impor

tant land [9]. Chemical fertilizers have some disadvantages. For instance, 

it washes out rapidly which leads to pollution of nearby water. The cost of 

producing chemical fertilizers, storage of the supplies, transport etc. is 

within the financial reach of rich countries, but not of that of most deve

loping countries. Such undesirable side effects are not, or are only to a 

small extent, applicable to biological nitrogen fixation. 

This thesis is a study of the nitrogenase enzyme of the aerobic bac

terium Azotobacter vinelandii, chosen mainly because it can be grown easily 

and nitrogenase can be isolated in pure form. Since nitrogenases have very 

similar properties, irrespective of the source from which they are iso

lated, most conclusions can be extended to other organisms [10,11]. 
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Structure and function of nitrogenase 

The enzyme Nitrogenase 

Nitrogenase, officially called dinitrogen oxidoreductase, ATP hydro-

lysing (E.C. 1.18.2.1), consists of two distinct components, both required 

for activity [9,10,11]. During the isolation of the enzyme, these two com

ponents are usually separated. 

The largest component is a tetrameric protein with a molecular mass of 

220-245 kDa for the native protein. Three names are in common use: com

ponent I; MoFe-protein; or an abbreviation in which the first two letters 

of the bipartite latin name of the organism from which it is isolated, 

followed by the number '1'. To illustrate this, Avj is nitrogenase com

ponent I isolated from Azotobacter vinelandii [10,11]. 

Component I contains two molybdenum atoms, 28-32 iron atoms and at least 28 

acid labile sulfur atoms per molecule. It is suggested that the catalytic 

site is situated on this protein [10,11] which contains several types of 

redox centres. Approximately half the Fe is present in a Fe and Mo con

taining cofactor (FeMoCo) and the remainder in so-called 'P' clusters which 

are suggested to be [4Fe-4S] clusters and a minority in the 'S' clusters 

[12]. FeMoCo is supposted to be the substrate binding site (13). The 

necessary electrons for this process are probably stored and tunneled 

through the [4Fe-4S] clusters, to the FeMo, where dinitrogen is reduced to 

ammonia by electron and proton addition, a process in which dihydrogen is 

also evolved [20,21]. The smaller nitrogenase component seems simpler in 

structure, yet there are some intriguing questions about its structure and 

mode of action. In the literature this protein is referred to as component 

II; Fe-protein; or abbreviated (Av2). Fe-protein is a dimeric protein [11], 

consisting of two identical subunits, and the native protein has a molecu

lar mass of about 63 kDa. The main function of component II is to transfer 

electrons to component I in an ATP dependent reaction. 
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Nitrogenase c a t a lyses the r e ac t i on : 

N2 + »16 MgATP + 8e + 8 H+ - 2 NH3 + H2 + »16 MgADP + »16 P i . 

The n i t rogenase r eac t ion i s v i sua l i s ed in f igure 1 ( a f t e r Postgate [9] 

s l i g h t l y adapted) . 

MgADP MgADP+Pi ^ " " " " "V ' 1 

V _ > ^ Mo--N̂N M'° 
u , T n I N' H* 
MgATP s-—^ 

( Avzdf AV1 ) 
V _ J A y-Mo-N.?.i 

MgATP - 4 

further 
electron 
transfers 

MO-N5N ^ - T " NH3 

J > M° H2C=CH2 

N=N 2
e t c 

HOCH 
H* 
etc 

In Fig. 1, F is the electron donor. In vitro dithionite is the most widely 

used donor. The electron donor jji vivo is not known with certainty for 

every organism. In Clostridium pasteurianum it is probably a ferredoxin 

[14]. However, in K.pneumoniae it has been shown by genetic experiments 

that the product of the nif F gene is necessary for in vivo activity of 

nitrogenase. This gene codes for a flavodoxin and is an integral part of 

the nif gene cluster [15,16]. In Azotobacter circumstantial evidence points 

in the direction of flavodoxin as a possible donor in vivo [23,24]. 

Reduction, ATP binding to component II and complex formation are thought to 

occur at random. It has been reported earlier that on component II there 

are two binding sites for MgATP [17-21]. Recent results indictate that 
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these two binding sites interact with negative cooperativity [22]. Oxidized 

Av2 binds two molecules MgATP per molecule Av2 with equal binding 

constants [23]. 

Once the complex has been formed rapid electron transfer takes place with 

the concommittant hydrolysis of MgATP. Since oxidized component II cannot 

be reduced when bound to component I a dissociation of the proteins must 

occur before component II can be rereduced. The rate of dissociation is 

thought to be the slowest step in nitrogenase catalysis [10]. The whole 

cycle has to be repeated until enough electrons are transferred to com

ponent I to allow substrate reduction. 

Iron-Sulphur clusters in Nitrogenase 

The electrons participating in the oxidation-reduction processes in 

nitrogenase are stored in iron-sulphur clusters. Today several types of 

clusters are known. 

The main characteristic of these clusters is the alternation of iron and 

sulphur atoms and the fact that they are incorporated in the proteins 

through a covalent binding between cysteine residues and the iron atoms. At 

the moment the Rieske iron-sulphur protein seems to be the only known 

exception: here the cluster is bound to two cysteine residues and two non-

cysteine residues [24]. 

In figure 2 some known structures of iron/sulphur clusters are shown. 

•Fe 

\ / 

F e — 

| 2 F e - 2 | 

.'Fe-

S -

- / 
•Fe 

•Fe' 
Xs 

ßFe-4§] 

Fe—fS — 

— .̂Fe —. 

nf" 
[6 F e 

"""S 

-6S] 

/ 

Fe' 

Figure 2. Structures of some iron/sulphur clusters. 

17 



Iron-suphur clusters are always paramagnetic in one of their redox states. 

This paramagnetism can be monitored by Electron Spin Resonance spectroscopy 

(EPR) and thus the oxidation/reduction state of the protein determined. The 

direction of electron transfer through nitrogenase as shown in fig. 1 has 

been established primarily through EPR experiments. As isolated in the pre

sence of dithionite each protein has a characteristic EPR signal and during 

turnover the EPR signal of each protein is reduced in intensity. In com

bination with other experiments, it has been shown that during turnover Fe-

protein is partly oxidized and MoFe-protein is in a more reduced state. It 

is clear that EPR spectroscopy is a powerful technique in studying electron 

transport through nitrogenase but one of the biggest problems in 

interpreting experimental data for nitrogenase is the uncertainty as to 

which extent the preparations are homogeneous with respect to the metal 

clusters. The composition of the metal clusters is one of the main subjects 

of this thesis. 

Scope of this thesis: 

This thesis deals with some properties of the MoFe-protein of nitroge

nase from A.vinelandii (Avj) and of Fe-protein of nitrogenase (Av2). In the 

different chapters attention is focussed upon specific aspects. 

In Chapter II the redox potential necessary for nitrogenase activity in 

vitro is determined. In this chapter we also show that Av2 can behave as a 

two-electron donor instead of the expected one electron donor. 

In Chapter III we show that enzymatically oxidized or dye-oxidized Av2 

can take up two electrons per molecule. 

In Chapter IV we show that the iron-sulphur content of Avg is variable 

and can exceed 4 iron and 4 sulphur atoms per molecule of Av2. This is not 

consistent with the generally accepted view that the iron-sulphur cluster 

in Av2 is a ferredoxin type of [4Fe-4S] cluster. 

In Chapter V it is shown that the iron-sulphur content of isolated Av2 

is dependent upon the growth conditions of the cells. 

Chapter VI deals with quantitative Mossbauer spectroscopy of Avj. The 

outcome of these studies raises questions about the possible structure and 

function of the clusters in this protein. 



In Chapter VII the results described in this thesis are discussed in 

relation to the present knowledge of structure and functioning of nitroge-

nase. 
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CHAPTER I I . 

The Effect of the Redox Potential on the Activity of the Nitrogenase 
and on the Fe-Protein of Azotobactev vinelandii 

Arnold BRAAKSMA, Huub HAAKER, Hans J. GRANDE, and Cccs VEEGER 

Department of Biochemistry, Agricultural University, Wageningen 

(Received August 10/Oclober 13. 1981) 

The redox potential dependence on the nitrogenase reaction catalyzed by different nitrogenase complexes 
from Azotobacter vinelandii has been studied by two methods. The redox potential was set with the redox couple 
SOi~/S03~ and the effect on the nitrogenase activity was determined. The oxidation of photochemically reduced 
low-potential electron carriers by nitrogenase was followed spectrophotometrically. Simultaneously the nitro
genase activity was estimated by the production of hydrogen. It was found that when component II of the nitro
genase is in redox equilibrium with the electron donor, the nitrogenase activity is maximum and independent of 
the redox potential up to — 440 mV. At higher potentials the nitrogenase activity declines and no significant 
activity was detectable at potentials above — 350 mV. 

