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STELLINGEN

1l.De conclusie van Fuller en Verma dat de soya leghaemoglobine
genen reeds drie dagen na inoculatie tot expressie komen, meoet in
twijfel getrokken worden.

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

2.Gezlen het feit dat met flavodoxine als electronendonor een veel
hogere specifieke activiteit voor het Fe-protein te hereiken 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 Qrme-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 bindingscecnstanten
van MgATP aan het geoxideerde en gereduceerde Fe-eiwit erin te
betrekken.

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

4. Het gebruik van de term "energieprcductie” als jargon door
bigchemici is in strijd met de eerste hoofdwet van de
thermedynamica en zou conseguent veranderd moeten worden in
"energieomzetting”.

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

Ljones,T. en Burris,R.H.(1978})Bicchem.Biophys.Res.Comm.80,22-25.
Huynh,B.H. ,Henzi,M.T. ,Christner,J.A. ,Zimmerran,R. ,Qrme-Johnson, W.H
en Munck,E. (1980) Biochim.Biophys.Acta 623,124-138.




6.Gezien het effect van de greceiomstandigheden op sommige
eigenschappen van het te isoleren Fe-protein van nltrogenase, kan
men nu niet meer volstaan met uitsluitend het vermelden van de
samenstelling van het groeimedium van de bacterie in een
publicatie cover 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.{1934)
Eur.J.Biochem.144,459-466.
Brink,L.E.5. en Tramper,J.(1985) Biotechnocl.Bioceng.27,1258-126%9.

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.42,441-453.

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.Rescn.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.Bicenerg.Biomembr.17,73-83.

10.De Michelingids zou aan die restaurants die de nouvelle cuisine
nastreven, behalve een kwaliteits- ook een kwantiteitsaanduiding
vcor de maaltijd moeten geven.
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The MoFe and Fe-proteins of the nitrogenase of Azotobacter vine-

Iandii, Clostridium Pasteurianum and Klebsiella pneumoniae are

referred to as Avy and Avy, Cp; and Cpy and Kpy and Kpp respec-

tively.
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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 cof 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 oxvgen accumulated up
to a concentration of 1% 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 vears ago there was probably a variety of life, but
without fossilizable structures, Anaerobic organisms using inorganic
comounds as energy source (3042_). were probably the main forms of life on
earth at that time. The next possible stage in the evojution 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 epergy [6]. Almost all
photosynthetic bacteria are able to use N, 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, fixation but functioned to

dizscharge electrons in the form of dihydrogen like Rhodospirillum rubrum
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taday still does when it is growing on an organic compound. One of the
oldest fossils are cvancobacteria [6], many representatives fix dinitrogen
taoday. 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 svstem 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 [92]. 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 tc 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
gsimilar 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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Strugture 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, boeth 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, Av; is nitroegenase 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-45] clusters and a minority in the 'S$' clusters
[12]. PeMoCo is supposted to be the substrate binding site (13). The
necessary electrons for this process are probably stored and tunneled
through the [4Fe-4S5] clusters, to the FeMo, where dinitrogen is reduced to
ammonia by electron and proton addition, a process in which dihvdrogen 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
1I: Fe-protein: or abbreviated (Avy). 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.

15



Nitrogenase catalyses the reaction:
Np + 216 MgATP + 8e + 8 HY - 2 NH; + Hy, + 216 MgaDP + 216 Pi.

The nitrogenase reaction is visualised in figure 1 (after Postgate [9]

slightly adapted).
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In Fig. 1, F is the electran donor. In vitre dithionite is the mosat widely
used donor. The electron donor jin vive 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 pessible 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




these two binding sites interact with negative cooperativity [22]. Oxidized
Avy, binds two melecules MgATP per molecule Av, 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
accur befare component II can be rereduced. The rate of dissociation is
thought to be thehslowest 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 iren-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.

- /

S Fe s .
N, AT ~ /TR

S e-——S Fe_-;-S\\Fe‘k
__—Fe:::; ::::Fe-—- . E-~~n
S .

Se=———F¢

Fe-----f--= s
. /S S'—‘-—'—'FE"'--___S
N

[zFe-25] (4Fe-45] 6Fe-6S]

Figure 2. Structures of some iron/sulphur clusters.




Iron-suphur clusters are always paramagnetic in one of their redox states.
This paramaghetism 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
heen 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 technigue in studying electron
transport through nitrogenase but one of the biggest preoblems 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 (Avy) and of Fe-protein of nitrogenase (Av,). In the
different chapters attention is focussed upon specific aspects.

In Chapter II the redox potential necessary for nitrogenase activity in
witro is determined. In this chapter we also show that Av, can behave as a
two-electron donor 1nstead of the expected one electron donor.

In Chapter 111 we show that enzymatically oxidized or dye-oxidized Av,
can take up two electrons per molecule.

In Chapter IV we show that the iron-sulphur content of Av, is variable
and can exceed 4 iron and 4 sulphur atoms per molecule of Av,. This is not
consistent with the generally accepted view that the iron-sulphur cluster
in Avy is a ferredoxin type of [4Fe-48] cluster.

In Chapter V it is shown that the iron-sulphur content of isolated Aw,
is dependent upon the growth conditions of the cells.

Chapter VI deals with quantitative Missbauer spectroscopy of Av,. 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 1I.

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

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

Department of Biochemistry, Agriculiural University, Wageningen

{Received August 10, Ocleber 130 1981)

The redox potential dependence on the nitrogenase reaction catalyzed by different nitrogenase complexes
from Azetebacter vinelandir has been studicd by two methods. The redox potential was set with the redox couple
S0;7/503™ 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 activily was estimated by the production of hydrogen. Tt was found that when component I1 of the nitro-
genasce is in redox equilibrium with the electron donar, the nitrogenase activity is maximum and independent of
the redox potential up to — 440 mVv. 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 4Fc-45 cluster of Azotebacter nitro-
genase component [ was studied by eleciran paramagnetic resonance spectroscopy. Without adenine nucleo-
tides present, component [T of the nitrogenase shows a midpoint potential of — 393 mV and the oxidation reduc-
tion reaction is characterized by the iransfer of two electrons per redex step. In the presence of MgATP the
midpoint potential of component 11 of the nitzogenase undergoes a negative shift of 42 mV. The curve fitling Lo
the experimental points is also characteristic of a two-gleciron redox step. In contrast, it is found that in the
presence of MgADP, the curve fitting (o the experimental points is charactlerized by a one-clectron step with
4 midpoirt potential of — 473 mV. [{ is demonstrated that the nitrogenase activity correlales with the oxidation
reducticn state of component 11 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: Ny
oxidereductase) that consists of 1w proteins and converts Na,
ATP-dependently, into NHs. The nitrogenase system is com-
posed of two dissociating protein components. One, called
the Fe protein. contains four iren and four acid-labile sulphur
atoms; the other, the Mo-Fe protein, contzins twe molyb-
denum, 28— 32 iron, and aboul 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 MpADP
and P; per clectron transferred o the substrates. Electrons
ure donated to the Fe protein and pass (o the Mo-Fe protein,
ATP-dependently [1,2]. The Mo-Fe protein acts as 4 storage
sink for elecirons and passes the electrons in multiples of
two 10 the substrates [1,2]. The electron donors i vive are
thought to be either a ferredoxin or a flavedoxin [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 11 from Riedo-
spirittum rubrum [3.4]. Little information is available about

Abbrevigitons. The Mo-Fe and Fe proteins of the nitrogenases of Aze-
whacier vinelandii. Azorohacier chrovvocvum, Closividium pasieurianum
and Klebsiotla prevmoniae are teferred 10 as Av, and Avs, Acy and Ay,
Cpr and Cpg and Kp,y and XK pz, respectively; EPR, electron paramagnetic
resonance: Hepes. 4-(2-hydroxyethyl}1-piperazineethanesullonic acid;
Tricine, ¥-[2-hydroxy-i.1-bis(hydroxymethylethyl]glycine: deazaflavine
sulphontic  acid,  10-methyl-5-deazaisoalloxazing-N-3-propyl-sulphonic
acid: G, gauss.

the actual redox potential necessary for dinitrogen fixation.
There are 4 few reports in the [iterature 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
Chromatium vinosum an applied potential of — 465 mV at
pH 8.0 is required for half-maximum rates of acetylene reduc-
tion. Wati and Bulen [6] reporied for the nitrogenase complex
of A. vinelondii that at an applied voltage of — 460 mV the
nitrogenase complex exhibits half of its maximal H; produc-
tion capacity. Finally Scherings et al. [7] showed that the nitro-
genase complex from A. vinelandii did not oxidize photo-
chemically-reduced A. winefandsi 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 pasteurignwm 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 Clestridivm and
Azoiobacter, then redox potentials around — 460 mV must
be low encugh 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
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on the Fe protein, we used” different electron donors. The
implications of these results with respect to the model for
nitrogenase-catalyzed electron transfer will be discussed.

MATERIALS AND METHODS
Growth Conditions and Enzyme Preparation

Azarobacter vivelandit ATCC 478 was grown in a baich
culture of 25001, harvested during the logarithmic phase and
slored 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 Plangué [10], with an additional purification step for the
Mo-Fe protein by an MgCl; precipitation analogous to the
MgCl; precipitation described for the three-component nitro-
genase complex [11] The nitrogenase components were freed
of dithionite by passing the proteins over 3 Sephadex (G-25
column equilibrated with 25 mM Hepes/KOH, 40 mM x-D-
glucose, 0.5 mp glucose oxidase/mi, final pH = 7.4. Azo10-
bacter Aavodoxin was purified as described by Hinksen and
Bulen [12]. Megasphery efsdenii flavodoxin as described by
Mayhew and Massey [13]. The three-component nitrogenase
complex was purified according to Bulen and LeCompte up
to the second MgCl; precipitation [11].

Analviical Methods

Standard nitrogenase activity assays were run as described
carlier [?7] in a mixlure containing 50 mM Hepes/KOH,
10 mM ATP, 15 mM MgCly, 10 mM creatine phosphate,
40 mM x-p-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
amaerobic by cvacuating and filling with argon fve times.
Dithionite was added and, when acetylene reduction was
measured, acetylene purified by storage for at least 24 h above
# 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. Pholoreduction of electron carriers was carried out in
the presence of 50 mM Tricine buffer and deazaflavine-sul-
phonic acid. udded to the standurd assiy mixture as deseribed
earlier [7].

Production of H; was monitored continuously by an am-
perometric method [14]. The H; clectrode was similar in
design to Clark-type O; electrode and the reaction chamber
had a velume of 1.6 mi. The electrode was standardized by
the addition of aliquots of waler saturated with H, a1 3¢°C.
In some experiments the whole reaction chamber was buill
in an Aminco DW 2 specirophotometer connected with a
Midan T microprocessor. The cflective light pathway was
calibrated with a dichloroindophenol solulicn, at the same
wavclength 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
curriers. The reaction was plotted by the specirophotometer
und the data simultanconsty stored in the analyzer. The first-
order derivative of the datu was computed and plotted on the
same sheet as the reaction had been plotted. From the progress
curve of carrier oxidation at each point the redox polential
wis cilculated by means of the Nernst equation. The activiiy
of the nitrogenase was calculated from the first derivative.
The calculated activities ol the specirophotometric mitro-

na

genase assay were always in good agreement with the values
for H; production polarographically obtained. The results
of the electron carrier oxidation curves were fitted with the
linear regression method 1o the lollowing equation:

E, = Ey + ':—;_"In lDOA 4 s
where £, = the redox potential when the nitrogenase activity
is 50", E, = the redox potential observed and A = per-
cenlage of nitrogenase activity, The Ey and a values were cal-
culated, 11 was found in the experiments with Af. efsdenii
flavodoxin as clectron donor, that nitrogenase activities below
20" did not follow the sipmaoidal curve but follow a straight
line (see Fig.2). These activity values were not taken inte
account for the calculation of the £, and n values. The results
of the experimenis with A. vieelandii flavedoxin as electron
donor could not be deseribed by this method.

Nitrogenase components used had throughout specific
activities around 2000 nmol C;Hs formed min™' (mg Fe
protein) ™' and 2500 nmol C;H. formed min~' (mg Mo-Fe
proteiny !, when measuted under siandard assay conditions
at pH 7.4 and optimum levels of the complementary protein.
For the caleulation of nitrogenase protem concenlrations we
used for the Mo -Fe protein M, = 220000, a value estimated
from sedimentation-equilibrivm studies taking the partial
specific velume of 0.73 ml g=* [15]; M, = 60000 was used for
the Fe protein.

In a large series of isolations we found that the maximal
specific activity oblainable for the Mo-Fe protein is 3000 nmol
C:H, formed min ™' (mg Mo-Fe protein) ™! and 2500 nmol
C;H, formed min~' (mg Fe protein)™'. 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 Aavo-
doxin, 10200M ~* em™" at 4450m [13); oxidized A. vinelandii
flavodoxin 10600 M ™' cm ™! at 450 nm [12]; M. elsdemii
flavodoxin semiquinene, 4500 M ™' em ™! at 580 nm; A. vine-
landii flavodoxin semiquinone, 5300 M~' em ™' at 580 nm;
methyl viologen semiquinone, 13600 M™'cm™" at 604 nm
[16]. The midpoint potentials used for the redox couple flavo-
daxin hydroguinonefsemiquinone at pH 7.0 were: A. vine-
landii, En = — 495 mV; M. ¢lsdenii, £, = — 378 mV [16].
For the redox couple methyl viologen semiquinone/oxidized,
— 446 m¥ was used at pH 7.0 [16]. Redox potentials with the
redox couple dithionite/sulphite were set according lo May-
hew and Van Thik 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 2079 and this amount
was taken into account for the calculation of the redox poten-
tial. The dependence of the pK: of (bi)sulphite on the ionic
strength was determined experimentally. An unbuffered solu-
tion of sodium sulphite was titrated under argon with HC! at
different NaCl concentrations. The pk] followed the Debye-
Hiickel law in the following way: up to 100 mM NaCl, the
pK, at 30°C remained unchanged (pK. = 6.95); above
180 mM NaCl up to 600 mM NaCl it was found that
pK; = pK. — 0.65 |/1+0.16 1.

The samples for the EPR expetiments were prepared at
25°C under argon; the EPR tubes were filled under argon
and the samples were manually frozen in isopentane at
—100°C.

EPR spectia were taken on a Bruker ER 200D spectrom-
eter, cannccted 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 conirol 2t low temperature was kept by a home-
built He system as described by Lundin and Aasa [19]. The
temperature was measured with a carbon resisior (Allen
Bradley) of abour 5.6 ki2 at room temperaiure. All specira
were taken at 105 £ 0.5 K.

The intensity of the signal was calculated from the ampli-
tude of the g, peak of all signals. The integrated intensities of
correcied spectra were compared with a 1 mM Cu** 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 1etramethylpiperidine-1-oxyl) solution in dioxane.

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

The microwave frequency was measured in each experi-
ment with a counter {Sysirom, 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.

Materials

ATP, creatine kinase (EC 2.7.3.2), creatine phosphate,
4-(2-hydroxyethyl)-1-piperazineethanesuifonic acid (Hepes)
and bovine serum albumin were obtained from Sigma Chemi-
cal Co; all other chemicals were of the highest cornmercial
grades. Argon was purified by passage over hot (150°C)
BASF catalyst. Protein concentration was estimaled with the
Lowry method and according to Sedmak and Grossberg [20].

RESULTS

Fip. 1 shows the results of the effect of the redox potential
of the redox couple dithionitefsulfite on the nmirogenase activ-
ity. Not S;0% ™ bul its dissociation product, $O3~ is the actua)
electron donor for nitrogenase [21,22). In all experiments the
cancentration of ;03 was kepl constant at 5 mM. With a
dissociation constant for dithionite of 1.4 nM, it can be cal-
culated that the concentration of SO;” = 2.6 yM. The redox
potential was increased by adding the oxidation product of
850:7, Naz85C0; [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
— 363 mV and an ionic strength of $50 mM NaCl hardly any
nitrogenase activity is detectable. I was ascertained that at
low potentials a total concentration of 2.6 uM 803 (5 mM
$:0%7) is saturaling in the nitrogenase reaction. Since during
variation of the Na,SO; concentration those of 503~ and
Av; are not changed it can be assumed that the rate of reduce-
tion of oxidized Av, by SO;3™ is the same at high and at low
potentials, although assuming equilibrium between the SO5°
SO~ and Avox/Av,red couples at higher redox potentials
Avz becomes more oxidized.

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

I =13 ®
=] =] [s]

Nitrogenase activily [%)

~n
(=]

1 1 ]
-440 -400 =360
Redox potential (m¥)

0
-480

Fig. |. The ¢tfect of the applicd sgdox porentiad on the acifviey of differenr
nitrogenase compleves. Redox potentials were set with Naz5;04 (S mM)
and varying amounts of NuySOy. The nitrogenase activity was followed
by the H, praduction. (G—-- 0) fAvi] = 0.33 M. [Avz] = D.33 M,
100, activity = 0 uM H; produced -min "3 -0 [Avi] = 0.07pM.
[Ava] = 0.96 uM, 100°; activity is 30 uM H; produced - min" 'z (a A)
AV ] = 041 pML (Av] =29 5M. 1007, activity iy 48.4pM H, pro-
duced - min ™'

For instance, to set a redox potential of — 395 mV. 113 mM
Nu,S0; 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 Na>50. was
added, giving the same extra ionic strength, the activity was
inhibited by 379, + 7“;. At an applied redox potential of
— 377 mV, with 226 mM Nu;SO; added, the nitrogenase
activity is 70" inhibited. The same inhibition was found
when 200 mM Na;SC, was added to give a similar jonic
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 caleulated (Fig. 2). The nitro-
genase activity was also monitored polarographically in the
same cuvette (see Materials and Methods). Azefohacter vine-
landii and Megasphaera elsdensi flavodoxins, methyl viclogen
and benzyl viclogen were tested in the concentration range
from 25 pM to 350 pM.