The effect of the redox potential on the oxidation reduction state of the 4Fe-4S cluster of Azotobacter nitro
genase component II was studied by electron paramagnetic resonance spectroscopy. Without adenine nucleo
tides present, component II of the nitrogenase shows a midpoint potential of — 393 mV and the oxidation reduc
tion reaction is characterized by the transfer of two electrons per redox step. In the presence of MgATP the 
midpoint potential of component II of the nitrogenase undergoes a negative shift of 42 mV. The curve fitting to 
the experimental points is also characteristic of a two-electron redox step. In contrast, it is found that in the 
presence of MgADP, the curve fitting to the experimental points is characterized by a one-electron step with 
a midpoint potential of —473 mV. It is demonstrated that the nitrogenase activity correlates with the oxidation 
reduction state of component II of the nitrogenase without adenine nucleotides bound. The implications of this 
observation, indicating a sequential reaction of the reduced Fe protein with the Mo-Fe protein, for the present 
kinetic models of nitrogenase will be discussed. 

Nitrogenase is the enzyme system (reduced carrier :N2 

oxidoreductase) that consists of two proteins and converts N2, 
ATP-dependently, into NH3. The nitrogenase system is com
posed of two dissociating protein components. One, called 
the Fe protein, contains four iron and four acid-labile sulphur 
atoms; the other, the Mo-Fe protein, contains two molyb
denum, 28 — 32 iron, and about 28 acid-labile sulphur atoms. 
The properties of nitrogenases from bacterial sources were 
recently reviewed by Mortenson and Thorneley [1 ]. The nitro
genase reaction needs a low-potential electron donor and at 
least two molecules of MgATP are hydrolyzed to MgADP 
and Pi per electron transferred to the substrates. Electrons 
arc donated to the Fe protein and pass to the Mo-Fe protein, 
ATP-dependently [1,2], The Mo-Fe protein acts as a storage 
sink for electrons and passes the electrons in multiples of 
two to the substrates [1,2]. The electron donors in vivo are 
thought to be either a ferredoxin or a flavodoxin [3,4]. The 
potential electron carriers for the nitrogenase have midpoint 
potentials ranging from — 495 mV for Azotobacter vinelandii 
flavodoxin up to — 340 mV for ferredoxin III from Rhodo-
spirillum rubrum [3,4]. Little information is available about 

Abbreviations. The Mo-Fe and Fe proteins of the nitrogenases of Aza-
lobacier vinelandii, Azotobaeier chroocoicum, Clostridium pasieurianum 
and Klebsiella pneumoniae are referred to as Av, and Av2l Aci and Ac2, 
Cpi and Cp2 and Kp, and Kp2, respectively; EPR, electron paramagnetic 
resonance; Hepes, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid; 
Tricine, /V-[2-hydroxy-l,l-bis(hydroxymethyl)ethyl]glycine; deazaflavine 
sulphonic acid, 10-methyl-5-deazaisoalloxazine-A'-3-propyl-sulphonic 
acid; G, gauss. 

the actual redox potential necessary for dinitrogen fixation. 
There are a few reports in the literature about the dependence 
of the rate of the nitrogenase-catalyzed reaction upon the 
redox potential of the electron donor. Evans and Albrecht [5] 
reported that for a partly purified nitrogenase complex of 
Chromaiium vinosum an applied potential of — 465 mV at 
pH 8.0 is required for half-maximum rates of acetylene reduc
tion. Watt and Bulen [6] reported for the nitrogenase complex 
of A. vinelandii that at an applied voltage of — 460 mV the 
nitrogenase complex exhibits half of its maximal H2 produc
tion capacity. Finally Scherings et al. [7] showed that the nitro
genase complex from A. vinelandii did not oxidize photo-
chemically-reduced A. vinelandii flavodoxin at redox poten
tials higher than — 460 mV. 

These results are not in accordance with the observations 
of Zumft et al. [8]. The observed for the Fe protein of Clostri
dium pasieurianum a midpoint potential of — 294 mV at 
pH 7.5. When MgADP or MgATP was bound to the protein 
the midpoint potential shifted to — 400 mV. If we assume 
similarities between the Fe protein from Clostridium and 
Azotobacter, then redox potentials around — 460 mV must 
be low enough to keep the Fe-protein • MgATP complex in 
the reduced state and allow nitrogenase proteins to have 
maximum activities. To solve this discrepancy and to obtain 
more information on the reducing power necessary for di
nitrogen fixation, we studied the effect of the redox potential 
on the nitrogenase activity and on the oxidation-reduction 
potential of the Fe protein with or without adenine nucleo
tides bound. To exclude specific effects of the electron donor 

21 



4S4 

on the Fe protein, wc used different electron donors. The 
implications of these results with respect to the model for 
nitrogenasc-catalyzcd electron transfer will be discussed. 

MATERIALS AND METHODS 

Growth Conditions and Enzyme Preparation 

Azoiobacier vinelandii ATCC 478 was grown in a batch 
culture of 25001, harvested during the logarithmic phase and 
stored at — 70 C [9]. Routinely approximately 250 g wet 
weight of cells were disrupted with a Manton Gaulin homog-
enizer type 15 M (Gaulin Corporation, Everett, MA, USA). 
The nitrogenase proteins were purified by the method of Yates 
and Planqué [10], with an additional purification step for the 
Mo-Fe protein by an MgCl2 precipitation analogous to the 
MgCb precipitation described for the three-component nitro
genase complex [11 ]. The nitrogenase components were freed 
of dithionite by passing the proteins over a Sephadex G-25 
column equilibrated with 25 mM Hcpes/KOH, 40 mM a-D-
glucose, 0.5 mg glucose oxidase/ml, final pH = 7.4. Azoio
bacier flavodoxin was purified as described by Hinkson and 
Bulen [12], Megasphera elsdenii flavodoxin as described by 
Mayhew and Massey [13]. The three-component nitrogenase 
complex was purified according to Bulen and LeCompte up 
to the second MgCb precipitation [11]. 

Analytical Methods 

Standard nitrogenase activity assays were run as described 
earlier [7] in a mixture containing 50 mM Hepes/KOH, 
10 mM ATP, 15 mM MgCb, 10 mM creatine phosphate, 
40 mM a-D-glucose, 1 mg/glucose oxidase/ml, 0.5 mg crea
tine kinase/ml, 1 mg bovine serum albumin/ml, final pH 7.0. 
Argon was the usual gas phase. Assay mixtures were made 
anaerobic by evacuating and filling with argon five times. 
Dithionite was added and, when acetylene reduction was 
measured, acetylene purified by storage for at least 24 h above 
a Fieser solution was added to a final concentration of 20%. 
After a preincubation at 30 C the reactions were started by 
the addition of nitrogenase components with gas-tight syrin
ges. Photorcduction of electron carriers was carried out in 
the presence of 50 mM Tricine buffer and deazaflavtne-sul-
phonic acid, added to the standard assay mixture as described 
earlier [7]. 

Production of H2 was monitored continuously by an am-
pcrometric method [14]. The H2 electrode was similar in 
design to Clark-type 0 2 electrode and the reaction chamber 
had a volume of 1.6 ml. The electrode was standardized by 
the addition of aliquots of water saturated with H2 at 30 C. 
In some experiments the whole reaction chamber was built 
in an Aminco DW 2 spectrophotometer connected with a 
Midan T microprocessor. The effective light pathway was 
calibrated with a dichloroindophenol solution, at the same 
wavelength settings as used for monitoring the concentration 
of electron carriers. The electron carriers were photoreduced 
by side illumination with a short white light pulse (10 —20 s) 
[7]. Nitrogenase was allowed to oxidize the reduced electron 
carriers. The reaction was plotted by the spectrophotometer 
and the data simultaneously stored in the analyzer. The first-
order derivative of the data was computed and plotted on the 
same sheet as the reaction ha'd been plotted. From the progress 
curve of carrier oxidation at each point the redox potential 
was calculated by means of the Nernst equation. The activity 
of the nitrogenase was calculated from the first derivative. 
The calculated activities of the spectrophotometric nitro

genase assay were always in good agreement with the values 
for H2 production polarographically obtained. The results 
of the electron carrier oxidation curves were fitted with the 
linear regression method to the following equation: 

Eh = Em + "' ' RT , 100-
nF , n A 

where Em = the redox potential when the nitrogenase activity 
is 50 %, Eh = the redox potential observed and A = per
centage of nitrogenase activity. The Em and n values were cal
culated. It was found in the experiments with M. elsdenii 
flavodoxin as electron donor, that nitrogenase activities below 
20% did not follow the sigmoidal curve but follow a straight 
line (see Fig. 2). These activity values were not taken into 
account for the calculation of the Em and « values. The results 
of the experiments with A. vinelandii flavodoxin as electron 
donor could not be described by this method. 