A typical progress curve lor the M. elsdenii lavodoxin and
methy! viologen are given in Fig. 2. After the addition of the
nitrogenase compenents and deazaflavine-sulphonic acid the
electron carriers were reduced with a short intense light pulse.
Nirrogenase was allowed to oxidize the reduced carriers. To he
able to calculate the redox potential of the electron carriers,
the 1otal 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
imporlanl to know the contribulion of both species to the
measured absorpiion. We therefore ran controls withoul the
electron carriers added. These controls are piven in Fig.2 as
dotted lines. From a number of assays the average Ey and n
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Fig. 2. Oxidenion: of photochenicatly veduced meihel viologen and M els-
denii favodoxin fr sirrogenase. (A) The reaction mixture contained
100 uM methyl viologen. At the arrows, 0.3 pM Av,, 0.3 pM Av; and
125 uM deazaflavine-sulphonic acid were added. After the light pulse the
decrease in absorpticn of methyl viologen semiquinone at 580 nm was
plotted. The calculated first-order derivative was also plotted (DRV);
100", nitrogenase activity was 52 uM H; - produced - min~". (B) The
reaction mixture contained 148 uM M. elsdenii flavodoxin. At the arrows,
0.24 uM Avy. 0.24 uM Av; and 125 pM deazaflavine-sulphonic acid were
added. After the light pulse the production of M. efsdenii Qavodoxin
semiquinene was followed at 580 nm. The calculaled first-order deriva-
tive was also plotted {DRV); 100%, nitrogenase aclivity was 40 uM H;
produced - min ™’

values were calculated. These values were used to construct
activity versus redox potential curves as shown in Fig. 3, The
results of A. vinelandii fiavodoxin hydroquincne oxidation
show that this flavodoxin hydroquinone is not oxidized
beyond — 480 mV. Al the highest flavodoxin concentration
tested (366 pM), with a midpoint potential of — 495 mV at
pH 7.9, it can be calculated that at — 480 mV the flavedoxin
hydroquinone concentration is 132 pM, However under con-
linsous illumination flavodoxin concentrations around 10 pM
give maximum aclivily [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 Aavedoxin as an
electron donor and as an indicator to study the redox poten-
tial dependence of the nilrogenase reaction.

Benzyl viclogen cannot be used as electron doner and indi-
cator because at concentrations above 25 pM it inhibits the
nilrogenase activity strongly and at lower concenirations a
considerable amount of the semiquinone form binds strongly
1o the nitrogenase proteins. Methyl viologen is also inhibitory
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Fig.3. The dependence of the ninogenase aeriviey on the redex porential
of A. vinelandii favadoxin. M. elsdenii flavedsxin and meihyf vielogen. The
curves were constructed from time and # values from at least six indepen-
dent measurements as described in Materials und Methods. -}
73—-336 UM A. vinelandii flavodoxin, 0.1 pM Av, and 0.1 pM Ay,
50", nilrogenase activity at — 500 £ 16.5 mV; 100" nitregenase activity
was 20 uM H; produced - min~' (O- ——C) 50— 200 pM M. elsdenii
favodoxin, 0.25 uM Av; and 0.35 uM Av;. 50", nitrogenase activity
at = 389 + 7.7 mV, n value 249 +0.27; 107, nitrogendse activity was
40 pM H, produced - min "', (& -+ - A) 30—100 uM methyl viologen:
0.3uM Avi and 0.3 uM Av;. 50", nitrogenase activity a1 — 386 + f0mV,
n \nihm1 1.52 + 0.19; 100 nitrogenase activity was 52 pM H; produced
- min

but only at concentrations above 200 pM. At 50 uM and
100 pM methyl viologen the tested nitrogenase aclivity 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 uM), no significant effect of the
flavodoxin concentration on either the nitrogenase activity
or on the activity/redox poteniial curve.

In order to verify that the drop in nitrogenase activity at
higher potentials is not due to non-equilibrium between Avs
and the electron donor, we varied the absolule and relative
concentrations of Av; and electron donor. The activities of
u 1:1and a 1: 24 complex show, within the experimental error,
the same dependence on the applied redox potential. It is
important lo note that these reconstituted complexes have
different specific activities. In a 1:1 complex the amount of
Av; is thought to limit the overall activity, but in the 1:24
complex the flux of electrons from reductant via Avy to Av,
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 caleu-
late the concentration of electron donor at all polentials of the
progress curve. At — 370 mV, at a total concentration of
100 pM methyt viclogen and 200 ph M. elsdenii flavodoxin,
the concentrations of the reducing species are 5.1 pM and
87 uM respectively. Since we tested different concentrations
of methyl viologen and M. efsdensi lavodoxin (50— 200 pM}
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 amouni of electron donor was not rate-
limiting. We also tested the dependence on the redox potential
with photochemically reduced flavodoxins of A. vinelandi




Table 1. g values of nitrogenase Fe prowins

EPR xpectry were recorded and g values denived as described in Materials and Mothods. For details see Fig. 3

Fe protcin & ' 2 i Midpein porentiul References
mv
AvaiMg) 1.864 1.94| 2048 a — 193 (pH 7.0y Lhis wark
AvalMgADP) 1.874 1,947 2,081 | — 473 (pH 7.0 this work
Ava{MgATP) 1.895—1.90 1.940) 2045 2 — 435 (pH 7.0 this work
AcxiMg) 1.87 1.94 208 - - (1]
KpzAMg) 1.865 1.942 2,053 - - [26]
Kp2AMgATP) - 1.93g 2036 - - 126
CpaiMg) 187 1.54 2.06 1 — 294 (pH 7.5 .25]
Cpot MATP) - 1.93 204 | 400 (pH 7.5) 1#.23]
Cpa(MgADP} - 1.93 2.04 [ — 380 (pH 71.5) 8.25]

-
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Fig.4. Electron paramagneric resonance spectid of reduced Avz. Samples
were prepared as deseribed in Materials and Methods, (A) 36 uM Avs,
S mM Nag5;0:, 1 mM Na;50;, 7.5 mM MgClz, 112 mM Hepes/KOH.
final pH 7.0, final redox petential — $20mV ; specific instrument seitings:
gain 3.2 10%; microwave power 1.26 mW; temperature 10.7 K, central
ficld 3400, microwave frequency 9.41865 GHz. (B) 21.5 uM Av:, 5 mM
Nax8;04, 1 mM NazS8Os. 7.5 mM MgClz. 5 mM ADP, 112 mM Hepes/
KOH final pH 7.8, final redox polential — 500 mV; specific instrument
settings: gain 5% 10%; microwave power 0.51 mW: temperature 9.6 K,
central field 3500: microwave frequency 9.42216 GHz. (C) 56 pM Avg,
5 mM Na;S5:04 | mM NayS0;, 7.5 mM MgCla, 5 mM ADP, 112 mM
Hepes/KOH, final pH 7.0, finai redox poiential — 520 mV: specific
instrument settings: gain 2.5 x 10* . microwave power 1,28 mW ; tempera-
ture 107K central ficld 3400; microwave frequency 9.42t63 GHz.
(D} 315 pM Avs, SmM NapS50s: | mM Na,50; 7.5 mM MgCl;.
SmM ATP. 112 mM Hepes/KOH. final pH 7.0, final redox potential
— 520 mV; specific instrument settings: gain $ x 10°; microwave power
1.28 mW: temperature 10.7 K; central ficld 1500; microwave frequency
9.4089 GHz. In all experiments sweep width 100 G (0.01 T)/min; scan
time 200, time constant 0.55 and the modulution amplitude 10°G
0.0 T)

and M. efsdenii as well as with methyl viologen semiquinone
at pH 8.0. Although the maximum nitrogenase activity was
between 50704 of that 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
cur measurements under conditions of redex equilibrium
belween free Avy and the electron donor. Under these con-
ditions it is demonstrated that limitations in the value of the
redox potential lead to a rate-limiting step in the nitrogenase
reaction showing a decline in activity at redox potentialy
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. Alithough in different concentrations and ratios,
both components need Lo be present for activity and redoex
behaviour. Since the redox properties of Av, are much more
difficult to study than those of Av,. the latler was chosen for
studying its redox behaviour.

Redox titrations have been performed on Cp; in the
absence and presence of MgADP and MgATP [8]. Although
Zumplt 21 al. found deviation from an » = 1 redox-titration
behaviour, they nevertheless concluded thal Cp; takes up
one electron. [n order to elucidate which compenent is in-
volved, we performed redox titrations of Av, with the redox
couple SO3:° SO3~ and measured the oxidation-reduction
state of the 4Fe-4S cluster by EPR speciroscopy. Because we
found that the EPR spectra of Ave isolated from our sirain
differ considerably from the data published, the EPR spectra
of Avz, Ava + MgATP and Avy + MgADP are given in
Fig.4. The g values of the Fe protein are given in Table 1,

1t was checked that at high Na:SO3 concentrations. the
shape of the EPR curve was not changed. The EPR specirum
of Avy + MgADP is clearly different from that of Av, + Mg-
ATP, incontrast to Cp; [8,25]. Atlow MgADP concentrations
the Cpz spectrum does not change, although it shifts slightly.
Bui at higher MgADP concentrations, the EPR spectrum
resembles that of Cp: + MgATP [8,25]. With Av, in the pres-
ence of 5 mM MgADP the second shift feading to un ATP-
type of spectrum, as ohserved with Cpa, docs not occur.
Furthermore the EPR spectrum in the presence of MgATP
is uch less axial than in Cpz and Kp: [8.25,26]. Apparcently
the shift in g, is dependent on the species and might reflect
the extent of conformational changes occurring upon binding
of MgATP.

We used the height of the g, peak as a measure of the
amount of Av, in the reduced staze. Fig. 5 shows the influence
of the applied redox potential on the height of this signal.
Three important redox features of Av, are notable. The
experimental points of the redox tittation of Avy and
Av; + MgATP fit a thearetical curve for a two-clectron redox
reaction better than ann = 1 curve with an £, = — 435 mV.
The midpoint potential of Av, without adenine nucleotides
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Fig.5. Dependeiie of B cleciron parama@ieitc vosonanee signdl of Avy
i the preserce o absence of My? ' -adenine miclemides on the redax poten-
tiad. The redox potential wis set with Nuz5:00 and NaySOy and samples
were prepured and frozen as deseribed in Materials and Melhods. Three
different protwein prep ions gave the same reaulls. (A) (8- - @)
S0 pM Avy S mM Nup8;04. 7.5 mM MgCly 112 mM Hepes:KOH and
varying amounts of Naz80; 10 oblain the redox potential indicated. final
pH 7.0, Instruments setrings as in Fig4A, The g = 1.941 signal is
plotted against the redox polential. The dotied line is 1he thearetical
curve for a one-clectron transition. the solid line for a 1wo-cleciron transi-
tion with an — 393 mV_ According 10 the chi-squared test the data
lic on o theoretical # = 2 curve. with an = — 393 mV and o reliability
of 60, [n contrast the rehability of the hypothesis 1ha the data fit an
=1 curve s 25° By (@ -@) MM Ava, SmM NayS5,04.
7.5 mM MgClz 3 mM ATP, 112 mM Hepes KOH and varying amoums
of" Nu250y 1o oblain the redox polential indicated. final pBE 7.0, Insiru-
ment seitings as in Fig.dD. The g = 1940 signal is ploied against the
redox patential. The dotled line is the theoretical curve for o one-cleviron
transition. the solid line for a iwo-cleciron iransition with £, = —435mV.
According e the chi-squared st the dasi lic on i theoretical i = 2 curve
withan £, = =435 mV and a colabiliy of 9750 (C){@ -- @) SopuM
Ava SmM Naz5:00. 7.5 M MeCly, SimM ADP. 112mM Hepes: KOH.
and varying ameunts of Na; SO0, 1o eblain 1he redox potential indicated,
final pH 7.0. The instrument settings i in Fig.4C. The g = 1,947 signal
i plotied against the redox potential. The normalized maximum signal
intensity a1 — 400 mV u pH 7.8 was taken as 1007, (0 -0} 215 uM
Avz. 5 mM N800, 7.5 mM MeCla. 5 mM ADP. 112 mM Hepes/KOH
and varying amounis of Nu:$0jy to abtain (he redox potential indicated.
tinal pH 7.8. Instrument seltings us in Fig. 4B, The g = 1.947 signal is
plotied agatnst the redox potential. The solid line i the theoretics
for a one-clectron (ransition. the dotted line for a two-clectron transition
with an £, = — 473 mV. According 10 the chi-sguared test 1he dua lie
on a theoretical # = 1 ¢urve with an £ = —473mV and a reliability
of 957,
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Fig. 6. Dependence of ihe redoy stae of Avy wnd of the mirrogenase acrivisy
on e redox poreatial. The state of reduction of Avs wiy measured with
EPR spectroscopy. The nitropenase activity was measuted by dye oxi-
dation. (A - - A} Activity of 3 |1 nitrogenase complex with methyl
viologen as clectron donor: (©- -~ @) aclivity of 1:1 and 1:24 nitro-
genase complexes with M. eledenii flavodoxin as clectron denor {Fig. 3):
L] - @) relative g = 1941 signal imensity of Avy + MgCly al the
redox potentialy indicated (Fig. 4A): (B - W) relative g = 1.940 signal
intensity of Avy + MgATP a1 the redox potentials indicated (Fig.4B)

is considerably more negative than that of Cp, and the shift
in midpoint potential by MgATP is considerably Jess (Table 1).
A further difference is thar with Ave the midpoint potential
in the presence of MgADP is more negative than that of
Cp: + MgADP [8] (Table 1).

The intensities of the three signals when compared with
a standard Cu?* solution integrate at the lowest potentials
(— 520 mV at pH 7.0 for Av, and Avy; + MgATP and at
— 600 mY for Avy + MgADP at pH 7.8) 1o around one
electron per active Av; molecule. It has already been noted
that these EPR signals are highly temperature-dependent. We
measured the intensity of the signals at both 9.6 K or al
10.7 K. At neither temperature was 4 difference in intensity
found, but at 13.2 K the signal significantly declines.

Fig.6 shows the oxidation reduction state of Av; + Mg? ™"
in the presence und absence of ATP, us measured by EPR
spectroscopy and the activily of the nitrogenase at different
redox potertials. It is clear that the activity of nitrogenase
follows the oxidation reduction state of Av: withoul adenine
nuclectides hound more closely than the oxidation reduction
state of Avz plus MgATP.

DISCUSSION

Our results indicate quite convincingly thal Av,, con-
sidered to be a [4Fe-45]-clusier-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 Clastridium pasteurianum, whete a one-electron
redox transfer was found, irrespective of the binding of Mg”*
adenine nucleotides {8,25). Furthermore Ljones and Burris
[27] concluded from physiological oxidation experiments of
Cpz by Cpy that a one-clectron transfer takes place.




On the other hand Watt and Bulen [6] could not decide
whether the nitrogenase activity/redox potential curve of the
three-component complex of Acetshacter vinelandii followed
an# = 1 or g = 2 pattern. With methyl viologen as electron
donor we found # values between # = 1 and » = 2. With
Megasphaera elsdenii Ravodoxin 2 value above 2 is significant.
Evans and Albrecht [5] concluded that crude nitrogenase
from Chromatium viresum follows an n = 2 pattern in its
activity curve. From the resulis it seems to us that the » value
found is more or less dependent upon the clectron donor
used. Interactions of eleciron donors with Av, or with the
Avz - Ay, complex might be responsible for the different
1 values,

However, all data indicate that the »n value of the nitro-
genase activity/vs redox potential is more than one. Thorneley
et al. [21] observed ir rapid kinetic studies with dye-oxidized
Acgz that two electrons could be accomodated. The uptake of
the first, rapidly reacting electron is associated with the EPR
signal; the second slower clectron 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 Kp; another rapidly relaxing
patamagnetic 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 Av, (Fig.6). are in
contrast 1o some of the current views expressed in kinetic
maodels {1,2,29—31]. Thorneley ct al. [1,29] suggested that
the rate-limiting step is the dissociation of oxidized Fe protein
from the Mo-Fe protein. In addition il 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 tern-over conditions [26,32,33].
It is, however, doubtful that one can compare nitrogenase
activities with respect Lo the rate-limiting step at very different
protein concentralions. For instance at relatively high pro-
tein concentrations, as used for EPR measurements under
turnover conditions, the nitrogenase aclivily is inhibited as
compared o more dilute solutions [26] (and D. J. Lowe and
R. N. F. Thorneley. personal communication), an observa-
tion 10 be expected from our sequential mechanism described
in the Appendix. A1 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 [3(,34]. Using a dissociation
constant of 0.1 pM and 1:1 stoichiometry of the complex [35],
one can calculate the free Fe protein coneentration in turnover
EPR experiments (12.5 pM initial concentrations of both
proteins gives 10Y free Fe protein) and in our kinetic experi-
ments (0.33 pM initial concentrations of bath proteins gives
40Y; free Fe protein). However the amount of reduced Fe

protein under turnover conditions at high protein concen-

tration is more than 5077 [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
clectron donors. Neither did we cbserve any influence on
the activity/redox potential profite ar the different concen-
trations of the Fe protein tested.
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Tt 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 (he complex or by
binding ATP followed hy reaction of the MgATP - Fe-protein
complex with the Mo-Fe protein. All binding and complex
formation proceeds in rapid equilibrium between reactants.
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. bt
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 EPRredox
behaviour of the free Fe prolein are in contrast to a random
mechanism and require a sequential mechanism. In fact con-
sideration of the data inthe lnerature [1]. assuming that nitro-
genase components from different species follow the same
patlern, makes a random mechanism unlikely. For instance
not only is the rate of formatign of the complex Avz(red) - Av;-
(ox) very [ast, but also the association constant of this complex
is very high (= 10" M™"} and much higher than the asso-
cialion constants of the Fe-protein - MgATP complex
(= 5x10*M™") [31]. The association constant for the
Avy(red) - Av,(ox) complex could be in our opinion. an order
of magnitude higher, since this value was derived from dilu-
lign 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-Fc protein, an aclivity
redox profile coinciding with the redox behaviour of the Fe-
protein - MpgATP complex could be expecled, especially for
an AvitAv, ratio 1:1. since under the conditions of our
experiment 907 of the free Fe prolein (40" of the Lotal
amount of Ava) is in this form.