Nitrogenase components used had throughout specific 
activities around 2000 nmol C2H4 formed min*1 (mg Fe 
protein)"1 and 2500 nmol C2H4 formed min - 1 (mg Mo-Fe 
protein)-1, when measured under standard assay conditions 
at pH 7.4 and optimum levels of the complementary protein. 
For the calculation of nitrogenase protein concentrations we 
used for the Mo-Fe protein M, = 220000, a value estimated 
from sedimentation-equilibrium studies taking the partial 
specific volume of 0.73 ml g~' [15]; A/r = 60000 was used for 
the Fe protein. 

In a large series of isolations we found that the maximal 
specific activity obtainable for the Mo-Fe protein is 3000 nmol 
C2H4 formed min"1 (mg Mo-Fe protein)-1 and 2500 nmol 
C2H4 formed min"1 (mg Fe protein)"1. These values were 
used to calculate the amount of active protein present in each 
experiment. 

The concentrations of the electron carriers were estimated 
from the absorption coefficients: oxidized M. elsdenii flavo
doxin, 10200 M"1 cm"1 at 445 nm [13]; oxidized A. vinelandii 
flavodoxin 10600 M"1 cm"1 at 450 nm [12]; M. elsdenii 
flavodoxin semiquinone, 4500 M"1 cm"1 at 580 nm; A. vine
landii flavodoxin semiquinone, 5300 M"1 cm"1 at 580 nm; 
methyl viologen semiquinone, 13600 M"1 cm"1 at 604 n m 
[16]. The midpoint potentials used for the redox couple flavo
doxin hydroquinone/semiquinone at pH 7.0 were: A. vine
landii, Em= - 4 95mV; M. elsdenii, Em = - 378 mV [16]. 
For the redox couple methyl viologen semiquinone/oxidized, 
— 446 mV was used at pH 7.0 [16]. Redox potentials with the 
redox couple dithionite/sulphite were set according to May-
hew and Van Dijk et al. [16-18]. 

The contamination of dithionite (from Merck) by sulphite 
was determined as described by Van Dijk and Veeger [18]. 
The contamination was found to be 20% and this amount 
was taken into account for the calculation of the redox poten
tial. The dependence of the p/G of (bi)sulphite on the ionic 
strength was determined experimentally. An unbuffered solu
tion of sodium sulphite was titrated under argon with HCl at 
different NaCl concentrations. The pATâ followed the Debye-
Hückel law in the following way: up to 100 mM NaCl, the 
pK'a at 30 C remained unchanged (pÀ"â = 6.95); above 
100 mM NaCl up to 600 m M NaCl it was found that 
pK'a = p t f a -0 .65 | / / + 0.16 A 

The samples for the EPR experiments were prepared at 
25 rC under argon; the EPR tubes were filled under argon 
and the samples were manually frozen in isopentane at 
- 1 0 0 C . 

EPR spectra were taken on a Bruker ER 200D spectrom
eter, connected to a Data General NOVA-3 computer in 



which all spectra were stored. Baseline corrections were made 
by fractional subtractions of the signal of a solution of a stan
dard buffer taken separately in the same calibrated tube. 
Temperature control at low temperature was kept by a home-
built He system as described by Lundin and Aasa [19]. The 
temperature was measured with a carbon resistor (Allen 
Bradley) of about 5.6 kß at room temperature. All spectra 
were taken at 10.5 ±0.5 K. 

The intensity of the signal was calculated from the ampli
tude of the gy peak of all signals. The integrated intensities of 
corrected spectra were compared with a 1 mM Cu2 + solution 
in 2 mM sodium Perchlorate at pH 2.0. The EPR tubes used 
were calibrated with a standard spin label (4-maleimido-
2.2.6.6 tetramethylpiperidine-1-oxyl) solution in dioxane. 

It was ascertained that no significant change in redox 
potential occurred due to freezing. A reduced methyl viologen 
solution at — 440 mV in the standard incubation mixture 
was manually frozen (in isopentane at — 100 C) and the 
signal was measured. No significant difference in amplitude 
was observed. 

The microwave frequency was measured in each experi
ment with a counter (Systrom, Donner counter 1017). The 
field sweep and central position were calibrated by using an 
NMR probe. In the text the EPR settings are given. A sweep 
width of 1000 G (0.1 T) is in fact 993.0 G (0.0993 T) and the 
central values are respectively 3490.6 and 3387.0 for 3500.0 
and 3400.0. 

360 
potentu 

Fig. I. The effect of the applied lydox potential on the activity of different 
nitrogenase complexes. Redox potentials were set with NajSjO* (5 mM) 
and varying amounts of Na2SO.v The nitrogenase activity was followed 
by the H2 production. (O O) [Av,] = 0.33uM. [Av2] = 0.33 uM. 
100% activity = 30 uM H2 produced • min " l ; ( • -D) [Av, ] - 0.07 uM. 
[Av2] = 0.96 uM, 100 "„ activity is 30 uM H2 produced • min " ' : (A - A) 
[Av,] -0 .11 uM, [Av2] = 2.9uM. 100",, activity is 48.4 u M H ; pro
duced • min -1 

Materials 

ATP, creatine kinase (EC 2.7.3.2), creatine phosphate, 
4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid (Hepes) 
and bovine serum albumin were obtained from Sigma Chemi
cal Co; all other chemicals were of the highest commercial 
grades. Argon was purified by passage over hot (150 C) 
BASF catalyst. Protein concentration was estimated with the 
Lowry method and according to Sedmak and Grossberg [20]. 

RESULTS 

Fig. 1 shows the results of the effect of the redox potential 
of the redox couple dithionite/sulfite on the nitrogenase activ
ity. Not S20i~ but its dissociation product, SOi" is the actual 
electron donor for nitrogenase [21,22]. In all experiments the 
concentration of S204~ was kept constant at 5 mM. With a 
dissociation constant for dithionite of 1.4 nM, it can be cal
culated that the concentration of SOi" = 2.6 uM. The redox 
potential was increased by adding the oxidation product of 
SOi". Na2SOj [16,17]. It is clear that the nitrogenase reaction 
is independent of the redox potential up to potentials of 
— 440 mV. At higher potentials and at higher ionic strength 
the nitrogenase activity declines and at potentials above 
— 365 mV and an ionic strength of 950 mM NaCl hardly any 
nitrogenase activity is detectable. It was ascertained that at 
low potentials a total concentration of 2.6 uM SOi" (5 mM 
S2C>4~) is saturating in the nitrogenase reaction. Since during 
variation of the Na2S03 concentration those of SOi" und 
Av2 are not changed it can be assumed that the rate of reduc
tion of oxidized Av2 by SOi - is the same at high and at low 
potentials, although assuming equilibrium between the SOi" 
SOi" and Av2ox/Av2red couples at higher redox potentials 
Av2 becomes more oxidized. 

The observed inhibition could be due to an effect of the 
redox potential or could be due to an increase in ionic strength. 

For instance, to set a redox potential of — 395 mV, 113 mM 
Na2S03 was added, resulting in a 50 % ± 8% inhibition of 
the nitrogenase activity independently of the type of nitro
genase complex tested (Fig. 1). When 100 mM Na2S04 was 
added, giving the same extra ionic strength, the activity was 
inhibited by 37% ±7";,. At an applied redox potential of 
— 377 mV, with 226 mM Na2SÛ3 added, the nitrogenase 
activity is 70% inhibited. The same inhibition was found 
when 200 m M Na2S04 was added to give a similar ionic 
strength. Since we cannot discriminate between the effects 
of redox potential and ionic strength on the nitrogenase 
activity, we used a different method to study the effect of redox 
potential on the nitrogenase activity. In this method substrate 
amounts of photochemically reduced low-potential electron 
carriers are oxidized by nitrogenase. In all cases the same 
dependence of activity on applied redox potential is found. 
From a single progress curve the nitrogenase activity at a 
series of redox potentials can be calculated (Fig. 2). The nitro
genase activity was also monitored polarographically in the 
same cuvette (see Materials and Methods). Azotobacter v'me-
landii and Megasphaera elsdenii flavodoxins, methyl viologen 
and benzyl viologen were tested in the concentration range 
from 25 uM to 350 uM. 

A typical progress curve for the M. elsdenii flavodoxin and 
methyl viologen are given in Fig. 2. After the addition of the 
nitrogenase components and deazaflavine-sulphonic acid the 
electron carriers were reduced with a short intense light pulse. 
Nitrogenase was allowed to oxidize the reduced carriers. To be 
able to calculate the redox potential of the electron carriers, 
the total amount of carrier and the amount of reduced or oxi
dized carrier must be known. To determine the concentration 
of reduced methyl viologen or flavodoxin semiquinone it is 
important to know the contribution of both species to the 
measured absorption. We therefore ran controls without the 
electron carriers added. These controls are given in Fig. 2 as 
dotted lines. From a number of assays the average £m and n 



deazaflavine-
sulphonic acid light off 

Av ]pAvj light on 
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deazaflavine-
Avi, Av2 sulphonic acid light on light off 

Fig. 2. Oxidation of photochemically reduced methyl viologen and M. els-
denii flavodoxin by nitrogenase. (A) The reaction mixture contained 
100 |uM methyl viologen. At the arrows, 0.3 uM Avt, 0.3 uM Av2 and 
125 uM deazaflavine-sulphonic acid were added. After the light pulse the 
decrease in absorption of methyl viologen semiquinone at 580 nm was 
plotted. The calculated first-order derivative was also plotted (DRV); 
100"„ nitrogenase activity was 52 uM H2 • produced • min -1 . (B) The 
reaction mixture contained 148 uM M.elsdenii flavodoxin. At the arrows, 
0.24 uM Av[. 0.24 uM Av2 and 125 uM deazaflavine-sulphonic acid were 
added. After the light pulse the production of M. elsdenii flavodoxin 
semiquinone was followed at 580 nm. The calculated first-order deriva
tive was also plotted (DRV); 100'/,, nitrogenase activity was 40 uM H2 

produced • min"1 

values were calculated. These values were used to construct 
activity versus redox potential curves as shown in Fig. 3. The 
results of A. vinelandii flavodoxin hydroquinone oxidation 
show that this flavodoxin hydroquinone is not .oxidized 
beyond — 480 mV. At the highest flavodoxin concentration 
tested (366 uM), with a midpoint potential of — 495 mV at 
pH 7.0, it can be calculated that at — 480 mV the flavodoxin 
hydroquinone concentration is 132 uM. However under con
tinuous illumination flavodoxin concentrations around 10 uM 
give maximum activity [7,23,24]. We can conclude that 
A. vinelandii flavodoxin semiquinone acts as an inhibitor and 
that it is therefore not possible to use this flavodoxin as an 
electron donor and as an indicator to study the redox poten
tial dependence of the nitrogonase reaction. 

Benzyl viologen cannot be used as electron donor and indi
cator because at concentrations above 25 uM it inhibits the 
nitrogenase activity strongly and at lower concentrations a 
considerable amount of the semiquinone form binds strongly 
to the nitrogenase proteins. Methyl viologen is also inhibitory 

-500 -480 -460 -440 -420 -400 -380 -360 
Redox potential {mV) 

Fig. 3. The dependence of the nitrogenase activity un the redox potential 
of A. vinelandii fluvodo xin. M. elsdenii flavodoxin and methyl viologen. The 
curves were constructed from time and n values from at least six indepen
dent measurements as described in Materials and Methods. ( - - ) 
73 — 336 uM A. vinelandii flavodoxin, 0.1 uM Avi and 0.1 uM Av2; 
50% nitrogenase activity at — 500 + 16.5 mV; 100% nitrogenase activity 
was 20 uM H2 produced • min" '. (O O) 50-200 uM M.elsdenii 
flavodoxin, 0.25 uM Avi and 0.25 uM Av2; 50",, nitrogenase activity 
at - 389 ± 7.7 mV, n value 2.49 ± 0.27; 100",, nitrogenase activity was 
40 uM H2 produced • min"1. (A A) 50—lOOuM methyl viologen; 
0.3 uM Avi and 0.3 uM Av2; 50% nitrogenase activity at - 386 ± 10mV. 
n value 1.52 + 0.19; 100% nitrogenase activity was 52 uM H2 produced 
- min"1 

but only at concentrations above 200 uM. At 50 uM and 
100 uM methyl viologen the tested nitrogenase activity and 
the shape of the activity/redox potential curve was found, 
within experimental error, to be independent of the methyl 
viologen concentration. 

With M. elsdenii flavodoxin we found, within the concen
tration range tested (50 — 200 u.M), no significant effect of the 
flavodoxin concentration on either the nitrogenase activity 
or on the activity/redox potential curve. 

In order to verify that the drop in nitrogenase activity at 
higher potentials is not due to non-equilibrium between Av2 

and the electron donor, we varied the absolute and relative 
concentrations of Av2 and electron donor. The activities of 
a 1:1 and a 1:24 complex show, within the experimental error, 
the same dependence on the applied redox potential. It is 
important to note that these reconstituted complexes have 
different specific activities. In a 1:1 complex the amount of 
Av2 is thought to limit the overall activity, but in the 1:24 
complex the flux of electrons from reductant via Av2 to Avi 
is thought to be maximal. 

During the oxidation of the reduced electron donor by 
nitrogenase the concentration of the reduced electron donor 
diminishes. It is therefore important to be sure that the concen
tration of electron donor does not become rate-limiting at 
higher potentials. From its midpoint potential one can calcu
late the concentration of electron donor at all potentials of the 
progress curve. At — 370 mV, at a total concentration of 
100 uM methyl viologen and 200 uM M. elsdenii flavodoxin, 
the concentrations of the reducing species are 5.1 jiM and 
87 uM respectively. Since we tested different concentrations 
of methyl viologen and M. elsdenii flavodoxin (50 — 200 uM) 
in relation to redox potential and we found no significant 
changes in the shape or the position of the nitrogenase activity 
curves, we concluded that under our conditions, even with 
the 1:1 complexes, the amount of electron donor was not rate-
limiting. We also tested the dependence on the redox potential 
with photochemically reduced flavodoxins of A. vinelandii 
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Tabic 1. g values of'niirogena.se Fe proteins 
EPR spectra were recorded and g values derived as described in Materials and Methods. For details :Fig.3 

Fe protein Midpoint polentiat References 

Av2 (Mg) 
Av 2 (MgADP) 
Av2( MgATP) 
Ac2(Mg) 
Kp2 (Mg) 
Kp 2 (MgATP) 
Cp2(Mg) 
Cp2 (MgATP) 
Cp j (MgADP) 

1.864 
1.874 
1.895-1.90 
1.87 
1.865 

-1.87 

-
-

1.941 
1.947 
1.940 
1.94 
1.942 
1.929 
1.94 
1.93 
1.93 

2.048 
2.051 
2.045 
2.05 
2.053 
2.036 
2.06 
2.04 
2.04 

- 393 (pH 7.0) 
-473(pH 7.0) 
-435(pH 7.0) 

-
-
-
-294(pH 7.5) 
-400(pH 7.5) 
-380(pH 7.5) 

litis work 
tlm work 
llm work 
[10] 
(26] 
[26] 
[8.251 
[8.25] 
[8.25] 

I I I I I I 

I I 
2.1 2.0 1.9 

I I I 
' 2.1 2.0 
Magnetic field strength 

Fig.4. Electron paramagnetic resonance spectra oj reduced Av2. Samples 
were prepared as described in Materials and Methods. (A) 56 uM Av;>. 
5 inM Na2S204, 1 mM Na2S03, 7.5 mM MgCl2, 112 mM Hcpcs/KOH. 
final pH 7.0, final redox potential — 520 mV ; specific instrument settings : 
gain 3.2 x 105; microwave power 1.28 mW; temperature 10.7 K. central 
field 3400, microwave frequency 9.41865 GHz. (B) 21.5 uM Av2. 5 mM 
Na2S204, 1 mM Na2SOj. 7.5 mM MgC12, 5 mM ADP. 112 mM Hepes/ 
KOH final pH 7.8, final redox potential — 600 mV; specific instrument 
settings: gain 5 x 10s; microwave power 0.51 mW; temperature 9.6 K, 
central field 3500; microwave frequency 9.42216 GHz. (C) 56 uM Av2, 
5mM Na2S204, 1 mM Na2S03, 7.5 mM MgClj, 5 mM ADP, 112 mM 
Hepcs/KOH, final pH 7.0, final redox potential - 520mV; specific 
instrument settings: gain 2.5 x 10s; microwave power 1.28 mW; tempera
ture 10.7 K.; central field 3400; microwave frequency 9.42163 GHz. 
<D) 31.5 uM Av2, 5mM Na2S204; 1 mM Na2S03. 7.5 mM MgCI2. 
5mM ATP, 112 mM Hepes/KOH. final pH 7.0, final redox potential 
— 520 mV; specific instrument settings: gain 5x 10s; microwave power 
1.28 mW; temperature 10.7 K.; central field 3500; microwave frequency 
9.4089 GHz. In all experiments sweep width 100 G (0.01 T)/min; scan 
time 200 s, time constant 0.5 s and the modulation amplitude I0;G 
{0.001 T) 

and M. elsdenii as well as with methyl viologen semiquinone 
at pH 8.0. Although the maximum nitrogenase activity was 
between 50 — 70% ofthat at pH 7.0, the form of the activity/ 
redox potential curves were similar to those as at pH 7.0. 