Our resules indicate that, under redox poteniial limitation,
catalysis might proceed by two-electron transfer. It is not
necessary that the two glectrons are donated simuliancously.
One clectron can be donated rapidly, the second electron
then must be donated more slowly. In this case the redox
behaviour of 1the Av, - 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 ax 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 witk the activity/redox profiles, the following facts
and assumptions were taken into account,

a) The concentration of the Avz(red) - Avi{ex) complex
determines the rate of the reaction, because of the 1000-foid
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 1o Thomeley and
Morienson [1]. thisis the rate of dissociation of Avz(ox) from
Avalox) - Avi(ox), althcugh no clear data have been pub-
lished.
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Av,ylred)Mg ATP

Av,ired] « Av,inx}*,:'lsz{redl - Avylox)

AATP + ZH"
ks
A ADP + #Pj+ H;
~N
Av,lox) « Av,lox) == Av,lox] - Av,lox)
KDX

|- aTP

Av; [ox) Mg ATP

Scheme 1

<) All equilibrium steps are fust compared with the rate
of catulysis.

Since the experiments were carried oul at a fixed concen-
tration of Fc protein, the lotal protein concentration [Avalo
is equal to the sum of the concentrations of reduced [Ava(red)]
und oxidized [Avs{ox)] and their MgATP complexes

[Ava]o = [Ava(red)] + [Avylred)MpATP]
+ [Ava(ox)] + [Av2{ox)MgATP] . 4]
The relation
K [Ava(red)] [MgATP]
7 [Ava(red)MBATP)
leads o
[Av(red)MgATP] = [Avaired))e (2
in which K7 is the dissociation constant of Avy(red)MgATP
and ¢ = [MeATP) K. Similarly
[Avalo)MgATP] = [Avz(0X)]c2 [E)]

where ¢ = [MgATP]/K*" and K* is the dissociation constant
of Avz(0x)MgATP.

Under conditions thal the applied redox potential is much
lower than the midpoint potential of the Avaired}fAv,(ox)
couple

[Avi]o = [Avaired)] + [Ava(red)MgATP]

which in combination with Egn (2) leads to

Furthermare under these conditions, taking inta account
Eqn (4)
v 4 o
1+ Kiea Kieall 4 ¢1)
[Ava(red)] [Avzlo

= (5
1+

where K. 15 1he dissociation consiamt of Avzired) — Av iox)
and k-, » kj.

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

d )

Uy = .
g K ( [Avalon)] )
[Avz(red)] Kox
Taking into account 1he relation

[Avz(red)] = [Avzlo — [Ava(red)MgATF]
— [Ava(ox)] — [Avz(ox)MgATP]

which in view of Eqns (2} and (3) leads te

[Avals — [sz(qx)] 7(] + (‘1)

.
{1+ 1) @

[Ava(red)] =

Eqn (6} modifics 10
V
Kiea (1 4+ 01} ) (1
[Avzlo — Avalox) (1 + ¢2}

(&

y =

‘+ [sztox}])

Ko
in which K., is the dissociation constant of Ava(ox) - Avy(ox)
and r; is the remaining activity.

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

1 4 Keall £2)

L [Avake - @
v 1. Keeall +¢1) ( [AVz(ﬂX)J)

[Avz2)o — [Ava(ox}](1 + ¢2) Roox
The redox relation

= _ RT,, Avifred)]
b= - ni n [Avi{ox)] (10

leads, by substitution of Eqns (1 =3}, 1o

[Avatox)] = [Avik {1

(1 + 2 + (1 + i) exp(—p)
with p = nFAE/RT and AE = E — E;, in which E is the
applied redox potential and £, the midpoint potential of the
free Av; redox couple.

Substituting Egn {11) into Equ (9) and rearranging leads
to:

Krea (1 + 1)

v = “
1
[
e e Ko (1 +") ;
{1+ 2)
Avao {1 — Tt p
[Ava]o { (1 4+ e2)+ {1+ erdyexp(—pd

28

[avsho

T 12
O ”
] Ko {1 + )+ (1 + edexp(—p)}




or after rearrangement

I _ o 1
0T K ‘xo,_q_tcw[f\vzl oy
Ko | Ka 00 # [Av] ]P0
or
l‘i = e 1. -
¢ 1 +aexp(nFAE/RT) {14
wherc

4E = E— Eg,
, . RT . . .
Ey = Ey— wF In g and £ = apparent midpoint petential.

Eqn (14) fits the observed activity/redox potential profile
only when ¢ = 1. in thal case it is similar (o Eqgn (10}, the
Nerost equation. The potential Ej, at which the nitrogenase
activity is 30%, is related to the £ of the redox reaction
nvolved in the rate-limiting step. This factor contains equi-
librium constants and [Avz]e. Experimentally it was found
that, within the concentration range of 0.1 —2.0 pM of Avy
tested, no effect upon the Eg was detectable. It can be con-
cluded that, in view of the obscrvation that £ = Fo, a = 1
can only be obtained when Ko & Ky and ¢ & ¢z 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 (sz).
1

with a specific activity of 2300 nmoles C,H, reduced.min"1.mg"! 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 ta their
spectra and redox properties. Thev also showed redox titrations from which
it was concluded that Cp, behaved as a one electron redox proteinm, although
the data deviated from the theoretical n=1 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], Mdossbauer [9,10], EPR [11-14] and
MCD [15] experiments all suggest the presence of a [4Fe-4S] cluster as
found in ferredoxins.

I1I11. 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-48] cluster [16].
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IV. Redox titrations performed with Fe-protein were consistent with an n=1
redox behaviour. The degree of reduction was monitored by EPR
spectrescopy and by the absorbance at 425 nm [17].

V. Thorneley et ai. [18] reported stopped-flow studies with Fe-protein.
The reduction of phenazine methosulfate oxidized Ac, 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 melecule Ac, 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. Sc 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 cone feature of
Fe-protein was unexplained at that time; the integration of the EPR signal
yvields only about 0.3 electron per molecule {11-14], which is far beyond
the expected n=1 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 MgClz. 10 mM creatine phosphate, 0.3 mg
greatine kinase/ml, 1 mg bovine serum albumin/ml, final pH 7.5.

Assay mixtures and solutions were made anaercbic 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 steck 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 Av, preparations used, was 1700 nmoles
CoHy reduced.min'l.lg sz*l. The specific activity of Avl preparations used

was 2000 nmoles CoH, reduced.min”!.mg Avl‘l_

Oxidation of Avy was performed on a Bio-Gel P-6DG column (1x8 cm) by
running Av, through a layer of phenazine methosulfate (0.5 ml of 20 mM) and
subsequent desalting as described by Yates et al. [21). Physioclogical oxi-
dation was achieved by small amounts of Avy in the presence of an
ATP-regenerating system. The molecular mass of Av, 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 shat produced 0.4 mi. The dead volume of
the mixing chamber and the (bi)sulphite stock solutions were calibrated with
a reaction mixture containing 100 mM MES/KOH pH = 6.2; 1 mg/ml glucose oxi-
dase; 40 mM glucose, 150 M methylviolegen and 10 M dithionite. The
{bi)sulphite was added and the redox potential calculated from the methyl
viclogen 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, €= 44670 M~ 1.cm~L.

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 ti]ll saturation; final pH = 10. Phenazine
methosuifate and methyl viologen were obtained from Sigma. All other chemi-

cals were from the highest purity commercially obtainable.

Resuits and Discussipn

The intensity of the EPR signal as a function of redox potential indi-
cates that Av, 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-48] 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 Avy in a stopped flow apparatus (figure 1}.

Transmission
af 604 nm (%)
]
Transmission
at 604 nm {%)
T

—f 1 1 i
100™ 7 T 100 T 120

Time {s) Time (s}

Figure 1. Oxidation of reduced methyl viologen by phenzine methosulphate-
oxidized Fe-protein from Azotcbacter 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 wmM TES-NaOH, 10 mM
MgCly, final pH 7.0.

A___ Syringe 1 contained buffer plus 100 uM methyl vioclogen te which, 100
LM NapSs04 and 20 UM NapSOjz was added. Syringe 2 contained buffer plus 60
UM KgFe(CN)g. -—- same as above but KzFe(CN)g was omitted from syringe 2.
B.__ Syringe 1 contained buffer plus 327 uM methyl viologen to which 150 puM
NapSp04 and 30 uM NapSOz was added. Syringe 2 contained buffer plus 131 uM
Avy (specific activity 1700 nmoles Cplp reduced.min1.MgAvp~1); --- Same
as above but Avy 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 indicater. One syringe contained 100
mM TES/RKOH, pH=7.0, 100 pM methyl viclogen, Nas8,0, and Na,;50, were added
respectively as 100 uM and 20 uM. 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 uM
K3Fe{CN)6. After mixing, a rapid oxidation of methyl viclogen occurred.
After this fast phase a glow reduction of methyl viologen by the dithionite
was seen. The rate limiting step in this reduction is the dissociation of
32042_ into S0, [2]. The dotted line represents a similar experiment but
KaFe(CN}g was omitted. Froe 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 uM and 80 pM ferricyanide also yielded
a value of 1.0 ¢t 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 viclogen 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 ib one syringe contained 100 mM TES/KOH, pH=7.0 and 327 uM
methyl viologen which was reduced by the addition of 150 UM dithionite
which originally contained 30 pgM {(bi)sulphite. The other syringe contained
100 =M TES/KOH, pH 7.0 and 131 pM PMS-oxidized Av,. As is apparent, the
oxidation of methyl viologen by sz 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 Av,. When the redox state of the protein was determined by EPR
spectroscopy, it was found that at this potential Av, is only half-reduced
[20]. This means that in case of full reduction, Av, takes up 1.7 electrons
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per molecule, in agreement with the value found by Mortenson et al. [1] and
Thorneley et al. [18]. In contrast with the Iatter, we observe only a slow
phase. Apparently methyl viologen is not a very effective electron donor
under these conditions. Surprisingly, Av, in the presence of MgATP behaved
in a similar manner as Av, without MgATP (not shown). Since EPR measure-
ments indicate that in the presence of MgATP the midpoint potential of Avy
is 40 mV lower (Chapter II), this means that Av, can accommodate at least 4
electrons. This prompted us to perform redox titrations upon Avy-free,
Av,-MgATP and Av,-MgADP. The redox state of the protein was monitored by
the change in absorption at 425 nm.

100~

v
(=3
1

increase in absorption due

to oxidation at 425 am

Percentage of the maximat

<
T

i i
~450 =400 -3%0
Redoxpotential (mV)

Figure 2. Relationship between the absorbance of Avy and the applied redox
potential. The redox potential was poised by varying the ratic of the
NazS304/NapS03 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 MgClp, 40 mM gluco-
se; 1 mg.m1~l glucose oxidase; 5 mM NayS04, 1 mM NapS03, final pH = 7.0.
[Avp] = 22 pM, specific activity 1700 nmoles.CpHy reduced.min‘l.ngsz'1 and
if present 5 mM MgATP or MgADP. 0-0, Avy free; A-A, Ava MgATP; o-0,

Avy .MgADP, The sclid line represents the n=2 curve. The calculated n-value
through all data points is 2.2 * 0.2.

The separate experiments give the following values.

Avy free: Ep = -389 mV, n = 2.1; Avy.MgATP: Ep = -396 mV, n = 2.3;

Avg .MgADP: E, = -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 Av, in the presence or absence of ade-
nine nucleotides. Calculated midpoint patential 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 Av, 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
Avy. In this method Av, is oxidized by a small amount of Av, under the con-
ditions as described by Ljones and Burris [19].

After oxidation a non-saturating pulse of dithionite was added, Av, is
rapidly partially reduced and then becomes reoxidized again. By extrapola-
tion, the amount of Av, 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 pl was 7.0 instead of 8.0 and the specific activity of Avyq
used was only 1100 nmoles C5H, reduced.min'l.mg Av1‘1 instead of 2000 nmo-
les CpHy reduced.min”!.mg Avl'l. 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 Avy, 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 observaticn
is that preparations of Av, 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 dithianite is
not low enough to reduce sz completely. But when all these pittfalls are
circumvented, values of 1.9 t 0.1 electrons/Av, are found (six experi-

ments).
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Figure 3A. Physiological oxidation of Avs and reduction by dithionite. The
absorbance was monitored at 425 nm. The reaction mixture was as described
in Materials and Methods plus 50 mM Tris HCl; 40 aM glucose; 1 mg.ml-1
glucose oxidase, [Avp] = 29 uM [Avy] = 0.30 uM, final pH as indicated. The
specific activities of the proteins used were: Avz: 1700 nmoles Csz
reduced.min"l.mgAv,~2; Avy: 2000 nmoles CoHz reduced.min~1.mgavy T, “at
arrow (1) 10 uM Na38,04 was added; at arrow (2) 5 mM NaySa04.

Figure 3B. Specific activity of Avp as In fig. 34; Avy: 1100 nmales.CaHy
reduced.min~!.mgav,-1, [Av2) = 11 uM. At the time indicated by arrow (1)
dithionite was added to a final concentration of & UM. At arrow (2} a
saturating pulse of dithionite is given of 5 mM concentration final con-
centration.

In contrast to Ljones and Burris [19] we did not correct for iractive pro-
tein since we found that less active protein also gives cdlour'changes.
From our electron counting experiments we conclude that physiologically
or PMS oxidized sz in the absence or the presence of MgATP can take up two
electrons per holecule. The significance of the uptake of two electrons by

Avp with respect to its catalytic function will be discussed in chapter ViI
{Discussion).
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CHAPTER IV.

Fully Active Fe-Protein of the Nitrogenase from Azorobacter vinelandii
Contains at least Eight Iron Atoms and Eight Sulphide Atoms per Molecule

Arnold BRAAKSMA, Huub HAAKER, and Cees VEEGER
Department of Biochemistry, Agricultural University, Wageningen

{Received February 15/March 23, 1983) — EJB 83013%

The Fe-protein of the Azotobacier vinelandii nitrogenase enzyme complex contains a variable iron and sulphide
content. The iron and sulphide content of the protein is dependent upon the specific activity. Up to a specific activity
of 1000 nmol C,H, produced - min~' - mg Av; ', three iron and three sulphide atoms per molecule Av, are found. At

specific activities above 1000 nmol C,H, produced - min "' - mg Av,

!, alinear relationship between specitic activily

and iron and sulphide content of Av, is found. The maximum values found are 8.8iron atoms and 8.6 sulphide

atoms/molecule at a specific activity of 2250 nmol C,H, produced - min -

' mg Av, ', Also the experimental molar

ahsorption coefficients at 430 nm of the oxidized and reduced forms depend on the specific activity. The highest
values found are 15.9mM ™ cm™ ' and $.1 mM ™' em ™, respectively.

Since occasionally the preparations with specific activities around 00 nmol - min

' mg™" are iselaled which

contain mere than 10iron atoms and 11 sulphide atoms per melecule, it cannot be excluded thal under certain
physiological conditions Av, conlains even more than two (4 Fe-48] clusters.

The addition of MgATP induces & conformational change in the Fe-protein which results in u higher reactivity
with iron chelators. But irrespective of the specific activity, the amount of iron extracted from the protein after
addition of MgATP never exceeds four atoms/molecule.

The results are discussed with respect to the present molecular model of the Fe-protein.

1t is generally accepted that the Fe-protein of any nitro-
genase enzyme complex has one [4 Fe-4 8] cluster [1 — 3] Thisis
based upon iron and sulphide determinations of various Fe-
proteins of nitrogenase isolated from different bacteria like
Clostridivm pasieuriagnum [d—T), Azotebacter chroococeum
[8,9], Klebsiella prieumomiiae [9,10] and Azorobacrer vitelandii
[11]. Cluster extrusion experiments indicate that the iron in the
Cp, preparations is guantitatively recovered as a similar
product io that found with ferredoxin, i.e. a [4 Fe-4 8] cluster
type [12].

The Fe-protein from C. pasteurianun behaves like a one
electron donorfacceptor upon redox titrations in EPR experi-
menis [13]. Also colorimetric measurements on Cp; at 43¢ nm
indicate a one-electron behaviour upen oxidation/reduction in
the physiological reaction [14]. If one takes into account that a
[4 Fe-4 8] cluster is eapected to transfer one electron [15]. then it
is not surprising that component IL is considered to be a one-
electron donor with one [4 Fe-4 §] cluster.

However, there are reports that the Fe-protein from
Azotobacter can  accommodate  two  electrons  [16,17).
Thorneley et al. [17) showed that oxidized Ac, can take up two
electrons but they suggested that the second electron, taken up

slowly, is due to inactive protein. Braaksma et al. [16]-

demonstrated that Av, with or without MgATP behaves as a
two-electron donor in a redox litration floliowed by EPR
spectrescopy. Lowe [18] proposed from the anisotropic line-
width and low integrated intensities of the EPR signal of

Abbreviations. The Mo-Fe and Fe protein of the nitrogenase of
Azemobacter vinelandii, Azetvhacter chroococcan, Clostrkliune pasten-
riguem and Klebsiella pieumoniae are referred to as Av, and Avy, Ac, and
Ac,, Cp, and Cp, und Kp, and Kp, respectively: EPR, cleciron
paramagneuc resonance: BPS. bathophenanthroline disulfonate: Hepes,
4-(2-hydroxyethyl}-1-piperazineethane sulfonic acid.

component [l of nitrogenase that a second rapidly relaxing
paramagnelic center is present in the prolein,

In this article we present data that highly active Av,
contains more than four functional iron and sulphide aloms
thus explaining the previous observation {16] that Av, can act
as a two-glectron carrier.

MATERIALS AND METHODS

Isolation of the nitrogenase proteins and standard nitre-
genase aclivity assays were run as described carlier [16] in a
mixture containing 50 mM Hepes/KOH, 10mM ATP. 15mM
MgCl,, 10 mM creatine phosphute, 0.3 mg creatine kinase/ml,
1 mg bovine serum albumin/ml, final pH = 7.5.