The steady-state experiments indicate that we have made 
our measurements under conditions of redox equilibrium 
between free Av2 and the electron donor. Under these con
ditions it is demonstrated that limitations in the value of the 
redox potential lead to a rale-limiting step in the nitrogenase 
reaction showing a decline in activity at redox potentials 
above — 440 mV. 

From the results of Fig. 3, it cannot be derived which of 
the two nitrogenase components is responsible for this redox 
behaviour. Although in different concentrations and ratios, 
both components need to be present for activity and redox 
behaviour. Since the redox properties of Avi are much more 
difficult to study than those of Av2, the latter was chosen for 
studying its redox behaviour. 

Redox titrations have been performed on Cp2 in the 
absence and presence of MgADP and MgATP [8]. Although 
Zumpft et al. found deviation from an n = 1 redox-titration 
behaviour, they nevertheless concluded that Cp2 takes up 
one electron. In order to elucidate which component is in
volved, we performed redox titrations of Av2 with the redox 
couple SOi SOi~ and measured the oxidation-reduction 
state of the 4Fe-4S cluster by EPR spectroscopy. Because we 
found that the EPR spectra of Av2 isolated from our strain 
differ considerably from the data published, the EPR spectra 
of Av2, Av2 + MgATP and Av2 + MgADP are given in 
Fig. 4. The g values of the Fe protein are given in Table 1. 

It was checked that at high Na2SOj concentrations, the 
shape of the EPR curve was not changed. The EPR spectrum 
of Av2 + MgADP is clearly different from that of Av2 + Mg
ATP, in contrast to Cp2 [8,25]. At low MgADP concentrations 
the Cp2 spectrum does not change, although it shifts slightly. 
But at higher MgADP concentrations, the EPR spectrum 
resembles that of Cp2 + MgATP [8,25]. With Av2 in the pres
ence of 5 mM MgADP the second shift leading to an ATP-
type of spectrum, as observed with Cp2, docs not occur. 
Furthermore the EPR spectrum in the presence of MgATP 
is much less axial than in Cp2 and Kp2 [8,25,26]. Apparently 
the shift in gx is dependent on the species and might reflect 
the extent of conformational changes occurring upon binding 
of MgATP. 

We used the height of the gy peak as a measure of the 
amount of Av2 in the reduced state. Fig. 5 shows the influence 
of the applied redox potential on the height of this signal. 
Three important redox features of Av2 are notable. The 
experimental points of the redox titration of Av2 and 
Av2 + MgATP fit a theoretical curve for a two-electron redox 
reaction better than an « = 1 curve with an Em = — 435 mV. 
The midpoint potential of Av2 without adenine nucleotides 
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Fig.5. Dépende/He of ilic electron paramagnetic resonance signal of Avi 
in the presence or absence of Mg2 ' -adenine nucleotides an the redox poten
tial. The redox potential was set with Na2S204 and Na2SO,i and samples 
were prepared and frozen as described in Materials and Methods. Three 
different protein preparations gave the same results. (A) ( • - - • ) 
56 | iM Av2 . 5 mM Na2S204 . 7.5 m M MgCI2 . 112 m M Hopes K O H and 
varying amounts of Na2SO.i to obtain the redox potential indicated, final 
pH 7.0. Instruments sellings as in F ig.4A. The g — 1.941 signal is 
plotled against the redox potential. The dolled line is the theoretical 
curve for a one-electron transition, the solid line fora two-electron transi
tion with an /:m = - 393 mV. According to the chi-squarcd test the data 
lie on a theoretical n = 2 curve, with an /:m — — 393 mV and a reliability 
of 60"„ . In contrast the reliability of the hypothesis that the data fit an 
n = 1 curve is 2.5",,. <B) ( • • ) 31.5 uM Av2 , 5 m M Na2S204 . 

7.5 mM MgCI2 . 5 m M ATP. 112 m M Hepes K O H and varying amounts 
of Nu2SO.\ to obtain the redox potential indicated, final pH 7.0. Instru
ment sellings as in F ig.4D. The g — 1.940 signal is plotted against the 
redox potential. The dotied line is the theoretical curve for a one-electron 
transition, the solid line fora two-electron transition with Em — —435 mV. 
According to the chi-squarod lost the data IL' on a theoretical n — 2 curve 
u i ihan/ - . m = - 435 mV and a reliability of 97.5",,. (C) ( • - « )56u .M 
Av ; . 5 m M Na2S2Oa. 7.5 mM MgCl2 . 5 m M ADP. H 2 m M Hopes/KOH. 
and varying amounts of NaiSO.i to obtain the redox potential indicated. 
final pH 7.0. The instrument sellings as in Fig.4C. The g = 1.947 signal 
is plotted against the redox potential. The normalized maximum signal 
intensity at - 600 mV al pH 7.8 was taken as 100",,. (O - 0 )21 .5 uM 
Av2. 5 m M Na2S204 . 7.5 m M MgCl2 . 5 m M ADP. 112 m M Hepes/KOH 
and varying amounts of Na2SO.i lo obtain the redox potential indicated. 
final pH 7.8. Instrument sellings as in Fig.4B. The g = 1.947 signal is 
plotled againsl the redox potential. The solid line is the theoretical curve 
for a one-electron transition, the doited line for a two-electron transition 
with an /•;„, - — 473 mV. According lo the chi-squared test the data lie 
on a theoretical n - I curve with an Em — —473 mV and a reliability 
of 95 ",. 

-500 -480 -460 - 440 -420 -400 -380 -360 
Redox potential (mV) 

Fig. 6. Dependence of the redox state of Avz and of the nitrogenase activity 
on the redox potential. The stale of reduction of Av2 was measured with 
F.PR spectroscopy. The nilrogenase activity was measured by dye oxi
dation. ( A - - A ) Activity of a 1:1 nitrogenase complex with methyl 
viologen as electron donor; (O O) activity of 1:1 and 1:24 nitro

genase complexes with M. elsdenii f lavodoxin as electron donor (Fig. 3): 
( • - • ) relative g = 1.941 signal intensity o f Av2 •+- MgCl2 at the 
redox potentials indicated (F ig .4A) : ( • - • ) relative # — 1.940 signal 
intensity of Av2 + MgATP al the redox potentials indicated (Fig.4B) 

is considerably more negative than that of Cp2 and the shift 
in midpoint potential by MgATP is considerably less (Table 1 ). 
A further difference is that with Av2 the midpoint potential 
in the presence of MgADP is more negative than that of 
Cp2 + MgADP [8] (Table 1). 

The intensities of the three signals when compared with 
a standard Cu2+ solution integrate at the lowest potentials 
( -520 mV at pH 7.0 for Av2 and Av2 -(- MgATP and at 
- 600 mV for Av2 + MgADP at pH 7.8) to around one 
electron per active Av2 molecule. It has already been noted 
that these EPR signals are highly temperature-dependent. Wc 
measured the intensity of the signals at both 9.6 K or at 
10.7 K. At neither temperature was a difference in intensity 
found, but at 13.2 K the signal significantly declines. 

Fig. 6 shows the oxidation reduction state of Av2 + Mg2 + 

in the presence and absence of ATP, as measured by EPR 
spectroscopy and the activity of the nitrogenase at different 
redox potentials. It is clear that the activity of nitrogenase 
follows the oxidation reduction state of Av2 without adenine 
nucleotides bound more closely than the oxidation reduction 
state of Av2 plus MgATP. 

DISCUSSION 

Our results indicate quite convincingly that Av2, con
sidered to be a [4Fe-4S]-cluster-containing protein, shows a 
redox behaviour characteristic for a two-electron transferring 
protein. This behaviour is found in the 'oxidized' protein, as 
isolated, as well as in its MgATP complex; but not in its 
MgADP complex, which shows a one-electron transfer redox 
behaviour. Our data are in contrast to studies with the Fe 
protein from Clostridium pasteurianum, where a one-electron 
redox transfer was found, irrespective of the binding of Mg2 + 

adenine nucleotides [8,25]. Furthermore Ljones and Burris 
[27] concluded from physiological oxidation experiments of 
Cp2 by Cpi that a one-electron transfer takes place. 
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On the other hand Watt and Bulen [6] could not decide 
whether the nitrogenase activity/redox potential curve of the 
three-component complex of Azotobacter vinelandii followed 
an n = 1 or n — 2 pattern. With methyl viologen as electron 
donor we found « values between n — 1 and n = 2. With 
Megasphaera elsdenii flavodoxin a value above 2 is significant. 
Evans and Albrecht [5] concluded that crude nitrogenase 
from Chromatium vinosum follows an n = 2 pattern in its 
activity curve. From the results it seems to us that the n value 
found is more or less dependent upon the electron donor 
used. Interactions of electron donors with Av2 or with the 
Av2 • Avi complex might be responsible for the different 
n values. 

However, all data indicate that the « value of the nitro
genase activity/vs redox potential is more than one. Thorneley 
et al. [21] observed in rapid kinetic studies with dye-oxidized 
Ac2 that two electrons could be accomodated. The uptake of 
the first, rapidly reacting electron is associated with the EPR 
signal; the second slower electron uptake was, as the first 
electron uptake, spectrally visible. Thorneley et al. [21] con
cluded that this second electron uptake process is associated 
with the presence of inactive protein. Later Lowe [28] revised 
this view in suggesting that in Kp2 another rapidly relaxing 
paramagnetic centre is present, in view of the broad aniso
tropic EPR spectra observed. 

Our data on the activity/redox potential dependence, 
coinciding with the EPR titration of free Av2 (Fig.6), are in 
contrast to some of the current views expressed in kinetic 
models [1,2,29-31]. Thorneley et al. [1,29] suggested that 
the rate-limiting step is the dissociation of oxidized Fe protein 
from the Mo-Fe protein. In addition it was proposed [2,30] 
that the reduction of oxidized Fe protein must be rate-limiting, 
since a variable percentage of Fe protein was found to be in 
its oxidized form [26,32,33]. In the latter experiments, the 
redox state of the Fe protein was estimated from the relative 
EPR signal intensity during turn-over conditions [26,32,33]. 
It is, however, doubtful that one can compare nitrogenase 
activities with respect to the rate-limiting step at very different 
protein concentrations. For instance at relatively high pro
tein concentrations, as used for EPR measurements under 
turnover conditions, the nitrogenase activity is inhibited as 
compared to more dilute solutions [26] (and D. J. Lowe and 
R. N. F. Thorneley, personal communication), an observa
tion to be expected from our sequential mechanism described 
in the Appendix. At high protein concentrations complex for
mation is favoured (mass balance) and the nitrogenase activity 
is inhibited [26] even at a relative low concentration of oxidized 
free Fe protein. In addition it was demonstrated that the bound 
Fe protein is hardly reducible [30,34], Using a dissociation 
constant ofO.l uMand l : ! stoichiometry of the complex [35], 
one can calculate the free Fe protein concentration in turnover 
EPR experiments (12.5 uM initial concentrations of both 
proteins gives 10% free Fe protein) and in our kinetic experi
ments (0.33 uM initial concentrations of both proteins gives 
40% free Fe protein). However the amount of reduced Fe 
protein under turnover conditions at high protein concen
tration is more than 50% [26,32,33]. 

Since we found that variation of the concentrations of 
the various donors does not lead to any significant change in 
activity at all redox potentials tested, we conclude that the 
free reducible Fe protein is in redox equilibrium with the 
electron donors. Neither did we observe any influence on 
the activity/redox potential profile at the different concen
trations of the Fe protein tested. 

It has been proposed [31] that the steps prior to the nitro
genase reaction proceed in a random mechanism. In other 
words, free reduced Fe protein reacts with either the Mo-Fe 
protein, followed by MgATP binding on the complex or by 
binding ATP followed by reaction of the MgATP • Fe-proicin 
complex with the Mo-Fe protein. All binding and complex 
formation proceeds in rapid equilibrium between reactanls. 
Thereafter irreversible electron transfer takes place from the 
Fe protein to the Mo-Fe protein with subsequent hydrolysis 
of ATP to ADP and phosphate. The rate-limiting step in 
the nitrogenase reaction occurs after the electron transfer. It 
has been suggested that the slow step is the dissociation of 
the two proteins from each other [1,29], 

The activity/redox profiles coinciding with the EPR/redox 
behaviour of the free Fe protein are in contrast to a random 
mechanism and require a sequential mechanism. In fact con
sideration of the data in the literature [1], assuming that nitro
genase components from different species follow the same 
pattern, makes a random mechanism unlikely. For instance 
not only is the rate of formation of the complex Av2(red) • Avi-
(ox) very fast, but also the association constant of this complex 
is very high ( % 107 M"1) and much higher than the asso
ciation constants of the Fe-protein • MgATP complex 
( s r S x ^ M - 1 ) [31]. The association constant for the 
Av2(red) • Avi(ox) complex could be in our opinion, an order 
of magnitude higher, since this value was derived from dilu
tion experiments under steady-state activity, during which 
MgATP is present [35]. A further consideration for a sequen
tial mechanism is the fact that if the Fe-protein • MgATP 
complex were reacting with the Mo-Fe protein, an activity 
redox profile coinciding with the redox behaviour of the Fe-
protein • MgATP complex could be expected, especially for 
an Av2:Avi ratio 1:1, since under the conditions of our 
experiment 90% of the free Fe protein (40 % of the total 
amount of Av2) is in this form. 

Our results indicate that, under redox potential limitation, 
catalysis might proceed by two-electron transfer. It is not 
necessary that the two electrons are donated simultaneously. 
One electron can be donated rapidly, the second electron 
then must be donated more slowly. In this case the redox 
behaviour of the Av2 • MgADP complex might explain the 
strong inhibition of the nitrogenase reaction by MgADP. The 
absence of the second electron prevents catalysis rather than 
competition with bound MgATP as proposed [36]. 

APPENDIX 

Scheme 1 gives the basic steps, as a minimal hypothesis, 
necessary to explain the phenomena observed. In the theoreti
cal considerations for an ordered mechanism in terms of the 
relations with the activity/redox profiles, the following facts 
and assumptions were taken into account. 

a) The concentration of the Av2(red) • Avi(ox) complex 
determines the rate of the reaction, because of the 1000-fold 
higher affinity of the Fe protein for the Mo-Fe protein than 
for MgATP. 

b) The transfer of electrons in catalysis is irreversible and 
the rate-limiting step of the reaction occurs somewhere in 
the whole sequence of events. According to Thorneley and 
Mortenson [1], this'is the rate of dissociation of Av2(ox) from 
Av2(ox) • Avi(ox), although no clear data have been pub
lished. 
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A v 2 ( r e d ) M g A T P 

- A T P 

Av 2 ( r ed ) + A v ^ o x ) ; 

Furthermore under these conditions, taking into account 
Eqn (4) 

Ved 

- A v j l r e d l A v , ( o x ) 

- / 7 A T P » 2 H * 

V 

[Av2(red)[ 
1 + 

A„„(1 +cL) 
[Av2]o 

(5) 

A v 2 (ox) + A v , (ox) ! 

• ATP 

A v 2 ( o x ) Mg ATP 

Sdicme 1 

^ > . / 7 A D P . /?P| 

A v 2 (ox) - A v , (ox) 

where Art<l is the dissociation constant of Av2(red) — Avi(ox) 
and A-i l> k2. 

At redox potentials where Av2(ox) is present, Eqn (5) 
modifies to: 

1 + 
K„ 

1 + 
[Av2(ox)] 

A„, 

(6) 

[Av2(red)] 

Taking into account the relation 

[Av2(red)J = [Av2]0 - [Av2(red)MgATP] 
- [Av2(ox)] - [Av2(ox)MgATP] 

c) All equilibrium steps are fast compared with the rate 
of catalysis. 

Since the experiments were carried out at a fixed concen
tration of Fc protein, the total protein concentration [Av2]0 

is equal to the sum of the concentrations of reduced [Av2(red)] Eqn (6) modifies to 
and oxidized [Av2(ox)] and their MgATP complexes 

which in view of Eqns (2) and (3) leads to 

[Av2(rcd)] 
[ A v 2 ] o - [ A v 2 ( o x ) ] ( l + o ) 

(1 +<••) 

[Av2]o = [Av2(red(] + [Av2(red)MgATP] 
+ [Av2(ox)J + [Av2(ox)MgATP] . (1) 

+ [Av2], 
K , . d ( l + n ) / 

| o - Av2(ox)(l + c2) V 
[Av2(ox)] ) 

(7) 

(8) 

The relation 

leads to 

[Av2(red)] [MgATP] 
[Av2(red)MgATP] 

[Av(red)MgATP) = [Av2(red)]c, 

in which K„ is the dissociation constant of Av2(ox) • Av,(ox) 
and v, is the remaining activity. 