Assay mixtures and solulions were made unaerobic by
evacuating and filling with argon plus additicnal flushing with
argon to remove the last traces of oxygen. Dithionile was added
from a stock solution (200 mM, 25 mM Tris/HCL. final pH
= 7.5), prepared fresh daily, 1o a final concentration of 20 mM.
Acetylene was added 10 a final concentration of 20,

Av and Av; were isolated us described carlier [16]. Av,
purified by this method has a specific activity between 1500 —
1800nmol C,H, min~' - mg AV; ' Prolein with a lower
specific activity was obtained by exposing Av, for 2min to air.
To produce highly active Av, an additional concentration step
wag necessary, even after storage of highly aclive protein in
liquid nitrogen. Av, was concentrated on a small DEAE.
cellulose (DE-32) column (1 x5cm) and was eluted with
90 mM MgCl,. This resulted in an increase in specific activity
up10 2250 nmol C,H, produced - min ™' - mg Av; . A Bio-Gel
P-6DG (Bio-Rad) column (1 x 5cm) was used to desalt and 1o
exchange buffers. When net indicated the column was equili-
brated with 25 mM Hepes (pH = 7.4, 5mM MgCl,. To main-
tain the activity of Av, around 2200 nmol C,H, formed
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-min~'-mg Av;', it was necessary to run the molecular sieve
column in the presence of MgCl,. In the absence of Mg(l, the
activity dropped 10 1800omol C,H, formed - min™! - mg
Avs b

The specific activities of the Av, enzyme preparations were
2400 — 3000 nmol C,H, produced - min~' - mg Av; ! and of
Av, preparations 1500 —2250nmol C,H, produced - min~’
-mg Avj '. The purified Av, and Av, preparations were pure
as judged by one-dimensional and two-dimensional
SDS/polyacrylamide gel electrophoresis. Protein concen-
trations were routinely estimated with the method of Sedmak
and Grossberg [19). Other protein determination methods, like
the biuret method [20] and the Lowry method [21], were
performed on purified Av, und Av,, as well as dry weight
measurements upen Av,. Dry weight determinations showed
that the protein determination of purified Av, by the method of
Sedmak and Grossberg [19] gave an underestimation of 25 -
30%. Protein concentrations of Av, measured with the method
of Sedmak and Grossberg {19] were corrected for the under-
estimation, No correction factor is necessary for protein
determinations with the biuret or the Lowry methods. For all
protein determinations bovine serum albumin was used as a
standard. The bovine serum albumin concentration was de-
termined by the absorption at 279 nm, ¢ = 44.67mM " '-cm ™",

Treatment with Chelex-100 (Bio-Rad) was performed
batchwise, An assay bottle (7.0-ml stoppered with a suba seal)
with 0.1g of dry Chelex-100 was evacuated and filled with
argon three times plus an additional 5-min flushing to remove
the tast traces of oxygen. 0.2 ml of anaerabic bulfer solution
was added and again evacuated and filled with argen.
Dithionite was added to a final concentration of 2mM. After a
15-min equilibration, 0.2ml of Av,-containing solution was
added. During the 10-min incubaticn time the bottle was gently
shaken. The Chelex-100 was allowed to settle and the super-
natant was separated from the Chelex by a syringe, with a thin
needle to prevent Chelex-100 contamination.

It was checked that this procedure removes extra added iron
efficienily. Iron was routinely extracted from Av, by adding of
an aliquot of the enzyme solution to 30%, trichloroacetic acid
giving a final concentration of 20%;, followed by dilution with
water to a 5%, concentration. The denaturated protein was
centrifuged and the iron content of the supernatant was
determined by the method of Massey [22] in quadruple with
bathophenanthroline disulfonate {(BPS) as iron chelator in-
stead of o-phenathroline disulfonate. The reliability of the iron
determination was 8. Atomic absorption was done with an
Instrumentation Laboratory aafae spectrophotometer 357
upon the supernatant of the trichloreacetic acid treatment.

The sulphide concentration was estimated according to
Fogo and Popowski [23] as modified by Brumby et al. [24]. Tt
Was Necessary to measure at low protein concentrations due to
quenching of the colour development by the protein.
Determinations done in gquadruple with less than 130 pg Av,
added per 1.7-ml assay volume, gave a linear relationship
between the amount of protein added and colour development.
The reliability of the sulphide determination was 10 %,

The molar absorption coefficient obtained with a calibra-
tion curve was the same as the value reported by Brumby et
al. [24]. [t was checked that the elution buffer used did not make
any contribution to the colour development of the sulphide
assay, by adding quantities comparable to the enzyme solution.

Oxidation of Av, was performed on a Bio-Gel P-6DG
column by running Av, through a layer of phenazine methosul-
fate and subsequent desalting as described by Yates et al. [25].
Enzymic oxidation was achieved by trace amounts of Av, in the
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presence of an ATP-regenerating system. The molecular mass
of Av, was taken as 63kDa for the dimer, as determined by
amino acid analysis [26, 27)].

Absorption measurements were performed at 430 am on
either an Aminco-DW2A or a Zeiss spectrophotometer type
M4 111, PI-2. Phenazine methosulfate and BPS were obtained
from Sigma. Mohr's salt and Na,8 were obtained from Merck.
Na;8 was calibrated iodometrically according to [28].

All other chemicals were from highest purity commercially
obtainable.

RESULTS

We used proton-induced X-ray emission spectroscopy
{P1XES} to detect whether other transition metals besides iron
are present in Av,. An unexpectedly high level of iron and low
amounts of copper and zinc were detected. The copper content
proved to be variable between 0.3 and 1.3 atom/molecule Av,.
Since there was no correlation with the specific activity of the
protein preparation, we concluded that copper is not essential.

The Fe-standard curve determined by the modified col-
orimetric method of Massey (see Methods and Malerials) gave
a molar absorption coefficient 0f 21.67 + 1.60 mM ' -cm ' at
pH =74 and 2098 + 0.04mM ' - ¢m~! at pH = 4, values
almost equal to those given by Blair and Dient [29], who
described the iron-chelating reaction with BPS. 1t was con-
firmed that the pH of the incubation mixtures was 4 after the
addition of saturated ammonium acetate as recommended by
Massey (22],

Extraction of the iron in Av, is not effective in 5%
trichloroacetic acid, especially with protein of a high specific
activity. But an initial incubation of Av, in 20 %, trichloroacetic
acid (final concentration) and a subsequent dilution to 5%,
results in an immediate release of this tightly bound iron. A
comparison of the results oblained by this method with those
obtained by atomic absorption on different samples indicate
that the iron content of Av, determined by the colorimetric
method. gives an underestimation of 20 £ 10%;,. This is not
unusual; a similar situation has been described by Yates and
Planqué {8]. Determination of the iron content of Av, by the
colourimetric method described in Materials and Methods
yiclded 28iron atoms/molecule Av,, which is in accordance
with the literature [1, 3].

The sulphide analysis was performed with two methods.
The method of Chen and Mortenson [3)] was used, because we
expected a similar quenching by the dithionite oxidation
products as they described. The calibration curve for this
method gave the same molar absorption coefficient as was
given by Chen and Mortenson. However, dithionite-free Av,
also gave a considerable quenching as was the case with the
method of Brumby et al. [24]. We therefore used low protein
concentrations for ihe determination (see Materials and
Methods). Both methods gave similar results but for con-
venience we used the method of Brumby et al. [24],

Fig. 1 shows the relation between iron content from a large
number of different preparations of Av, and their specific
activities. It is clear that only above a specific activity of
1000 nmol C,H, produced min ™' - mg Av; ' is an increase in
iron centent of Av, observed.

The sulphide determinations follow a similar pattern as can
be derived from Fig. 2. 1t is clear from this figure that the
average ratio of iron to sulphide in different preparations is
close to one. This means that an increase in iron content is
associated with an increase in sulphide content, thus in [Fe-S]
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Fig. 1. Refation between the number of iron apms per mofecule Avy and the
specific activity of different Av, preparations prepared us described in
Materiais and Metheds. Tron was determined colerimetrically as deseribed
in Materials and Methods, specific activity was measured as described in
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Fig. 2. Relarion between the nurnber of iron and suiphide aroms per molecule
Av, af several different preparations with different specific aciivities. Each
plotted point is the resutt of un iron and suiphide determination of one
Av, preparation. The ploited line gives the expecied ratio FefS = 1

cluster content of the protein. After almost complete in-
activation there are still about three iron and three sulphide
atoms per molecule Av, left.

An estimation of the non-specifically bound iron was made
by a Chelex-100 treatment of Av,. As can be seen in Table 1,
this treatment hardly affects the specific activity and does not
remaove iron.

The higher amount of {ron is also clear from the absorption
at 430 nm of the oxidized and reduced forms of Av, (Fig. 3). As
seen [rom Fig. 3, above a specific activity of 1000 nmol C,H,
produced - min~! - mg Av; ! there is also linear relationship
between specific activity and molar absorbance of the oxidized
and reduced protein. At a specific activity of 2250 nmol C,H,
formed - min~ ' mg Av; ' the molar absorbance of the protein
oxidized enzymically or with phenozine methosulfate is
15.9mM~"-em™ and of the dithionite-reduced protein
9.1 mM~'-cm ™. This protein contains about 8 Fe atoms and
8 82~ atoms/molecule Av;. The molar absorbances and the
iron and sulphur content of Av, are twice as high as the
values reported for Ac, [8).
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Table 1. 4 comparisen of severad treatmiems on Avy (o estimate towal iron
corttents aid don-specifleatly Inmnd iron

The Chelex-100 reatment and 1he molecular sieve column (Bio-Gel P-
6DG) were performed as deseribed in Materials and Methods

Treatment Specific activity Fejav, S jAv,
before the  afier the
treatment  treatment
amol-min "' -mg "’ atems/mofecule
As jselated 2152 - 86 6.2
Molecular sieve
column 215 215% 80 6.8
Chelex-100 and
molecular sicve
column 2135 2110 7.6 73
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Fig. 3. Refation beiween moiar absorbance of oxidized (0 and reduced
(O} Av, at 430 nm of several preparations with different speciffc activitios
prepared as desceibed i Maserials and Methods. The lines drawn are visual
fits through ibe data points. For clarity the extrapelation Lo 2ero was made
(dotred parts of the lines). The specific activity of Av, was measured and
oxidation wus performed as described in Materials and Methods. Specific
activity of Av, is expected as nmol C;H, produced-min ' mg Av, .
Molar absorbance, £, was measured at 430 nem

Due to their lability, the specific activity of the Fe-prowins
has always been a matter of concern. Only Cp, can be isolated
in a more active form [31), 2700 amol C;H, produced-min~*
-mg Cp;'. Nowadays a specific activity of 2000 nmol C,H,
produced - tmin~ ' mg ™' for Av, {11,17, 32) and Ac, [8, 9]1s not
unusual. We found that highly active Av, could be repro-
ducibly obtained by a concentration step as described i
Materials and Methods. With starting material of specific
activity 1500 — 1800 nmel C;H, produced - min" ' - mg Av; ',
this method yields preparations with specific activities around
2250 nmol C,H, produced - min~' mg Av;'. Preparations
with this specilic activity contain 8.8 Fejatoms and 8.6 57
atoms/molecule Av,. However, upon lreezing inliquid nitrogen
and thawing under argon the activity drops immediately 10
1760 nmol C,H, produced - min~' - mg Av; !, The sulphide
content is unaffected, but the iron content declines from 8.8 to
4.6atoms/molecule Av,. This could be due to the presumed
volatility of iron chloride [33] but control experiments with a
reduced iron chloride solution did not indicate any loss of iron
upon subsequently freezing, thawing, evacuating and flushing
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with argon. So wc ussume that the iron is somehow very
ughtly bound ta {inactive} protein and is not released by 20,
trichloroacetic acid. This was confirmed by treating the enzyme
solution by strang acid and wet ashing as recommended by Van
de Bogart and Beinert [33]. In Av, slutions with low ratics of
iron to sulphide, after freezing and thawing the protein, wet
ashing proved (o be necessury 10 determine the total iron
content accurately. Sometimes Av, isolations yielded Av,
protein with specilic activities around 3000 nmel C,H, pro-
duced - min ' - mg Av, ', These particolar preparations
contained 10.6iron and 11.3sulphide atoms/molecule Av,.
However, this type of preparation lost 30, of its activily upon
passage over 4 molecular sieve or freczing in liquid nitregen
followed by subseguenily thawing under argon.

The active Fe-protein of nitrogenase shows i slow reaction
with iron chelators. Walker and Mortenson {6] found that
addition of MgATP increases the rate of the iron-chelating
reaction. This leature was also observed by Ljones and Burris
[14] with the iron-chelator BPS. They also found upon addition
of MgATP a large increase in rale and extent of the iron-
chelating reaction. MgATP is thought 10 induce a confor-
mational change in the Fe-proiein which results in a higher
accessibility of iron chelators 10 1he iron atoms in the [Fe-§)
¢luster. So the increase in rate upon addition ol MgATP is
ascribed 1o active protein. whereas the initial increase of iron
chelating before the addition of MgATP 1s thought 10 come
rovm inactive protein. Ljones and Burris [14] and Hageman et
al. [32] used this method to calculate the percentage active
protein of a given preparation. As shown in Fig. 4 the additien
of MgATP gave irrespective of the specific activity, a complex
of three iron atoms with BPS/molecule Av,. As can be seen
roim cur results, caleulation of the percentage active protein by
dividing the amount of iron chelated before and after the
addition of MgATP gives erratic resubis. 1tis also clear that nov
all the iron is extracled from Av, by BPS in the presence ol
MgATP.

DISCUSSION

The specific activity of an Fe-protein has always been a
matter of concern. 1n the early isolutions specific activities for
Av,y of arcund 1500 nmol C,H, produced - min ™' mg ™! were
usual. lron delerminations on those preparations never yielded
maore than four iron atems per molecule and mostly less. Ascan
be scenin Fig. 1, there is a considerable scattering in the number
of iron atems tound per molecule. 1t is therefore important to
meusure a considerable number of preparations 10 be sure that
Fe-protein preparations wilth a hgh specific activity have a
higher iron content. Besides the specitic activity of the pretein,
another factor was Tound to be important for the determination
of iron content of Av, Not all iron might be released during »
relatively mild denaturation, such as cluster extraction [12] or
the iron-chelating reaction with BPS after the addition of
MgATP [34).

Sinee we cannot judge from the literature that all these
ctlects have been recogmzed, it is difficult 10 explain (be lower
values found for the Fe-preteins. For some reports we can give
anindication why a relatively low amount ol iron is found. For
instance, Kp, was analysed for iron and sulphide content by
Thorneley {9} and Eady et al. [10]. But we consider the specific
uctivity 10 be toc low for a protein containing more than four
iron atoms per molecule. Ac, was analysed by Yates and
Plingué [8]. The specific activity of the Ac, preparation was
high enough 10 yicld more than the four iron and sulphide
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Fig. 8. Relation beiween the specific activity of Avy and the iron content of
Avy ax measared with different methods. The amount of iron was detecied
with the reaction of the won chelwor BPS. (O—-- {1} Av, as isolated:
[ ) Av, as isolated with SmM MgATP present. chelation wus
completed within 5 min: (O O) 104l wron content of Av, afler
extraction with trichloroacetic acid. Specilic activily is expressed as nmol
C.H, produced min ' mg Av,'. Iron contemt is expressed us iron
atoms;molecule Av,, lron und the specilic activity of Av, were measured as
deseribed in Materials and Methods

atorns found by the authors, The molar absorbunce of the
oxidized und reduced ferms of Ac, at 430 nm as reported [8],
however, indicates 4 low iron-suiphide content comparad with
our preparations (see Fig. 3).

Av, as investigated by Burgess et al. [11] contains four iron
atoms;molecule. The specific activity of 2000 nmol - min '
-mg ' wis measured by hydrogen evolution which gives an
overestimation compared with C,H, production. §i was not
clear whether the four samples analysed for Fe had the high
specific activity mentioned in the article. Unfortunately no
sulphide analyses were done on these samples.

Cp; was thoroughly investigated by several groups {4, 12,
31]. The speofic activity seems high enough in the case of
Moustali and Mortenson [31]. But they could only detect two
iron atoms per molecule Cp, or, corrected for the molecular
mass of 40 kDa which they use, 2.3 iron atoms/molecule. The
sulphide content was of the sume magnitude, This low number
of iren atoms, which can hardly account for even one [4 Fe-d 5]
cluster, can be atiribuied, in our view, 1o the scatter in iron and
sulphide determinations {see Fig.!) and possibly the given
specific activity of 2700 nmaol C;H, produced - min ™' mg Cp; '
is over-eslimated by using a cell-free extract without Cp;
aclivily 1o determine the activity of the Cp, preparations, as
was shown by Eady et al. [7].

Later Nakos and Mortensen [4] reported that the number
of iron and sulphide atoms present in a molecule of Cp, is not
2.8 but 4.0. But unfortunately they did not mention their
specilic activities, although the isolation method applied can
give rise 10 good preparations. High concentrations of tri-
chloroucetic acid as routinely used by us, did not always extract
all the iron, especially when the protein had been frozen in
liquid nitrogen and thawed under argon. For this kind of
protein the degradation method of Van de Bogart and Beinert
[33] ang Lovenberg et al. [35] proved to extract equal amounts
of wron and sulphide indicating that probably all the iron was
extracted.

To accommedate two [4 Fe-4 5] clusters in Av, a minimal
number of eight cysteine residues per dimer 1s necessary, so that
all the iron atoms of the 1wo clusters are connected with a




cysteinyl side chain. From the amino ucid composition of Av,
[27] it is known that there are 14 cysteines per dimer. If in Av,,
as in Cp, [3], four of the cysteines teact with 5,5 -dithiobis(2-
nitrobenzoic uacid) without any loss of activity, there are sull
enough cysleines available to bind these two [4 Fe-4 §] clusters.
There is even a possibility that in this model a third cluster,
being very lubile, can be accommodated in Av,, thus explaining
our occasionzl high activity related with more than 104ron and
11 acid-labile sulphur atoms per meiecule Av,.

The molar absorbance difference of an oxidized and
reduced [4 Fe-4 §] cluster in a ferredoxin is 15,3, nm (ox-red)
=7.0mM "' -cm™ ! [36]. We found for Av, preparations with
specific activities around 2250nmol min~' mg~' and with
eight iron atoms and eight sulphide atoms per molecule of Av,
a value of 1,3, tox-red} = 6.8mM ™! - cm ™. This could mean
that only one of the two [4 Fe-4 5] clusters undergoes redox
changes in the petential spanned by phenazine methosulfate
(E, ~ +80mVY) and dithonite (£, * —500mV). The redox
state of the second {4 Fe-4 8] cluster is not influenced by the
applied redox span. IT this possibility is true, one cannot expect
an extrapolation of the moar absorbance of the protein 1o zero
when the amount of iron and sulphide per molecule of Av,
diminishes {see Fig. | and 3. 1n this case one expects a value of
the molar absorbance above zero. the value of the Fe-5 cluster
that is not influenced by the applied redox span. As can be seen
from Fig.3, this is not the case. Another observation that
argues against this possibility is that the redox changes of Av,
when measured by the intensity of the EPR signal of Av, is
associated with a two-electron redox reaction [16]. A ferredoxin
type of (4 Fe-4 §] cluster can accommodate only one electron in
its two redox states (EPR-visible and EPR-silent).

The second possibility that the molar absorbance of the
[4 Fe-4 8} clusters of nitrogenase component IT has quite dif-
ferent speciroscopic properties as compared with the [4 Fe-4 8]
clusters present in ferredoxing is more likely. Low molar
absorbance values for nitrogenase component il are reported
in the literature, Y ates and Planqué [8] reported for Ac, e,
{ox-red) = 1.85mM ™' - cm™ ' and Ljones and Burris [14) for
Cp; lea4p (0x-red) = 3.3mM ™' - em™ ', Unfortunately there
are no indications in the literature that in these cases specific
activity measurements iron, and sulphide determinations and
spectra of the exidized and reduced proteins were performed on
the same samples, a5 in our cuse.

There is experimental evidence that MgATP interacts with
the Fe-protein followed by detectable changes im physical and
chemical properties of the protein. For instance, addition of
MgATP results in 4 higher accessibility of iron atoms 10 iron
chelators [5, 6]. This is explained by assuming a conformational
change upon binding of MgATP which results in an exposure
of the presaomed [4Fe-438] cluster. Fig. 4 shows that the
explanation of Ljones and Burris [14) ascribing the initial iron-
chelating reaction 1o inactive protein which is no longer able to
protect its [4 Fe-4 5] cluster, while the increase an iron-chelation
rate upon addition of MgATP is ascribed te active protein, is
net correct,

The cluster exposed afier MgATP addition is different from
the cluster seen with EPR spectroscopy. Even almost com-
pletely inactive protein, which shows no EPR signal, still has
three or four iron (and sulphide) atoms left and still shows the
exposure of Fe upon binding of MgATP.

In this light it can be stated that the stoichiometry of uctive
nitrogenase proteins Av, and Av, as has recently béen
proposed by Wherland et al. [37] is questionable in the light of
the data presented here. Only with preparations characterized
in terms of specific activities, iron and sulphide contenis can
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meaningful data be cxpected with nitrogenase preparations
from any source,

A second paramagnetic clusier was predicted by Lowe [18],
who deduced from EPR speciroscopy on Kp, that there must
be a second paramagnetic centre close to and with a strong
interaction with the EPR-visible [4Fe-4 5] cluster. Recent
unpublished results of our group clearly indicate that a fast-
relaxing species is present in highly active preparations which
can be abserved at low tcmperature (4 K) and relatively high
microwave power (aboul 12.5 mW). We explain our data by
assuming the presence of another [4 Fe-4 §] cluster. One cluster
is the EPR-visible cluster, the second is a fast-relaxing one. The
normal and fast-relaxing cluster are most probably coupled in
the way Lowe [18] proposed.
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Chapter V. THE IRON SULPHIDE CONTENT OF Fe-PROTEIN OF NITROGENASE
FROM AZOTOBACTER VINELANDIE IS DETERMINED BY THE
GROWTH CONDITIONS OF THE CELLS

Summary

The iron and acid labile sulfur contents and stability of isclated Fe-

protein of nitrogenase from Azotobacter vinelandii is determined by growth

conditions of the cells.

Fe-protein isolated from cells grown at a low free oxygen concentration
containg 3.5-3.8 iron and acid labile sulfur atoms. The protein is relati-
vely stable. When Fe-protein was isolated either from cells treated with
levels of oxygen that inhibited growth or from cells grown at a high free
oxygen concentration (>30 pM), the Fe-protein had iron and sulphide con-
tents above 4, but the protein was much more labile than regular Fe-protein
which was reflected in loss of activity, iron and sulphide atoms.

Since the whole cell nitrogenase activity was not inhibited by an oxy-
gen shock we therefore suggest that dioxygen alters Fe-protein so that its
activity in vive is not affected, but in vitro the altered protein is more
labile.

Introduction

Nitrogenase consists of two easily separable proteins. One protein is
called Fe-protein and the other MoFe-protein. It is generally assumed that
Fe-protein contains one [4Fe-4S] cluster [1-3]). This is based upon iron and
sulphide determinations of various Fe-proteins isolated from different bac-
teria like C pasteurianum [4-7}, A.chroococcum [8,9], K.pneumoniae [9,10]
and A.vinelandii [11]. Cluster extrusion experiments indicated that the
iron atoms in Cp, preparations can be quantitatively recovered as a product
similar to that extracted from ferredoxin, j.e. a [4Fe-48] cluster [12].

Recently we reported that Fe-protein could be isolated from A.vinelandii
with more than 4Fe and 452~ atoms‘$er molecule [13].

In this article we show that the growth conditions of the cells determine
the Fe and $2~ contents of the Fe-protein from A.vinelandii.
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Materials and Methods

Growth conditions of the cells

Azotobacter vinelandii ATCC 478 was grown in a batch culture of 20 liters

in a Bio-Engineering fermentor type LP30. The medium was as described by
Newton et al. [14], temperature was 300¢C. Fermentation was started by ino-
culating 20 liters of medium with approximately 300 mg bacterial protein.
The air input was set at 15 liter.min"! and the stirring speed at 80 rpm.
During the first 12 hours the oxygen concentration decreased and the
culture growth became oxygen-limited. Generation times are 4-5 hours in
this stage of the growth. The nitrogenase activity of the whole cells is
arcund 50 nmoles CoHy reduced.min"l.mg protein~l. After 15 hours of growth
the aeration was raised by increasing the stirring speed to 160 rpm. After
a short adaptation (less than 1 hr) the culture started to grow logarith-
mically with a generation time of about 3 hours. These cells have a whole

cell nitrogenase activity around 90 nmoles CjHp rsu:lucecl.nu‘n'1

Mg
protein~l. The free-oxygen concentration which was enhanced at the onset of
the increase in aeration dropped within 90 minutes to almost zero. At a
protein concentration of 0.3 mg.ul’l an oxygen shock was given. The aera-
tion was increased to 3¢ liters air.min™l and the stirring speed to 450
rpm. The measured free oxygen concentration increased to 100% saturation.
The respiration capacity of the culture was not high enough to lower the
free oxygen concentration within a very short time and both nitrogen fixa-
tion and growth were inhibited. Within two hours the cells adapted their
respiration rate and the free oxygen concentration dropped and at about 30%
saturation the cells started to grow again.

At different times, samples were taken from the fermentor and the in vivo

nitrogenase activity was measured under optimal conditions for nitrogen
fixation as described earlier {15]. Cells were harvested by centrifugation
at different times for the isolation of Fe-protein. The harvesting took
less than 1 hour during which the culture was not aerated. Standard nitro-
genase activity assays and sulphide determinations were performed as
described earlier {13).
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Isolation procedures

The isolation of Fe-protein is a modifigation of the purification
method described earlier [13]. A typical purification used approximately 50
g wet weight of cells, Cells were disrupted with a Manton-Gaulin homoge-
nizer type 15 K (Gaulin Corporation, Everett, MA, USA) in 100 ml of 100 mM
Tris-HC1 pH 8.0; 5 mM-MgCl,; 0.01 mg/ml DNase; 0.01 mg/l RNase. The cell-
free extract was obtained by centrifugation (20,000 g; 20 minutes). The
specific activity varied between 30-80 nmoles CoH, reduced.min'l-mg
protein‘1 depending upon the nitrogenase activity of the whole cells.
After this stage, all buffers were flushed with argon and contained 2 mM
dithionite. The cell-free extract (approximately 4 g of protein) was loaded
onto a DEAE-cellulose celumn (2.5 x 10 cm), which was equilibrated with 50
mM Tris-HCl, pH 7.4. The column was subsequently washed with the equilibra-
tion buffer and with egquilibration buffer containing 80 mM NaCl. An
orange/red fraction containing nitrogenase protective protein [16] was
eluted in this stage,

Then a gradient of 160 ml of 100-550 mM NaCl in equilibration buffer
was applied, crude Av; eluted at 150-200 mM NaCl, crude Avy, (with flaveo-
doxin) eluted at 200-300 mM NaCl. Crude Av, was concentrated on a small
DEAE column {1 x 2 cm). The next step was gel filtratien of Av, over a mole-
cular sieve column (Sephacryl §-200).

Avy, was detected by its absorption at 425 nm. The elution profile was a
Gaussian curve. The first fractions had a low specific activity and someti-
mes contained traces of Avy. Most of the protein in these fractions was Av,
as judged by SDS polyacfylamide electrophoresis. The activity of these
fractions was low. The most concentrated fractions had the highest specific
activity. These fractions were frozen by dropping the salutien in liquid
nitrogen and stored. If necessary, Avp was concentrated by leoading onto a
small DEAE column (1 x 2 cm)., extensively washed with 25 mM HEPES, pH 7.4,
5 mM MgCl, and 2 mM dithionite, and eluted with 90 mM MgCl, in the same
buffer. In this way all non-specifically bound iron, if present, was
removed. Since denatured protein remained on the caolumn, this step someti-
mes results in an increase in specific activity. If necessary, protein was

desalted over a Biogel P6DG column (1 x 5 cm).
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Analytical metheds

Suiphide determinations were performed anaercbically under argon as
recommended by Beinert [17]. Iron was analyzed by the wet washing method
[18] and by the method as described by Lovenberg et gl. f19]. We slightly
modified the last method. After 10 minutes at 80°C in 1% hydrochloric acid,
the protein solution was not homogeneous. By whirl-mixing, the denatured
protein was resuspended and a homeogeneous sample was taken. After the pH of
the sagple was brought to 4-4.5 with ammonium acetate, SDS was added to a
final concentration of 1% to keep denatured protein into solution. The
assay was performed as described earlier {13]. The ascorbic acid needed in
this assay was prepared anaerobically. Protein concentrations were esti-
mated by the microbiuret method {20].

Results

In figure 1 a growth curve of a batch culture of Azotobacter vinelandii

is shown. The free oxygen concentration, which is expressed as percentage
of air saturation in the culture medium, 1is the result of air input minus
the respiration of the cells. Cultures were harvested at different times.
- Cells, grown logarithmically at a low free oxygen concentration, were
harvested approximately 20 hours after inoculation. These cells are
consldered as regularly grown cells (type 1).
- Cells were harvested immediately after an oxygen-shock as described in
Materials and Methods (type 2).
- Cells were harvested after the cells had regained logarithmic growth
after an oxygen shock [(type 3).
From these three types of cells Fe-protein was isolated. The yield of Fe
protein and the specific activities are given in Table 1. It can be seen
that the specific activity and the yleld of the Fe-protein isclated from a
logarithmically grown culture (type 1) are high and that the iron and
sulphide content of the protein are somewhat below 4 atoms per molecule.
The Fe-protein preparation thus obtained is relatively stable; freezing and
thawing or concentrating on a small DEAE cellulose column does not affect

the specific activity dramatically.
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Figure 1. Growth curve of an A.vinelandii culture. Fermentation as
described in Materials and Methods. The fermentor was inoculated with 280
mg bacterial protein. Air input was 15 1.min"1, stirring speed was 80 rpm.
156 Hours after inoculation the aeratioh was increased (stirring speed 120
rpm). After 21 hours, an oxygen shock was given (air input 30 1.min-1;
stirring speed 450 rpm). At the indicated times (arrow 1, 2 and 3 the dif-
ferent types of cells were harvested.

o-o, protein concentration; ...., Op concentration. The arrows 1, 2 and 3
indicate the moment of harvest of respectively cells type 1, 2 and 3.

It was not possible to obtain highly active Fe-protein from cells harvested
at the end of the oxypen-shock, before growth had started (type 2). The
recovery of activity during purification was low (20%) and a large fraction
of nitrogenase protein without any activity was eluted from the first DEAE-
column at a salt concentration of 200 mM NaCl between fractions with MoFe-
protein and Fe-protein activity. Further handling of these Fe-protein
preparations resulted in a further loss of activity. Fe-protein isclated
from cells that had regained logarithmic growth after an oxygen shock (type
3 cells), had a specific activity about equal to fhat isolated from type 1
cells. However, the iron and sulphide contents of the Fe-protein were above
4 (table 1). These values were measured with protein preparations imme-

diately after elution from the molecular sieve column (the last purifica-
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tion step}. When the protein purified this way was stored in liquid
nitrogen and after thawing concentrated on a small DEAE-cellulose column
the specific activity dropped to about 1700 and the iron value declined to
3.4, although the sulphide content was still high (5.0). Further handling
{chromatography, freezing/thawing) of the protein did not affect both the
iron content and the activity, but the sulphide content dropped to the same
value as that of the iron content.

Since preservation of activity during a purification might be an indication
of the stability of a protein, we studied the effect of time on the acti-
vity of Fe-protein isolated from type 1 and type 3 cells (fig. 2).
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Figure 2. Stability of Fe-protein isolated from regularly grown cells (type
1) and from oxygen shocked cells (type 3).

Fe-protein type 1 cells: 100% activity = 1650 nmoles CpHjy reduced.min"!.mg
Fe protein—1 (after freezing and thawing).

Incubation conditions: 25 mM TES-NaOH, pH = 7.4, 2 mM dithionite and 53 wmM
NaCl.

e-o 12,8 uM Fe-protein, 10 pM BSA; o-o 12.8 pM Fe-protein, 10 pM
MoFe-protein.

Fe-proteln from type 3 cells: 100% activity = 1750 nmoles CgHp
reduced.min"l.mg Fe-protein~—l (after freezing and thawing): incubation con-
ditions: 2 mM dithionite and 36 mM NacCl.

m-u; 10uM Fe-protein, 10 pM BSA; o-o 10 uM Fe-protein, 10 uM MoFe-protein.

Mo-Fe-protein activity was in both cases 1500 nmoles CaHs reduced min~1.mg
MoFe-protein~l.
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Prolonged storage at room temperature with a slight argon overpressure,
affects the Fe-protein isolated from oxygen shocked cells {type 3) more
than from regular grown cells (type 1).

A semi-iogarithmic plot of these data does not yield a straight line (not
shown} thus the process of inactivation is complex and could be ascribed
to a number of different structural changes in the protein. Remarkable is
the stabilizing effect of the MoFe-protein at the end of the inactivation

process of the Fe-protein isolated from oxygen shocked cells {(type 3 cells)

{observed in two experiments).

To get more information about what happens with the activity of Fe-

protein in vivo during an oxygen shock, we studied the whole cell activity

during an oxygen shock (figure 3}.
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Figure 3. Nitrogenase activity of whole cells before, during and after an

oxygen shock. Samples were taken from the fermentor and the maximal nitro-
genase activity was determined in a separate system at optimal oxygen input

rates.

At the arrow, aeration in the culture was increased, so that the free oxy-

gen concentration increased to 90% of air saturation. o-o, protein con-
centration of the culture; x-x, nitrogenase activity in vivo expressed as
nmoles CpHp reduced.min~lmg total cell protein—1.
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Since Fe-protein is much more oxygen sensitive than McoFe-protein [16], oxy-
gen damage of whole cell nitrogenase activity will affect mostly Fe-
protein. When the oxygen input rate of an Azotobacter culture under
Oz-limitation is raised to air saturation, nitrogenase activity is inhi-
bited [21]. When subsequently the oxygen input is lowered or when the cells
adapt themselves to the high oxygen input rates [22], nitrogenase activity
is restored and growth starts again. In the experiment described in figure
3, cells were taken fram the fermentor and whele cell nitrogenase activity
was measured in a separate system [15] at different oxygen input rates to
determine the maximal nitrogen activity. As can be seen, the maximal nitro-
genase activity of whole cells is not inhibited by the oxygen treatment.
This means that during an oxygen shock Fe-protein is not inactivated due to
the high oxygen concentrations. As can be deduced from the recovery data
presented in table 1, Fe-protein isolated at the end (type 2 cells) or
after an oXygen shock (type 3 cells} is more labile during purification
than Fe-protein from logarithmically grown cells (type 1 cells). This indi-
cates that the Fe-protein is altered by oxygen but it still can function in

vivo.