Dividing Eqn (8) by Eqn (6) gives the following relation: 

I + 
KrrfO+fl) 

(2) 

[Av2]o 

[Av2]o-[Av2(ox)](l+c2) \ ^ 
[Av2(ox>] Ï 

A„ , " I 

in which fC is the dissociation constant of Av2(red)MgATP j n e r e c ) o x relation 
and t, = [MgATP]; A". Similarly 

[Av2(ox)MgATP] = [Av2(ox)]c2 (3) 
AE --

RT [Av2(red)] 
nF [Av2(ox)[ 

(9) 

(10) 

(11) 

where c2 = [MgATP]/A° and A" is the dissociation constant leads, by substitution of Eqns (1 —3), to 
of Av2(ox)MgATP. 

Under conditions that the applied redox potential is much IAv (ox>l = [Av2]o 
lower than the midpoint potential of the Av2(red)/Av2(ox) 2 ( 1+ c2) + (1 + o ) exp( — p) 
couple 

[Av2]„ = [Av2(red)] + [Av2(red)MgATP] wi"> J» = fàEIRTjmi AE=E - £„, in which £ is the 
applied redox potential and £0 the midpoint potential of the 

which in combination with Eqn (2) leads to free Av2 redox couple. 
Substituting Eqn (11) into Eqn (9) and rearranging leads 

(4) to: [Av2(red|] : 
[Av2]o 

1 +< 

1 + 
K r , d ( l + n ) 

[Av2]o 

1 + 
[Av2]o I 

A,«, (1 + <•,) 

(1 + ci) 
(1 +c2) + ( l + c , ) e x p ( - p ) 

1 + 
[Av2]o 

A„,{(1 +c 2 ) + (l + r,)exp(-/>) :) 

(12) 
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or after rearrangement 

1 + 
[Av2] 
[Av2] 

CXp(+/7) 

Ci _ 1 
t: ~ 1 + acxp(nFAEIRT) 

(13) 

(14) 

where 

AE= E-EÓ, 

RT 
Eô = £o — 'v . In a and £o — apparent midpoint potential. 

nt 

Eqn (14) fits the observed activity/redox potential profile 
only when a = 1. in that case it is similar to Eqn (10), the 
Nernst equation. The potential £ó, at which the nitrogenase 
activity is 50%. is related to the £0 of the redox reaction 
involved in the rate-limiting step. This factor contains equi
librium constants and [Av2]0. Experimentally it was found 
that, within the concentration range of 0.1 — 2.0 uM of Av2 

tested, no effect upon the £o was detectable. It can be con
cluded that, in view of the observation that Eó ~ E0, a — 1 
can only be obtained when KIea % Kox and ci ~ c2 thus 
K' * K°. 
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CHAPTER III. Is Fe-protein of nitrogenase a one or a two electron 

donor/acceptor? 

Introduction 

Before 1976, it was not clear whether the Fe-protein of nitrogenase had 

to be considered as a one- or as a two-electron donor/acceptor. Mortenson 

et al. [1] reported that the Fe-protein of Clostridium pasteurianum (Cp2)> 

with a specific activity of 2300 nmoles C2H2 reduced.min-1.mg-1 and an iron 

content of 3.6 Fe atoms/molecule, donates 1.7 electrons/molecule upon oxi

dation by dyes. Less active preparations donated 0.9 electron/molecule. It 

was also stated that there was no difference between the dye oxidized Fe-

protein and the physiologically oxidized Fe-protein with respect to their 

spectra and redox properties. They also showed redox titrations from which 

it was concluded that Cp2 behaved as a one electron redox protein, although 

the data deviated from the theoretical n=l curve. In fact, one can calcu

late from their redox titrations in the presence of MgATP and MgADP an n-

value of 1.7. 

After 1976 there was no further discussion about the redox behaviour of 

Fe-protein. It was generally accepted that Fe-protein acts as a one 

electron donor/acceptor. The avaiblable data indicating the presence of a 

one electron accepting/donating redox center in Fe-protein were summarized 

by Orme-Johnson et al. [2]. 

I. Generally 3-4 iron and sulphide atoms were found per molecule Fe-

protein [3-6]. 

II. Cluster extrusion experiments [7,8], Mössbauer [9,10], EPR [11-14] and 

MCD [15] experiments all suggest the presence of a [4Fe-4S] cluster as 

found in ferredoxins. 

III. Linear Electric Field Effects (LEFE) experiments were performed on Fe-

protein. In these experiments the extent of the shift of the g-values 

of an EPR active center is measured when a strong electric field is 

applied to the sample (104-105 V/cm). The results of these experiments 

with reduced Fe-protein in the presence and absence of MgATP, are con

sistent with the presence of a [4Fe-4S] cluster [16]. 
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IV. Redox titrations performed with Fe-protein were consistent with an n=l 

redox behaviour. The degree of reduction was monitored by EPR 

spectroscopy and by the absorbance at 425 nm [17]. 

V. Thorneley et al. [18] reported stopped-flow studies with Fe-protein. 

The reduction of phenazine methosulfate oxidized AC2 by dithionite was 

monitored by the absorbance at 425 nm and four phases were 

distinguished. The initial rapid step accounts for the uptake of about 

one electron per molecule Ac 2 and for a second electron in the sub

sequent three steps. The uptake of the second electron was considered 

to be too slow to be of any importance during turnover. Oxygen-damaged 

Fe-protein bleaches in slow steps upon reduction comparable to the 

last three steps in the reduction of active Fe-protein. So these last 

three steps were ascribed to inactive protein. 

In 1978, Ljones and Burris [19] confirmed the general view that Fe-

protein is a one electron donor/acceptor. They demonstrated that physiolo

gically oxidized Fe-protein could be fully reduced by one electron. So when 

our group started in 1980 to work on the enzymology of nitrogenase, we also 

regarded Fe-protein as a one-electron donor/acceptor. Only one feature of 

Fe-protein was unexplained at that time; the integration of the EPR signal 

yields only about 0.3 electron per molecule [11-14], which is far beyond 

the expected n=l value. 

Materials and Methods 

Enzyme preparations and assay measurements. 

Isolation of the nitrogenase proteins and standard activity assays were 

run as described earlier [20]. The assay mixture contained: 50 mM 

Hepes/KOH, 10 mM ATP, 15 mM MgCl2, 10 mM creatine phosphate, 0.3 mg 

creatine kinase/ml, 1 mg bovine serum albumin/ml, final pH 7.5. 

Assay mixtures and solutions were made anaerobic by evacuating and 

filling with argon. To remove the last traces of oxygen the mixtures were 

flushed for at least 5 min. Dithionite was added from a stock solution (200 

mM in 25 mM Tris/HCl, final pH = 7.5), prepared freshly daily, to a final 
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concentration of 20 mM. Acetylene was added to a final concentration of 20% 

(v/v). The specific activity of the Av2 preparations used, was 1700 nmoles 

C2H2 reduced.min-1.mg Av 2
- 1 . The specific activity of Av1 preparations used 

was 2000 nmoles C2H2 reduced.min-1.mg A V j - 1 

Oxidation of Av2 was performed on a Bio-Gel P-6DG column (1x8 cm) by 

running Av2 through a layer of phenazine methosulfate (0.5 ml of 20 mM) and 

subsequent desalting as described by Yates et al. [21]. Physiological oxi

dation was achieved by small amounts of Avj in the presence of an 

ATP-regenerating system. The molecular mass of Av2 was taken as 63 kDa for 

the dimer, as determined by amino acid analysis [22,23]. 

Analytical methods: 

Electron counting was performed by means of a stopped flow apparatus. 

The stopped flow apparatus used was an Update System 1000, Update Instru

ments Inc., Madison, Wisconsin, U.S.A. The displacement was 5 mm and the 

ram velocity was 4 cm.sec.-1. Each shot produced 0.4 ml. The dead volume of 

the mixing chamber and the (bi)sulphite stock solutions were calibrated with 

a reaction mixture containing 100 mM MES/K0H pH = 6.2; 1 mg/ml glucose oxi

dase; 40 mM glucose, 150 pM methylviologen and 10 mM dithionite. The 

(bi)sulphite was added and the redox potential calculated from the methyl 

viologen absorption at 604 nm. In this way also the (bi)sulphite con

tamination of the dithionite was determined. Physiological oxidation stu

dies and redox reactions were performed in cuvets flushed with argon and 

closed with rubber stoppers. Absorption measurements were performed on a 

Zeiss spectrophotometer type M4QIII, PI-2. Protein concentration was deter

mined with the biuret method [26], with bovine serum albumine as standard. 

The bovine serum albumine concentration was determined by its absorption at 

279 nm, e= 44670 M_ 1.cm- 1. 

Chemicals and gasses 

Argon was purified by passage over hot (150°C) BASF catalyst and by 

sparging through an oxygen scrubbing solution. This solution was reduced by 

illumination. The solution contained: 100 mM Tris/HCl, 100 mM EDTA, 1 mM 
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methyl viologen and proflavin till saturation; final pH = 10. Phenazlne 

methosulfate and methyl viologen were obtained from Sigma. All other chemi

cals were from the highest purity commercially obtainable. 