Discussion

As shown in table 1, it is clear that from cultures with renewed
logarithmic growth after an oxygen shock, Fe-preparations can be isolated
with an iron/sulphide content abave 4. Unfortunately most of these isola-
tions turned out to be labile. Freezing, thawing and anaerobic storage at
209C significantly affects the activity and the iron and sulphide contents
of these preparations. One can ask the question if Fe-protein with an
iron/sulphide content above 4, is a different protein as regular protein or
are the two proteins (polypeptides} similar but the prosthetic groups dif-
ferent or is the amount of apoprotein different. To answer these guestions
one must realize what happens during an oxygen shock. At the onset of an
oxygen shock the nif genes are not transcribed {21], so if there is de novo
synthesis, it must be at the end of the oxygen shock. From derepression
experiments, where A.vinelandii cells are transferred from an ammonia con-

taining medium to a medium without a nitrogen source, it takes 30 minutes
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for the synthesis of active nitrogenase {J. Klugkist, personal
communication). Since we do not observe a lag period in whole cell nitroge-
nase activity during or after an oxygen shock and since the increase in
biomass after an oxygen shock in the experiments presented here is only
15%, it seems unlikely that under these conditions the cells have comple-
tely renewed their set of nitrogenase proteins. In case of de movo synthe-
sis it is possible that the second copy of the nitrogenase genes is
transcribed [23-25], but on twe-dimensional gels no difference has been
found between Fe-protein isclated from oxygen shocked cells and Fe-protein
isolated from regularly grown cells (results not shown). This means that at
least on two-dimensional gels the Fe-protein peptide isclated from oxygen
shocked cells (type 2 and 3) is not different from regular Pe-protein pre-
parations 1solated from type 1 cells. The whole cell measurements indicate
that Fe-protein in type 2 or 3 cells is physiologically active (fig. 3),
but the properties of isolated proteins (table 1) indicate that Fe-protein
is altered during an oxygen shock. The simplest explanation is to assume
that the Fe-S cluster of Fe-protein is altered by oxygen. When nif gene
expression is agein poasible the protein is repaired by introducing a new
Fe-S cluster in all apoprotein melecules present. This results in a maximal
Fe-$ content of the protein. Since the protein preparation still contains
partly damaged protein the total preparation is not as stable as regular

Fe-protein, but in vivo this protein might be fully active [26].

We have published earlier that highly active Fe-protein preparations con-
tain up to 8 iron and sulphide atoms per molecule Avy [13]. All the dif-
ferent preparations were isolated from one culture of 2500 liters. Six
hours before the first cells were harvested, the whole culture steopped
growing due to an increase in the stirring speed. During harvesting the
air-input was lowered 10% every 500 1. and the remaining cells continued to
grow oxygen-limited. Since it took 24 hours before the whole culture was
harvested, the cells harvested first were different from those harvested at
the end. Only from the early harvested cells, Fe-protein preparations with
a high iron and sulphide content were isoclated. With our well-defined
cultures, the highest number for both iron and sulphide atoms per molecule
was 5.7. Unfortunately this protein preparation was labile and the activity
was measured only after freezing and thawing: the activity was 1875 nmoles

CaHa reduced.min‘l.lg Fe-protein‘l.
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From the isolations of the industrial fermentation we know that it is

possible to obtain relatively stable Fe-protein with an Fe/S content around

8 (chapter IV of this thesis). Further studies on this subject will reveal
whether the maximum Fe/S value is 8 as stated in chapter IV or is 6 as can
be concluded from this chapter. It is important to know the answer because
this will lead not only to a complete understanding of the true nature of
the Fe/$ cluster in Fe-protein, but it might alsc change the ideas about

the mechanism of action of nitrogenase.

Reference

1. Eady, R.R. (1980) Methods Enzymol. 69, 753-792.

2. Orme-Johnson, W.H. and Miinck, E. (1980) in: Molvbdenum and Molybdenum
containing Enzymes {(Coughlan, M.P., ed.) Pergamon Press, Oxford.

3. Mortenson, L.E. and Thorneley, R.N.F. (1979) Annu.Rev.Biochem. 48,
387-442.

4, Nakos, G. and Mortenson, L.E. (1971) Biochemistry 10, 455-438.

5. Walker, G.A. and Mortenson, L.E. (1973) Biochemistry 13, 2382-2388.

6. Walker, G.A. and Mortenson, L.E. (1973) Biochem.Biophys.Res.
Commun. 53, 904-909.

7. Tso, M.-Y.W. (1974) Arch.Microbiol. 99, 71-80.

8. Yates, M.G. and Planqué, K. (1975) Eur.J.Biochem. 60, 467-476.

9. Thorneley, R.N.F, (1977) 6th Long Ashton Symposium.

10. Eady, R.R., Smith, B.E., Cook, K.A., and Postgate, J.R. (1972)
Biochem.J. 128, 655-673.

11. Burgess, B.K., Jacobs, D.B. and Stiefel, E.I. (1980)
Biochim.Biophys.Acta 614, 196-209.

12. Gillum, W.0., Mortenson, L.E., Chen, J.-S. and Holm, R.H. {1977)
J.Am.Chem.Soc. 99, 584-595.

13, Braaksma, A., Haaker, H. and Veeger, C. (1983) Eur.J.Biochem. 133,
T1-76.

14, Newton, J.W., Wilson, P.W. and Burris, R.H. (1953} J.Biol.Chem. 204,
445-451,

57




15. Haaker, H., De Kok, A. and Veeger, C. {1974) Biochim.Biophys.
Acta 375, 344-357.

16. Veeger, C., Laane, C., Scherings, G., Matz, L., Haaker, H. and Van
Zeeland-Wolbers, L. (1980) in: Nitrogen Fixation Vol. I, (Newton, W.E.
and Orme-Johnson, W.E., eds.) pp. 111-139, University Park Press,
Baltimore.

17. Beinert, H. (1983) Anal.Biochem. 131, 373-378.

18. Van de Bogart, M., Beinert, H. (1967} Anal.Chem. 20, 325-334.

19. Lovenberg, W., Buchanan, B.B. and Rabinowitz, J.C. (1963) J.Biol.Chem.
238, 3899-3913.

20. Goa, J. (1953) Scand.J.Clin.Lab.Invest. 5, 218-222.

21. Robson, R.L. (1979) FEMS Microbiol. Lett. 5, 259-262.

22. Dalton, N. (1980) in: Nitrogen Fixation (Stewart, W.D.P. and Gallon,
J.R., eds.) Academic Press, London pp. 177-195.

23. Bishop, P.E., Jarlenski, D.M.L. and Hetherington, D.R. (1980)
Proc.Natl.Acad.Sci. USA 77, 7342-7346.

24. Bishop, P.E., Jarlenski, D.M.L. and Hetherington, D.R. (1982) Journal
of Bacteriol. 150, 1244-1251.

25. Premakumar, R., Lemos, E.M. and Bishop, P.E. {(1984)
Biochim.Biophys.Acta, 797, 64-70.

26. Klugkist, J., Wassink, H., Haaker, H. and Veeger, C. {(1984) in: Advan-
ces in Nitrogen Fixation Research, p. 154 (Veeger, C. and Newton, W.E.,
eds.) Nijhoff/Junk-Pudoc, The Hague-Wageningen, The Netherlands.

27. Orme-Johnson, W.H. and Munck, E. (1980) in: Molybdenum and Molybdenum
containing Enzymes {Coughlan, M.P., ed.) Pergamon Press, Oxford.

28. Blair, D. and Diehl, H. (1961} Talanta 7, 163.

29. King, T.E. and Morris, R.0O. {1967) Methods Enzymol. X.

30. Vogel, A.I. (1961} A textbook of quantitative inorganic analysis, 3rd
edition.

58




APPENDIX

Remarks about the iron and sulphide analysis upon Fe-protein.

Iron determination

It has been stated before that the analysis of the metal content of
nitrogenase proteins has been a frustration for all workers in the field
[27]. This thesis is not an exception to this rule; we should like to
extend it even to the sulphide analysis as well.

In the literature the molar absorbance of the iron chelator bathophe-
nantroline disulfonate (BPS) is given as 22 mM-1, cmd [28]. However, we
found that this value varies between 18 and 23 mM~1l,cm™1. Thus a standard
calibration curve was always included in cur analyses. The wet ashing pro-
cedure is hampered by a high blank value and if the strong acids are not
added from a previously mixed stock solution (1:1 mixture of HNOj and HC1),
considerable scattering occurs. The outcome of the iron assay should be the
result of at least 5 measuring peints in arder to be statistically
reliable. The Lavenberg degradation extended with an SDS step as described
in this chapter is to our experience the most reliable method and for most
protein preparations in accordance with the sulphide analyses and wet-
ashing method.

The iron content was determined as follows: In a serie of tubes (at least
5) containing different amounts of iron and another set of tubes with the
same added iron concentrations and concentration of Fe-protein, iron was
determined as described in Materials and Methods. When the results are
plotted, two parallel straight lines must be obtained. Quenching effects by
the protein can easily be traced; in that case the obtained straight lines

are not parallel.
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Sulphide determination

The sulphide analysis usually gives reproducible calibration curves.
King and Morris did not include a standard with every assay because of the
reliability of the method [29]. In general this seems to be true, but simi-
larly as with the iron analyses there can be a significant variation. Since
sodium sulphide is hygroscopic, stock solutions should be calibrated iodo-
metrically [30].

Fe-protein might quench the sulphide assay, therefore the same proce-
dure of plotting the results was applied as was used in the iron analysis.
$2- can be oxidized to S° during the determination. To check this possibi-
lity the assay was performed as described by Beinert [17]. For a par-
ticular preparation with an iron content of 3.3 Fe/Av, this method gave
respectively 6.3; 23.5; 22.4 atoms (32_ + S°)/Av2 (each value is the mean
of six points), while the §2~ determination as regular gave only 3.6 and
2.8 52_/AV2. One must realize that almost all Fe-protein solutions contain
dithionite. Apparently this method cannot be used, probably due to degrada-
tion products of dithionite from oxidation by Av,. When the §2- analysis
was performed anaercbically, a 10% increase was found {results not shown}.
This indicates that some oxidaticn of 52- occurs during the assay. Normally
the 82 is liberated by a 30-120 minutes incubation im 110 mM NaOH and
0.74% Zn(Ac)y. To be sure that all 52" is freed, we included a 10 minutes
80°C incubation in 110 mM NaOH. After cooling, we added Zn(Ac), (final con-
centration 0.74%). After 30 minutes the assay was executed as described
[13). It is possible that after thawing of a highly active protein prepara-
tion, from which it is known before freezing that the preparation has high
iron and sulphide contents, only the high iron content, can be measured.
The sulphide content dropped to 3-4 sé- atoms/Av,. In these cases the
heating procedure increased the 52~ content to its original value in
agreement with the view that sulphide atoms can be relatively tightly bound
(see Table 1). With low active protein preparations with only 3-4 iron and
sulphide atoms per molecule, the heating procedure gave the same results as
the regular method did. No influence was found upon the calibration curve

from the buffer used (Tris-HEPES), dithionite, cysteine or methionine. This
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procedure did not effect the cutcome in the case of Av; or the hydrogenases

of Megasphaera elsdenii and Desulfovibrio vulgaris. We do not use this

modified analysis since it was not clear to us what exactly the underiying

reasons are for the discussed results.
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The importance of quantitative Mossbauer spectroscopy
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The Massbauer spectra of MoFe-protein of Azotobacter vinelandii, as iselated under dithionie and taken at

temperatures from 125 K to 175 K, are the sums of four resolved guadrupole doublets. Our results indicate that
the currently accepted interpretation of these doublets can be questioned. Our data reduction methed converls
the Mssbauer transmission spectra to source lineshape deconvalved absorption spectra linear in iron. We used
these absorption spectra to determine the stoichiometry of the Fe clusters in MoFe-protein and we obtained much
better fits if we assumed that there are four iron atoms in the ‘Fe?”" doublet, two iron atoms in the 'S’ doublet.
twelve iton atoms in the ‘D" doublet and sixteen iron atoms in the "M’ doublet. Therefore we propose thal the
MoFe-colactor contains one molybdenum and eight iron atoms {*M'}).

We also argue that none of the previous Mésshauer spectroscopic studies have been performed on the highest-
activity preparation now obtainable. nor has there been any study lo prove that the Méssbauer spectra are
independent of activity. We consider that the Mdssbauer spectroscopic studies of the MoFe-protein of nitrogenase

are a re-opened and unsolved problem.

The determination of the transition metal distribution
within the MoFe-protein component of nitrogenase has
largely been the result of Mdssbauer spectroscopic experi-
ments on samples from Klebsiella pnewmoniae [1) and
Azotobacter vinelandii [2]. The purpose of this paper is to
demonstrate a weakness in these interpretations, to offer an
allernative explanation, and to outline the method by which
we feel this problem should be solved. By the latter, we mean
that not only are the Massbauer spectra for the MoFe-protein
susceptible to large distortions during data reductions, but
also that the samples that were used in the previous studies
are not of the highest activity achieved in today’s experiments,
and are, therefore, not necessurily representative of the true
metal content of the MoFe-protein in vivo.

The nitrogenase complex consists of two profein units:
the MoFe-protein and the Fe-protein. The MoFe-protein
(M, = 220000) has two subunits of 50 kDa and two subunits
of 60 kDa. It contains the active site for the reduction of
dinitrogen; fully active MoFe-protein contains 2 Mo atoms
and 24 — 32 Fe and 3 atoms per complex [3, 4]. The Fe-protein
is a dimer (M, = 63000 total}; it reduces the MoFe-protein
in the presence of MgATP, and it is reported to have four Fe
and four S ators per dimer [3] but recent studies indicate
that higher contents are possible [5]. MoFe-protein has been

Abbreviations. The MoFe and Fe-proteins of the nitrogenases
of Azotobacter vinelandii, Closiridium postewrigmuny and Kiebsielio
preumeniae are referred (o as Av, and Av,, Cp, and Cp; and Kp,
ané Kp, respectively, Av Fe/S [ stands for Fe/S protein IT from 4.
virelandii, EPR, electron paramagnetic resonance; ENDOR, electron
nuclear double resonance.

Enzyme. Nitrogenase (EC 1.18.2.1).

studied by EPR and Mdssbaver spectroscopies. Smith et al.
[1. 6] studied Kp, and Kp, and Miinck ct al. did an extensive
study on Av, [2, 7, 8] and Cp, [9]. From those studies, it was
proposed thal the MoFe-protein has two FeMo-cofaciors
[1Mo-6Fe-05], four P clusters [4Fe-45] and two iron atoms
in 4n unknown arrangement, possibly in a [2Fe-2S] cluster
[6]. The FeMo-cofactor has been isolated from the MoFe-
protein [10] and studied by Mé&ssbauer spectroscopy [11].
A recent determination of the steichiometry of the MoFe-
cofactor has been performed by a radiechemical method.
The observed stoichiometry is 1Mo 82Fe:8.75 [12]. In the
presence of dithionite, preparations of Av, show an EPR
signal thal has been attributed to an § = 3/2 spin stale of the
FeMo-cofactor [2]. ENDOR studies of the dithionite-reduced
MeoFe-protein have assigned the Mo atom 10 the § = 3/2
signal [13]. Furthermore, recent ENDOR results have
tentatively identified six unique iron sites, with the projections
of their magnetic hyperfine tensors along the principal axes
of the § = 3/2 g-tensor {14]. The substitulion of these values
into a Massbauer spectroscopic synthesis program (Hoffman,
B. M.. personal communicaltion) appears Lo result in pood fits
and to confirm the previous assignments by the Massbaer
spectroscopists [2. 7—9].

For the purposes of this article. it is necessary to discuss
only the high-temperature {125— 173 K) Mdssbauer spectra
of the MoFe-protein (as isolated) from Azetobacter vinelandii
(Av,). These Mdissbauer spectra are comprised of four
quadrupole pairs. We will use the previously defined [2. 15]
nomenclature of these pairs: *M for the iron atoms in the
FeMo-cofactor. ‘D" lor the larger iron compenent of the P
clusters; *Fe?™" for the smaller iron component of the P
clusters: and *S* for the remaining doublet in the spectra. The
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question of central importance is: How many iron aloms are
represented by each doublet?

MATERIALS AND METHODS
Growth conditions ard encyme preparation

Azotohacter vinelundii ATCC 478 was grown in the stan-
dard Burk's nitrogen-free basic salt mediwm in a batch culture
as described earlier [5}except that FeSO, - 7 H,0 was replaced
by 1 mg/ml 5’Fe.

Isolation of the nitrogenase proteins and standard
nitrogenase aclivily assuys were rur as described earlier [5].
Av, and Av, purified by the described procedure had speci-
fic activities of 2000 - 2400 nmol C,H. formed - min~?
- {mg MoFe-protein) "' and 1800 — 2000 nmol C,H, lormed
-min "' - {mg Fe-protein) " '. The activity of MoFe-protein was
not enhanced when its activily was measured with Fe-protein
with mote than four Fe atoms and four sulfide atoms/mole-
cule [5]. The MoFe-protein used in this study had a specific
activity of 2250 nmo} C,H, formed - min ™' - mg Av;'. The
Mo, Feand 52~ content per mg Av, was 7.3 + 0.4 nmot Mo,
109 + 9 nmol Fe and 100 + 9 nmol $27, The molar ratio of
Mo:Fe:S*" per melecule Av, is 1.6:24:22,

Anaivtival methods

The Mossbauer spectra were taken on a previously
described spectrometer [16] with a Cryopgenics Associates
dewar and a highly modified Ranger Instruments drive. We
have recently added a type 1 servo mechanism to the feedback
loop of the drive [17]. Further papers characterizing the servo
loop perlormance and design are presently in preparation.
The drive routinely demonstrates an accuracy and precision
of less than + 0.001 mmy/s over the entire span of a 24-h
experiment. We know of no other spectrometer that can match
this short or long-1erm stability performance specification.
Furthermore. the long-term stability is also demonstrated by
the 125 K spectra in this. article, whose data were collected
over a six-week period due to the low count rate from our
2-year-old 35-mCi *’Co-in-rhodium source.

Molybdenum [18]. iron [19] and sulphide [20] were
determined using published procedures. Protein concentra-
tion was eslimated with the micro-biuret method of Goa {21]
with bovine serum albumin as the standard.

Maieriels

ATP, creaiine Kinase (EC 2.7.3.2), creatine phosphale, and
bovine serum albumin were obtained from Sigma Chemical
Cao; all other chemicals were of the highest commercial grade.
Argon was purified by passage over hot (150°C) BASF
catalyst.

RESULTS

Fig. 1A shows the raw data from a 125 K Mdéssbauer
spectrum of Av, corrected only for pulse pile-up and solid
angle effects [16]. [t is, therefore, suitable for comparison with
data  from other MoFe-prolein  preparations. 1f the
background counts due 1o non-resonant 14-keV gamma rays
and Compton events in the gus counter are subtracted, Fig. 1B
is obtained with an increase in the percentage effect from the
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background correction. If then the spectrum is decenvolved
by the source lineshape [16], Fig. 1C results again with a
significant increase in the percentage effect. The mathematical
process that performs this deconvolution requires a trunca-
tion in Fourier space; therefore, there are ripples in the ori-
ginal space version of this spectrum (Fig. 1C). Others [8, 9]
have also used Fourier deconvolution on their spectra, but
the method of Ure and Flinn [22] used by these authors is
imprecise and results in an error that makes it useless in the
following step.

In this step, the logarithm of the deconveolved duta was
taken, giving the result shown in Fig. 1D. Note that the
maximy are well into the region where e ™ # 1-x. Thus, data
treatments that ignore this step have large line distortions.
The Fourier deconvolution method of Ure and Flinn [22] also
should give a spectrum corresponding to Fig. 1 D. However,
in that method. the Fourier deconvolution step is stabilized
in Fourier space with muluiplication by a Gaussian lineshape.
This procedure is an explicit convolution, whose side effect is
that it prevents one from accurately taking the logarithm of
the data in the following step. The process of taking the
logarithm of a function to be Fourier-transformed is
mathematically complicated [23]. In order to stabilize the
Fourier space one needs 1o set to zero those values where the
deconvolved noise in the Fourier space {s much larger than
the deconvolved signal by multiplying them by a ‘filter’
function. Any convex function can be made to act as a filter
function including the Gaussian function. On the other hand,
one needs to leave unchanged those values in Fourier space
where the signal/noise ratio is higher than vnily, so that taking
the logarithm of the backtransformed spectrum has the
maximum chance to generate a valid representation of the
signal. Truncation multiplies by one those elements in Fourier
space where signal/noise is greater than one and muliiplies by
zero those elements where i1 is less than one. Truncation is,
therefore, the ideal filter. The method of Ure and Flinn
requires the use of a filter function that greatly modifies some
of the significant elements in Fourier space and at least weakly
modifies all the elements of the Fourier space so that their
method can be much less accurate than our method [16, {7,
24]. Furthermore, our minimization (curve-fitting) procedures
take place in the Fourier space so that they are almost
unaflected by the truncation.

In Fig. 2A, the backiransform is shown of one of these
fits superimposed on the dala with the difference spectrum
below (Fig. 2B}. If the rippies’ in the data and simulation are
bothersome, we suggest that one concentrate on the difference
spectrum where these ripples are absenl. {The periodic nature
of the difference spectrum also results from truncation in
Fourier space, but these ripples are due to *noise’ if the fit is
perfect.} In the fit, as shown in Fig.2 A, we atlow the isomer
shifts and guadrupole splittings of four independent
quadrupole pairs to vary until a best fit is obtained, while
fixing the relative intensities of the four pairs to the following
ratio: 4:2:12:12. This is the currently accepted model for the
MoFe-protein: 4 iron atoms in center *Fe?™*’; 2 iron atoms in
'S’ 12 iron atoms in *M’; and 12 iron atoms in ‘D", The fit is
not bad, but it is much worse than the fit shown in Fig. 2C.
The difference spectrum is shown in Fig. 2D. In this fit, the
iton ratios are 4:2:16:12.

In Fig. 3 the data and fits with ratios 4:2:16:12 for 150 K
and 175 K arc shown. All the lines in these sitnulations have
the same linewidth (FWHM) of 0.16 mm/s. The lineshape
should be the convolution of a Heissenberg Lorentzian
lineshape and the frequency function for the Méssbauer




o 3
£ =

¢ w
R
I

Transmission (%)
WoWw WL W W
E-- -

7T T

=
o @ )
v 8 & =

Transmission {)

-3
2

g

Ty
bl

]
T

Tranamission (%)
& @
o n
[

o
T

T

Abseraance (No/4)
c o o o
oW e @
7 T 1 1T
o
| I | I |

=4
T
|

o

) I 1 | ‘
«+ 1 2 - 0 1 2 3 4 5

Velocily (mm/s)

Fig. 1. Miéssbauer duta for Av, as isolated, at 125 K and zero applied
magnetic field. The isomer shills are relative o iron metal a1 298 K
and carrected 10 a 298 K standard absorber state using the Debye
model with @, = 180 K. Av, (21.9 mg/ml} was isclated as described
in Materials and Methods. (A} Raw data, corrected for pulse pile-up
and solid angle effects. {B) Data corrected for background due 1o
nonrecoil-frec gamma rays in the beam and Compton evenis in the
counter. (€} Background-corrected duta deconvolved by the source
lineshape. (D)) Background-corrected and deconvolved data. pletted
s logarithmic values

parameters distribution. The use of a Lorentzian lineshape,
although not formally correct, does not result in an error
larger than the noise in this experiment when the width is this
small (0.16 mm/s). The 4:2:16:12 simulations have the same

Absorbance [(Ne/A)

Absorbance (Na/A)

4 -3 -2 1 0 1 2
Velacity (mmis)

Fig. 2. Masshauer data and fits for Av,, as isolated at H = 0 and
125 K. Avy (21.9 mg/ml) was isolated as described in Materials and
Methods. (A) Data (+) and fit (——) where iron ralios
Fe?":8:M:Dared:2:12:12. (B) Fit minus data for A, magnified § x
vertically. (C) Data (+} and it ( )y where ratios are 4:2:16:12.
(D) Fit mnus data for C, magnified 5 x vertically

integraled total intensity to an error of less thun 1%. We
expect these numbers to be more accurate than any intensity
numbers shat we can derive directly from the data because
they are less sensitive to baseline error. Both the absorber
Debye-Waller factor and the second-order relativistic Doppler
shift corrections have been included for (he absorber under
the Debye model with « Debye temperature of 180 K.
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Fig. 3. Mdsshauer data (+ 7 and fits ) for Av, as isolated, at
H = 0. Av, {219 mg/ml) was isolated as described in Malerials and
Methods. The iron ratios Fe?*:5:M:D are 4:2:16:12. (A) 175K ;
(B} fit minus data for A, magnified 5 x vertically; (C) 150 K; {D) fit
minus data for C. magnificd 5 x vertically

Therefore, the agreement in total intensity is simultaneously
a demonstration of Lhe precision of the data reduction proce-
dure and a validation of the Debye model over this
temperature tange. We chose this particular temperature
range because our experience has been that in this range
proteins follow a Debye modet well, that they are too cold 1o
demonstrate the cnset of the liquid’ state (> 200 K), and that
they are too warm to show low-lemperature complications
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Table 1. Masshauer data on MoFe-protem and FelS protein I from
Azotobacter vinelandii

The isomer shifts in this table conlain a correction for the second-
arder relativistic Doppter shift [16]. To remove this correction, sub-
tract 0.087 mm/s (175 K), 0.104 mm/s (150 K} or 0.121 mm/s {125 K}

Spectral component Temperature Isomer  Quadrupole
shift splitting
K mm/s
Avy 'Fe’*" doublet 125 0.516 2.941
Avy ‘Fel"" doublet 150 0.526 2935
Av; ‘Fe’ " doublet 175 0.532 2.900
Av; "§" doublet 125 0.444 1.377
Av, ‘M doublet 125 0.234 0.690
Av, ‘M doublet 150 0.239 0.697
Av, "M doublet 175 0.249 0.674
Av, "D’ doublet 125 0.472 2.792
Av, ‘D" doublet 150 0.485 0.808
Av, ‘D" doublet 175 0.475 0.786
Reduced Av Fe/S I 125 0.119 0.96
0.504 2.863

from Debye-Waller factor anomalies and magnetic splittings.
In all three fits with this model (Fig. 2C, 3A, 3C) the
difference spectra resemble pure noise with the exception of
the position of component X, most easily seen in Fig. 3A. We
feel that this line is the high-velocity line of a quadiupole
doublel (§ = 1.4 mm/s, AE; = 2.8 mm/s) seen before in the
Maossbauer spectra of spinach and Chromarium ferredoxin
[25] and some preparations of Kp, [6]. This spectrum is similar
to the one from FeSO, - 7 H;0 [26] and therefore, probably
represents a degradation product between the ;03 ™ reaction
products and a low-pH form of the protein Fe/S centers. The
maximum height represented by component X is one-half of
an wron atom. Therefore, we do not feel that the presence of
X in these spectra significantly affects the difference spectra.

DISCUSSION

We have shown in this paper that the Fe distribution
in MoFe-protein can be better explained by a 4:2:16:12
stoichiometry than by a ratio of 4:2:12:12 as suggested in
the literature. The different stoichiometry is tmainly a conse-
quence of our advanced data reduction method since the raw
Mbssbauver data are not significantly different from those
published by athers [1, 2, 6—9, 28]. We emphasize that cur
data reduction procedures are most critical when a Mdssbauer
spectrum has widely varying (weak and strong} line intensities
us in the case of reduced MoFe-protein at high temperature.
Thete are several reasons why we think that the problem is as
vet unsclved even though the quality of our fits is extremely
high. The specific activity of cur protein sample was 22350
nmol C;H, formed * min™* - (mg Av,)” " as compared to
1200 — 1650 nmol C;H, formed - min~' - mg~' for samples
of Cp; and Av, [2, 9] and 1000 —1400 nmel C,H, formed
~min~ ' - (mg Kp)~ ! [1. 6]. The specific activity of the sample
studied here is good; however, samples with a specific
activities up to 3000 nmol - min~! - mg ™! have been obtained
[27]. All Méssbauer data of MoFe-proteins are exirapolated
to fully active protein with a Mo content of 2 Mo atoms and




30—-36 Fe uatoms in a molecule of 220 kDa. These
extrapolations assume an “all-or-non’ mechanism for metal-
loss from the MoFe-protein upon inactivation. Il MoFe-pro-
tein denatures in an “all-or-none’ fashicon, then the data in this
article represent the fully active in vive protein; in that case,
there are cight iron atoms in the FeMo-cofactor of
nitrogenase, nol six.

Qur interpretation of these data raises the question: can
there by 7 or % irons per molybdenum in the cofactor? The
answer is yes. The uncertainty in the total iron content of
current Av, preparations (30 —36) meuns that all stcichio-
metries for the iron clusters are uncertain to one ircn atom.
However, one of the major points of this paper is to emphasize
that some Mdossbauer research on nitrogengse is favouring
eight jrons per FeMo-cofacter rather than the currently
accepted number, six. The chemical analysis for the isolated
FeMo-cofactor usually gives an iron to molybdenum ratic
around § {10, 12], except when the isolation procedure includes
an iron chelation step [29]. Our tentative conclusion that the
FeMo-cofactor in “the’ MoFe-protein always contains 8 Fe
per Mo implies that the recent analysis of ‘Fe’ ENDOR from
Av, is incomplete [14].
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Chapter VII. DISCUSSION

A. ON THE NATURE AND ON THE PROPERTIES OF THE [Fe-S] CLUSTER(S) OF
Fe-PROTEIN OF NITROGENASE

State of kpowledge in 1980

Immediately after the first successful isolation of the nitrogenase
proteins [1], studies were undertaken to understand the mechanism of action
of nitrogenase. Since 1973 there is a general consencus on the flow of
electrons through nitrogenase: namely an electron donor (flavodoxin or
ferredoxin) reduces the Fe-protein; reduced Fe-protein transfers its
electron to the MoFe-protein and substrate reduction takes place on the
MoFe-protein. This concept was mainly deduced from experiments where the
redox state of Fe-protein and that of MoFe-protein were monitored by EPR
spectroscoy [2-4]. Already during the formuelation of this concept, studies
were undertaken to understand the redox properties of both nitrogenase pro-
teins. From these studies a working hypothesis was formulated for Fe-
protein by Orme-Johnson et al. [5] {see the introduction of chapter 3) and
after that time (1976) there seems to be a general agreement in the litera-
ture about the structure and redox properties of Fe-protein. In this
hypothesis Fe-protein contains a ferredoxin type of [4Fe-4S8] cluster which
acts as a one-electron donor/acceptor. This cluster is sandwiched between
the two identical polypeptides of the dimeric Fe-protein.

With respect to the literature available in 1980, when this thesis work
was started, two observations were not explained satisfactory.
1° The law integration of the EPR signal of Fe-protein (0.2-0.3 unpaired
electrons per Fe-protein molecule} was not elucidated satisfactory because
experimental evidence for the presence of the postulated second paramagnet
was lacking.

2% why were the original data about the Fe-protein being a 2 electron
donor not correct [6,7]7?

In the rest of this chapter, both questions will be discussed with
respect to the results obtained during this study about the nature of the

[Fe-S] clusters present in Fe-protein of A.vinelandii.
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The physical nature of the iron/sulphur cluster that causes the EPR signal
of Fe-protein

It is generally assumed that the EPR signal of Fe-protein is associated
with a ferredoxin type cluster e.g. a [4Fe-45] cluster. The evidence is
summarized in the introductioen of chapter III. The first question which
emerges when one critically thinks about the physics/inorganic chemistry
behind the nature of the EPR signal of the Fe-protein, is whether this EPR
signal is a signal of a redox group in the protein that can be reversibly
reduced and oxidized. I think that there is hard evidence that this is the
case, Fe-protein shows under reducing conditions {in the presence of
dithionite) an EPR signal, while dve-oxidized or physiologically oxidized
Fe-protein is EPR silent. When Fe-protein and MoFe-protein were mixed in
the presence of dithionite, the EPR spectrum of the mixture was the sum of
the two spectra. When MgATP was added, the intensity of the MoFe-protein
spectrum decreased strongly and after dithionite had been consumed, the
original spectrum of MoFe protein was restored but the Fe-protein spectrum
had disappeared completely [2-4]. From these experiments it was concluded
that electrons are transferred from reductant via Fe-protein to MoFe-
protein and that the EPR signal represents the reduced state of the {Fe-5]
cluster present in Fe-protein. Cne serious problem arises when the signal
of Fe-protein is integrated. The intensity of the signal is mostly about
0.3 electron.molecule’l. which is far below the expected value of 1.0 [8].
This low integration value has been explained by assuming a second rapidly
relaxing paramagnetic EPR-invisible redox centre which is in magnetic
interaction with the EPR-visible [4Fe-48] cluster [9]}. We have obtained
evidence that argues against the assumption by Lowe and makes the existence
of a second paramagnetic centre very unlikely. PIXES experiments have been
performed on our preparations to see whether there are other metal ions
present which could account for an EPR-invisible centre, pbut apart from
iron, no other metal ions were found to be present in Fe-protein (Chapter
Iv).

Hagen et al. [10] studied the EPR signal of Fe-protein in detail. It
was found that: 1° The integral of the EPR signal is inversily proportional

with the absolute temperature (Curie's law). 27 Intensity behaviour upon
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continuous power saturation is usual for [4Fe-4S] cluster, so there is no
fast relaxing species present. 3° There is no half-field signal detec-
table; a signal which is often present when there is a magnetic interac-
tion. 49 The signal shape (linewidth) is independent of the microwave
frequency applied from 9-15 GHz. 5° Simulation based upon the theory of g-
strain, assuming a magnetically isolated s=% system, results in an accep-
table fit which is much better than the computer simulation fits published
earlier [9].

From this evidence there is only one conclusion possible, namely: the
EPR signal arises from a regular isolated s=% spin system very similar to a
ferredoxin type of [4Fe-45] cubane. This means that an EPR integral of 0.3
electrons per molecule Fe-protein indicates that 30% of the enzyme molecu-
les has a [4Fe-48] cluster and the other iron atoms are located in a
cluster (or clusters) which is (are) not directly visible in EPR. This
{these) unknown cluster(s), when extracted from the protein, has (have) the
same spectroscopic properties as the clusters found in ferredoxin [11,12].
If the [4Fe-48] cluster is a degradation product of such unknown
cluster(s), then a reverse relation between the value of the EPR integral
and the specific activity is expected. However, neither in the literature

[5], nor in our own work can we find such a correlation.

Methods used to detect the EPR invisible iron atoms in Fe-protein

The obvious method to monitor all iron atoms in a protein is Mdssbauer
spectroscopy. This technique sees all the iron atoms regardless of the oxi-
dation state, while magnetic and non-magnetic species can be distinguished,
coupling constants and their signs can be determined so that antiferro-
magnetism can be detected. Furthermore the molar X-ray resonant absorbance
of all iron atoms at low temperatures seems to be about the same.

Our own results (work done in cooperation with Dr, W, Dunham and Dr. W.
Hagen) indicate that in both the reduced and the oxidized Fe-protein,
irrespective of the iron/sulphide content, at temperatures from 125-1739K)
all iron atoms are eguivalent. In case of reduced protein the iron atoms

are all in a paramagnetic cluster. Also no influence of MgATP or MgADP was
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found upon the Missbauer spectrum of Avy. This is in sharp contrast with
EPR experiments. These adenine nucleotides have the following effects.

When the redox state of the EPR active cluster is monitored by the inten-
sity of its signal then causes the binding of MgATP or MgADP an apparent
shift in midpoint potential; a change of the n-value (in case of MgADP),
and in the case of binding MgATP the g-value anisotropy of the EPR spectrum
decreases (Chapter II). In contrast to this, when the redox state of the
protein is monitored by its absorption at 425 nm, no influence of adenine
nucleotides is seen (Chapter III).

Since Mossbauer and the absorption at 425 nm are monitoring all the
iren atoms in the Fe-protein irrespectively of the presence of an unpaired
electron, while EPR follows only the [Fe-S] cluster causing the s=% spin
system, it is clear that only a minority of the Fe-atoms present in Fe-
protein is monitored by EPR spectroscaopy. From our work it is also clear
that the midpoint potentials of the EPR visible and the EPR invisible

clusters are different.