Results and Discussion 

The intensity of the EPR signal as a function of redox potential indi

cates that Av2 undergoes redox processes characterized as an n=2 redox pro

tein, both in the presence and absence of MgATP [20]. 

This cannot be explained by assuming that the Fe-protein contains one 

[4Fe-4S] cluster of a type similar as found in ferredoxins. In an attempt 

to resolve this discrepancy, we studied the number of electrons taken up by 

PMS-oxidized Av2 in a stopped flow apparatus (figure 1). 
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Figure 1. Oxidation of reduced methyl viologen by phenzine methosulphate-
oxidized Fe-protein from Azotobacter vinelandii. Transmission changes were 
recorded at 604 nm in a stopped flow apparatus. The mixing ratio of the two 
syringes was 1:1. The buffer used was argon flushed 100 mM TES-NaOH, 10 mM 
MgCl2, final pH 7.0. 
A Syringe 1 contained buffer plus 100 nM methyl viologen to which, 100 
uM Na2S2Û4 and 20 nM Na2S03 was added. Syringe 2 contained buffer plus 60 
IM K3Fe(CN)e. same as above but K3Fe(CN)e was omitted from syringe 2. 
B Syringe 1 contained buffer plus 327 uM methyl viologen to which 150 uM 
Na2S2Û4 and 30 (iM Na2SÛ3 was added. Syringe 2 contained buffer plus 131 |iM 
Av2 (specific activity 1700 nmoles C2H2 reduced.min-1.MgAV2_1); Same 
as above but AV2 was omitted from syringe 2. 
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To establish the validity of the application of this method, a control 

experiment is shown in figure 1A. In these experiments methyl viologen was 

used as electron donor and as a redox indicator. One syringe contained 100 

mM TES/KOH, pH=7.0, 100 (iM methyl viologen, Na 2 S 2 0 4 and Na2S03 were added 

respectively as 100 (iM and 20 (iM. The (bi)sulphite is a contamination of 

the dithionite. In this syringe methyl viologen is reduced by dithionite. 

The other syringe contained anaerobic 100 mM TES/KOH, pH=7.0 and 60 (iM 

K3Fe(CN)g. After mixing, a rapid oxidation of methyl viologen occurred. 

After this fast phase a slow reduction of methyl viologen by the dithionite 

was seen. The rate limiting step in this reduction is the dissociation of 

S 2 0 4 into S02" [2]. The dotted line represents a similar experiment but 

K3Fe(CN)6 was omitted. From the extent of rapid oxidation of methyl violo

gen it was calculated that 1.0 ± 0.05 electron was taken up by ferri-

cyanide. Similar experiments with 40 (iM and 80 uM ferricyanide also yielded 

a value of 1.0 ± 0.05 electron per molecule. 

It is also possible to calculate the amount of electrons taken up from 

the difference in final transmission between the experiment with and 

without electron acceptor. From these final values the redox potential of 

methyl viologen can be calculated and by assuming redox equilibrium between 

methyl viologen, dithionite and sulphite, the concentration of dithionite 

and sulphite can be calculated. The difference of the reduced methyl violo

gen and dithionite concentrations between the experiments with and without 

electron acceptor gives the amount of electrons taken up by the electron 

acceptor. Calculated in this way a value of 0.88 electrons per molecule 

ferricyanide was obtained. 

In figure lb one syringe contained 100 mM TES/KOH, pH=7.0 and 327 (iM 

methyl viologen which was reduced by the addition of 150 (iM dithionite 

which originally contained 30 (iM (bi)sulphite. The other syringe contained 

100 mM TES/KOH, pH 7.0 and 131 (iM PMS-oxidized Av2. As is apparent, the 

oxidation of methyl viologen by Av2 is rather slow. Redox equilibrium was 

reached only after two minutes. The calculated final redox potential was 

-396 mV and the number of electrons taken up was 0.84 electrons per mole

cule Av2. When the redox state of the protein was determined by EPR 

spectroscopy, it was found that at this potential Av2 is only half-reduced 

[20]. This means that in case of full reduction, Av2 takes up 1.7 electrons 
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per molecule, in agreement with the value found by Mortenson ejt a_l. [1] and 

Thorneley et al. [18]. In contrast with the latter, we observe only a slow 

phase. Apparently methyl viologen is not a very effective electron donor 

under these conditions. Surprisingly, Av2 in the presence of MgATP behaved 

in a similar manner as Av2 without MgATP (not shown). Since EPR measure

ments indicate that in the presence of MgATP the midpoint potential of Av2 

is 40 mV lower (Chapter II), this means that Av2 can accommodate at least 4 

electrons. This prompted us to perform redox titrations upon Av2-free, 

Av2-MgATP and Av2-MgADP. The redox state of the protein was monitored by 

the change in absorption at 425 nm. 
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Figure 2. Relationship between the absorbance of AV2 and the applied redox 
potential. The redox potential was poised by varying the ratio of the 
Na2S204/Na2S03 was calculated according to Mayhew [24]. The absorption of 
the protein was monitored at 425 nm. The 100% absorption value was 0.19. 
The reaction mixture contained 100 mM HEPES/NaOH, 10 mM MgCl2, 40 mM gluco
se; 1 mg.ml-1 glucose oxidase; 5 mM Na2S204, 1 mM Na2SC>3, final pH = 7.0. 
[Av2] = 22 nM, specific activity 1700 nmoles.C2H2 reduced.min-1.mgAv2

_1 and 
if present 5 mM MgATP or MgADP. 0-0, Av2 free; A-A, Av2.MgATP; D-D, 
Av2.MgADP. The solid line represents the n=2 curve. The calculated n-value 
through all data points is 2.2 t 0.2. 
The separate experiments give the following values. 
Av2 free: E m = -389 mV, n = 2.1; Av2.MgATP: E m = -396 mV, n = 2.3; 
Av2.MgADP: E m = -403 mV, n = 2.3. 
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Results of such experiments are shown in figure 2. As can be seen there are 

no significant differences between Av2 in the presence or absence of ade

nine nucleotides. Calculated midpoint potential is -395 ± 5 mV and the 

slope is n = 2.2 ± 0.2. This result might explain that in the stopped flow 

experiments, no difference in redox behaviour of Av2 in the presence or 

absence of adenine nucleotides was observed. However the results are in 

sharp contrast with the EPR redox titrations [20] , in which the redox state 

of the protein was monitored by the intensity of its EPR signal. The signi

ficance of this difference will be discussed later (chapter VII, 

Discussion). 

Fig. 3a shows the uptake of electron(s) by physiologically oxidized 

Av2- In this method Av, is oxidized by a small amount of AVj under the con

ditions as described by Ljones and Burris [19]. 

After oxidation a non-saturating pulse of dithionite was added, Av2 is 

rapidly partially reduced and then becomes reoxidized again. By extrapola

tion, the amount of Av2 reduced by a known amount of dithionite can be 

calculated and therefore the number of electrons taken up. 

However, several events make these type of experiments less conclusive, 

as shown in figure 3b. The reaction conditions are those of figure 3a 

except that the pH was 7.0 instead of 8.0 and the specific activity of Av^ 

used was only 1100 nmoles C2H2 reduced.min-1.mg Avj"1 instead of 2000 nmo-

les C2H2 reduced.min-1.mg Av,_1. It is clear that the oxidation is not 

fully reversible. The most likely explanation is that a loss of iron-

sulphur cluster has occurred during the redox cycle. This is confirmed by 

the observation that excess dithionite results in a lower absorption at 425 

nm than the originally reduced protein. Another factor that determines the 

outcome of an experiment is the rate at which oxidation takes place. The 

experiments have to be performed with highly active Avj, otherwise a lag or 

slow oxidation after the non-saturating dithionite pulse occurred as shown 

in fig. 3b. This made the extrapolation less reliable. Another observation 

is that preparations of Av2 of both high and low activity show the same 

absorption changes at 425 nm. It is also necessary that these experiments 

are performed at pH = 8.0, otherwise the redox potential of dithionite is 

not low enough to reduce Av2 completely. But when all these pittfalls are 

circumvented, values of 1.9 ± 0.1 electrons/Av2 are found (six experi

ments) . 
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In contrast to Ljones and Burris [19] we did not correct for inactive pro

tean since we found that less active protein also gives colour changes 

From our electron counting experiments „e conclude that physiologically 

or PMS oxidized Av2 in the absence or the presence of MgATP can take up two 

electrons per molecule. The significance of the uptake of two electrons by 

Av2 with respect fo its catalytic function will be discussed in chapter VII 

(Discussion). 
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