Fe/S content of Fe-protein

During the study of the redox behaviour of Fe-protein it was noted that
the iron content of the enzyme preparations was sometimes more than four
atoms per molecule. Further research focussed upon the iron- and acid
labile sulphur contents, revealed that Fe-protein can have indeed more than
four iron and sulphide atoms per molecule {(Chapter IV)}. In Chapter V it is
demonstrated that the growth conditions can determine the iron- and
sulphide contents, but we found no significant differences between the
shape and intensity of EPR spectra of Fe-protein preparations with 4 and 6
iron atoms per molecule (results not shown). From the evidence available
now (Chapter V) the Fe-protein polypeptide can accommodate a variable
amount of Fe/S atoms.

Further evidence that the Fe-protein does not contain a simple cubane
comes from electron counting experiments {(Chapter III). From these experi-
ments it can be derived that it is very likely that two electrons can be
taken up by dye-oxidized or by physiologically oxidized Fe-protein. These
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results are in accordance with the values reported earlier [4,5], but in
contrast with others [13]. At the moment we have no explanation for the
differences found. The observation that two electrons are taken up by the
Fe-protein is not compatible with the postulate that it contains only one
regular [4Fe-48] cluster.

Redox dependent activity reactions also give n-values above one. In
these experiments (Chapter II), care has been taken that there was a redox
eguilibrium between the electron donors used and the Fe-protein. In this
case the activity of MoFe-protein was used to monitor the redox state of
Fe-protein. Dependent upon the electron donor used we found n-values
ranging from 1.5 for methyl viologen to 2.5 for flavodoxin from
M.elsdenii.

It is clear that there are several experiments that cannot be explained by
assuming that Fe-protein is a dimer with a single ferredoxin type of
[AFe-4S5] cluster sandwiched between the two subunits. We think that Fe-
protein preparations are not homogeneous with respect to [Fe-8] cluster
composition. Some molecules have a regular [4Fe-458] cluster, other molecu-
les have ancther not yet identified [Fe-$] cluster. This cluster might con-
tain more than four iron and sulphide atoms and there is the possibility
that there is a significant amount of apoprotein,

The final conclusion of my work on the compositicn of Fe-protein is that
the EPR active [4Fe-4S] cluster is not the main [Fe-S] cluster in Fe-
protein and that the true nature of the main cluster in Fe-protein is still
unknown. The answer to this question might come from very recent work of
Hagen et al. [18]. They found that Av, contains a s=3/2 spin system with an
EPR signhal arocund g=5. This sighal was observed earlier but it was ignored

since it was thought to be an Avy impurity (Hagen, personal communication).

The relation between the presence of [Fe—s] clusters in Fe-protein and its
activity

During my study I found that there is no relation between the inten-

sity of the EPR signal and the specific activity of Fe-protein. Since we
have indicated that this [4Fe-45] cluster represents only the minority
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the iron atoms in Fe-protein molecules, it might be possible that there is
a relation between the presence of the other [Fe-5] cluster(s} and the spe-
cific activity. To clarify this, the first logical thing to do is find a
way to detect the other [Fe-S] clusters.

There is circumstantial evidence which might give a hint how to iden-
tify the unknown cluster(s). In EPR at low temperatures (6-109K) another
signal was detected, partly hidden under the [4Fe-4S] cluster signal. From
differential saturation of the two signals a spectrum was obtained which
was not a fingerprint of a common [Fe-8] cluster. Simulation gave g-values
similar to those of the recently identified [6Fe-6S] cluster [16}. This
synthetic cluster is metastable and easily decomposes into the [4Fe-48]
cluster type which can be assembled spontaneously and is relatively stable.
The metastability of this cluster can also be the reason that a [2Fe-25]
cluster EPR signal is found in Fe-protein [15]. Surprisingly there is
hardly any difference in the Mossbauer spectra of saome of the synthetic
[6Fe-65] and [4Fe-45] clusters [16].

It would be logical to suppose that the iron and sulphide content are
correlated with the specific activity. Because Fe-protein is an electron
transferring protein and electrons must be stored at least temporary at the
[Fe-S] cluster. In chapter IV we indeed suggest a relation between the spe-
cific activity and the iron/sulphide content, However, as can be seen from
fig. 1 (chapter IV) there is a considerable scatter in the data points.
Probably.not enough active preparations with less than 4Fe/S atoms per Av,
have been isolated during this study. In chapter V we have shown that also
highly active preparations can be obtained with only four iron and sulphide
atoms per molecule. In dilute activity measurements the rate of disso-
ciation of oxidized Fe-protein from MoFe-protein is the rate limiting step
in nitrogenase turnover. So it might be possible that a less functioning
[Fe-8] cluster has no immediate effect on the activity, It is also possible
that the ATPase activity of Fe protein is determining the specific acti-
vity. There are indications that beside the [Fe-S] cluster the ATP binding
site is very sensitive to inactivation. In general, oxygen oxidized but not
inactivated samples have higher ATP/2e ratio's [17] and less active Fe-
protein has altered ATP binding properties [20]. That the absence of acti-

vity cannot always be ascribed to a damaged iron-sulphur cluster is shown
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by Méssbauer experiments; a Fe-protein preparation with a specific activity
of 900 still contained an intact ireon/sulphur cluster, (18; unpublished
results). Yates found that the inhibitory effect of MgADP upon the reduc-
tion of Fe-protein cannot be found anymore when the Fe-protein is inac-
tivated by 0, [19]. Thus the adenine nucleotide binding sites seem to be
affected. It is clear that from the confusing results summarized above one
can only conclude that it is not clear which factors determine the specific

activity of Fe-protein.

B. MOSSBAUER STUDIES OF MoFe-PROTEIN OF NITROGENASE.

In Chapter VI recent results of Mdssbauer studies upon the MoFe-protein
are presented. The stoichiometry of the [Fe-S] clusters in this protein was
considered to be known without any doubts [21]. However it is made clear in
Chapter VI that one must seriously guestion this matter. The reasons are:
1. The Fourier deconvolution of the spectra according to the method of Ure

and Flinn [22] as was used up to now to analyse the Mdssbauer data [23]

makes the data unsuitable for further processing.

2. For quantification the transmission data are often transformed ta
absorption units. This is not always done in the region where the
transmission has a linear relationship with the absorption. In our stu-
dies we avoided this mistake.

3. All MoFe-protein preparations used in the past were not highly active
and did not have the maximal metal content. In the past corrections
were made by assuming two molybdenum atoms per active MoFe-protein
molecule.

By doing this an iron content of 32-34 iron atoms per molecule MoFe-protein

was calculated. Since one is not certain that a loss of metal atoms is an

all or nothing process, these extrapolations may not be allowed. For com-

parison with the literature, we have performed similar extrapolations, but
as discussed in chapter VI even then due to our data reduction methods the
general accepted stoichiometry of the FeMo-cofactor of nitrogenase must be

questioned, To avoid the problems about extrapolation, it is necessary to
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obtain Mossbauer spectra of fully active MoFe protein with two Mo atoms per
molecule. By growing cells optimal for nitrogen fixation, we succeeded in
the isolation of a MoFe-protein preparation with 2 molybdepum atoms, 30
iron atoms and 30 sulphide atoms per molecule. This preparation has a spe-
cific activity of 2900 nmoles CoH, reduced.min_l.mg MoFe—protein’l. With
this protein preparation no extrapolation is necessary to account for inac-
tive protein. A detailed Mdssbauer study of this type of protein will lead
in the future to the true stoichiometry of the different [Fe-S] centers

present in MoFe-protein.
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SUMMARY

In Chapter VII (Discussion) the current thoughts as they were accepted
in 1980 about the electron transport within the nitrogenase complex are
summarized. The starting points and ideas about the subject of this thesis
are also given. In this way, Chapter VII can be considered both as a sum-
mary and as a discussion for the scientific interested reader. For those,
who are less familiar with this kind of research, the following summary
gives the results of this study which emerge in the different chapters,

In the biolegical N-cycle, the fixation of atmospheric dinitrogen is
a key reaction. The enzyme nitrogenase catalyzes the reduction of dinitro-
gen to ammonia. The structure and function of nitrogenase isolated from
different organisms is very similar, so most conclusions drawn from experi-
ments with one particular nitrogenase can be extended to other nitrogenases
as well. In this thesis experiments are described with nitrogenase from

Azotobacter vinelandii.

The enzyme is in witrv easily separated into two components, both
essential for activity. The smallest component is called the Fe-protein and
its function seems to be restricted to reduce specifically the bigger com—
ponent, the MoFe-protein. This electron transfer only occurs when MgATP is
preéent and MgATP is hydroylzed to MgADP and P; during electron transfer.
The actual reaction, the reduction of dinitrogen to ammonia, takes place on
the MoFe-protein.

Both proteins have iron/sulphur clusters, structures consisting of
alternating iron and sulphide atoms, where the necessary electrons can be
stored. The Fe-protein is thought to have only one iron/sulphur cluster of
the [4Fe-48] type, which is also found in ferredoxins. This kind of cluster
can take up or donate only one electron.

Although the experiments, which give rise to this hypothesis, seem very
convincing, there are also observations described in literature which are
not compatible with the view of one [4Fe—4si cluster per molecule Fe-
protein and a one electron donor/acceptor behaviour in redox reactions.

This discrepancy is also present in this thesis. In chapter II for
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instance, redox reactions are described where the redox state of the Fe-
protein is followed by means of EPR spectroscopy and by the activity of the
intact enzyme complex. From the results obtained it can be concluded that
possibly two electrons are involved in the redox reaction of Fe-protein
with the Mofe protein. The experiments described in chapter III confirm
this view. In these experiments the number of electrons is determined which
can be accepted by oxidized Fe-protein. In stopped-flow experiments dye-
oxidized Fe-protein could accept two electrons from reduced methyl violo-
gen. Since it is possible that the Pe-protein is over-oxidized by dyes,
alsa the physiclogically oxidized Fe-protein has been used. Also in this
case the results obtained are more compatible with the view that Fe-protein
behaves as a twa electron donor/acceptor.

Because of the fact that a [4Fe-4S] cluster can only react as a one
electron redox centre, we examined ocur Fe-protein preparations by means of
Proton Induced X-ray Emission Spectroscopy {(PIXES) on the presence of other
metal ions which could function as an electron acceptor. No other metals
than Fe could be detected. But we found a much higher iron content than
could be expected by assuming one [4Fe-43]1 cluster. This gave rise to a
thorough analysis of the iron/sulphide content of Fe-protein {chapter IV).
The maximum number of iron and sulphide atoms found per molecule was eight.
This combined with the results of Mdssbauer experiments which indicate that
all iron atoms are in an equal configuration, gave rise to the view that
probably two [4Fe-4S] clusters are present in active Fe-protein.

In chapter V, it was shown that the growth conditions determine the
iron/sulphide content of iscolated Fe-protein. During this investigation the
maximum number of iron and sulphide atoms per molecule Fe-protein was six
and not eight. The discrepancy between the values reported in chapters IV
and V are discussed in chapter V.

Mossbauer spectroscopy experiments were not restricted to the Fe-
protein, but also the MoFe-protein has been subject of examination. The
importance of our results are not only restricted to the fact that the spe-
cific activity of the protein sample used is much higher than that of
others, but also the processing of the primary data has been altered. This
resulted in a different ratio of Fe to Mo of the FeMo-cofactor of MoFe-
pretein. Due to this fact the composition of the other iroa/sulphur

clusters present in MoFe-protein is now questionable.
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It is clear that the work described in this thesis has not sclved the
problem of the composition and structure of the metal-sulphide clusters
present in the nitropenase proteins. Beside the described experiments which
may lead to the discovery of the true nature of these clusters, an impor-
tant aspect is that the general accepted dogma that the structure of the
metal-sulphide clusters of nitrogenase has been solved is questioned and
reopened the reserach towards a better understanding of the structures and

function of these clusters.
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SAMENVATTING

In hoodfstuk VII (Discussion) worden de heersende gedachten in 1980
over het electronentransport binnen het nitrogenase enzymcomplex samengevat
en wat de uitgangspunten en ideeén waren die aan dit proefschrift ten
grondslag lagen. Hoofdstuk VII is dan ook op te vatten zZowel als samen-
vatting en discussie voor de wetenschappelijk geinteresseerde lezer. Voor
lezers, minder thuis in deze tak van wetenschap volgt hieronder een samen-
vatting van de resultaten van dit promotie-onderzoek zoals die in de
verschillende hoofdstukken naar voren komen.

In de biclogische N-cyclus is de fixatie van stikstof uit de atmosfeer
een sleutelreactie. Het enzym nitrogenase katalyseert de reductie van
stikstof naar ammonia. De struktuur en functie van verschillende nitrogena-
ses geisoleerd uit verschillende organismen is zeer eender, dus de meeste
conclusies die getrokken worden uit een onderzoek met &én bepaald nitroge-
nase zijn ook op andere nitrogenases van toepassing. De in dit proefschrift
beschreven experimenten zijn uitgevoerd met het nitrogenase uit Azotobacter
vinelandii.

Het enzym wordt in wvitro gemakkelijk gescheiden in twee componenten die
beiden noodzakelijk zijn voor activiteit. De kleinste component wordt het
Fe-protein genoemd en zijn functie 1lijkt heperkt te zijn tot het specifiek
reduceren van de grotere component, het MoFe-protein. Deze electronen-
overdracht gebeurt alleen als MgATP aanwezig is dat gehydrolyseerd wordt tot
MgADP en Pi gedurende electronoverdracht. De uiteindelijke reactie, de
reductie van stikstof tot ammonia vindt plaats op het MoFe-protein.

Beide eiwitten hebben ijzer/zwavel clusters, structuren die bestaan uit
afwisselend ijzer en zwavel atomen, waar de benodigde electronen opgeslagen
kunnen warden. Het Fe-proteih wordt geacht slechts &&n ijzer/zwavel cluster
van het [4Fe-4S) type te hebben, zoals dat ook gevonden is in ferredoxines.
Een dergelijk type cluster kan slechts &&n electron opnemen of afstaan.

Ofschoon de experimenten die tot deze hypothese geleid hebben zeer
overtuigend 1lijken, zijn er ook waarnemingen in de literatuur beschreven
die niet verenigbaar zijn met het idee van &&én [4Fe-48] cluster per mole-
cuul Fe-protein en een é&n electron donor/acceptor gedrag in redex reac-

ties.
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Deze tegenstelling is ook in dit proefschrift te vinden. Bijvoorbeeld
in hoofdstuk IT worden redox reacties beschreven waarbij de redox toestand
wordt gevolgd door middel van EPR spectroscopie en door activiteitsmetingen
van het intacte enzym complex. Uit de hierbij verkregen resultaten kan
geconcludeerd worden dat mogelijk twee electromen betrokken zijn in de
redox reactie van het Fe-protein. De beschreven experimenten in hoofdstuk
I1I bevestigen deze apvatting. In deze experimenten is het aantal electro-
nen bepaald dat geoxideerd Fe-protein kan opnemen. In stopped-flow experi-
menten kon door kleurstof geoxideerd Fe-protein twee electronen opnemen van
gereduceerd methyl viologeen. Daar het mogelijk is dat het Fe-protein te
ver geoxideerd wordt door kleurstoffen is ook fysiologische oxidatie door
MoFe-protein toegepast. Ook in dit geval zijn de verkregen resultaten meer
in overeenstemming met de zienswijze dat Fe-protein zich gedraagt als een
twee electronen donor/acceptor.

Aangezien een [4Fe-4S8] cluster zich alleen als een &én electron redox
centrum kan gedragen onderzochten wij onze Fe-protein preparaten door mid-
del van Proton Induced X-ray Emission Spectroscopy (PIXES) op de aan-
wezigheid van andere metaalionen die zouden kunnen functioneren als een
electronenacceptor. Geen andere metalen buiten ijzer konden gedetecteerd
worden. Maar we vonden een veel hoger ijzergehalte dan verwacht kon worden
bij aanname van &én [4Fe-48] cluster.

Dit gaf aanleiding tot een grondipge analyse van het ijzer-zwavel
gehalte van Fe-protein (Hoofdstuk IV). Het maximum aantal ijzer en zwavel
atomen dat gevonden werd per molecuul was acht.

Dit gecombineerd wmet de resultaten van Mossbauer experimenten die
aangaven dat alle ijzer atomen zich in eenzelfde electronische omgeving
bevinden, gaf aanleiding tot de veronderstelling dat mogelijk twee [4Fe-4S]
clusters aanwezig zijn in Fe-protein.

In hoafdstuk V wordt aangetoond dat de groei condities het
ijzer/sulfide gehalte bepalen van het geisoleerde Fe-protein. Gedurende dit
onderzoek was het maximum aantal ijzer en sulfide atomen per molecuul Fe-
protein zes en niet acht. De tegenstelling tussen de waarden vermeld in
hoofdstuk IV en V wordt bediscussieerd in de discussie van hoofdstuk V.

Mossbauer experimenten zijn niet beperkt gebleven tot het Fe-protein,

maar ook het MoFe-protein is onderwerp van onderzoek geweest. Het belang




van onze resultaten is niet alleen beperkt gebleven tot het feit dat de
specifieke activiteit van het gebruikte eiwitmonster veel hoger is dan bij
anderen, maar ook de verwerking van de primaire gegevens is gewijzigd. Dit
resulteerde in een andere verhouding ijzer/malybdeen van de FeMo-cofactor
van MoFe-protein. Doar dit feit is de samenstelling van de andere
ijzer/zwavel clusters aanwezig in MoFe-protein nu twijfelachtig geworden.
Het is duidelijk dat het werk, beschreven in dit proefschrift, het
probleem van de samenstelling en structuur van de ijzer-sulfide clusters in
de nitrogenase eiwitten niet heeft opgelost. Buiten de beschreven experi-
menten, die zouden kunnen leiden tot de ontdekking van de ware aard van de
clusters, is het aan het wankelen brengen van het algemeen aanvaarde dogma
dat de structuur van de metaal-sulfide clusters is opgelast een ander
belangrijk aspect van dit proefschrift. Dit heeft onderzoekers geprikkeld
om opnieuw kritische experimenten uit te voeren om tot eenh beter begrip van

de structuur en de functies van de clusters in nitrogemase te komen.
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