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STELLINGEN

1.

De experimentele resultaten van Reddy en Vaidyanathan rechtvaardigen
niet de konklusie dat benzoate-4-hydroxylase tetrahydropteridine als
cofaktor nodig heeft voor enzymatische aktiviteit.
Reddy, C.C. & Vaidyanathan, C.5. (1975) Biochim. Biophys. Acta
348, 46-57.

Uit de door Tso en Burris beschreven bindingsexperimenten van ATP en
ADP aan komponent 2 van nitrogenase uit Clostridium pasteurianum valt
niet op te maken in welke oxidatietoestand het nitrogenase eiwit zich
bevindt tijdens de gebruikte gel equilibratie methode.
Tso, M-Y. & Burris, R.H. (1973) Biochim. Biophys. Acta 309,
263-270.

De konklusies die Hageman et al. trekken uit &én enkel experiment,
waarbij de hoeveelheid fosfaat, die vrijkomt tijdens de pre-steady-state
hydrolyse van ATP door nitrogenase van Azotobacter vinelandii, bepaald
werd, getuigen van "wishful thinking” en blijken bovendien onjuist te
zijn.

Hageman, R.V., Orme—Johnson, W.H. & Burris, R.H. (1980)

Biochemistry 19, 2333-2342.

Dit proefschrift.

Aktiviteitsmetingen van pteridine-afhankelijke mono-oxygenasen door
bepaling van de oxydatiesnelheid van NAD(P)H in een assay waaraan een
pteridine verbinding als cofaktor is toegevoegd zijn onbetrouwbaar.
Shailubhai, K., Sahasrabudhe, S.R., Vora, K.A. & Modl, V.V. (1983}
FEMS Microbiol. Lett. 18, 279-282.
Kaufman, S. (1979) J. Biol. Chem. 254, 5150-5154.

Studies naar induktie, repressie en inhibitie van amylase door o.a.
zetmeel en glucose bij hyfenvormende schinmels als Neurospora crassa en

enkele Aspergillus soorten leveren zoveel verschillende en tevens
tegenstrijdige konklusies op, dat het aanbeveling verdient de

verschillende aspekten in &én en dezelfde studie te analyseren.

De bewering dat nét het huidige energieverbruik op korte termijn een
tekort aan fossiele energiebronnen zal ontstaan, is gebaseerd op
verkeerde achattingen van deze brandstofvoorraden en wordt dan ook ten

onrechte als argument aangevoerd voor de noodzaak van kernenergie.




7.

10.

11.

Bindingsstudies waarbij het maximale aantal bindingsplaatsen van een
ligand op een eiwit bepaald wordt door gebruik te maken van ligand
geinduceerde spektrale veranderingen, zoals circulair dichroisme of
ESR, van het betreffende eiwit zijn diskutabel.
McKenna, C.E., Stephens, D.J., Eran, H., Luc, G.M., Matai Ding,
F.X.Z. & Nguven, H.T. (1984) in Advances in nitrogen fixation

research (Veeger, C. & Newton, W.E., eds.) pp. 115-122,
Rijhoff/Junk, Pudoc.
Zumft, W.G., Palmer, G. & Mortenson, L.E. (1973)

Biochim. Biophys. Acta 292, 413-421.

. Nadat de EEG jarenlang de landbouwproduktie door subsidies heeft gesti-

muleerd, is het niet rechtvaardig de inkomenseffekten als gevolg van
gedwongen produktiebeperkingen alleen tot het bedrijfsrisiko van de

agrariér te rekenen.

In de talloze handboeken over enzymkinetiek worden in het algemeen
dezelfde scort reaktiemechanismen beschreven. Het uitwerken van een
reaktiemechanisme voor een enzym dat uit meerdere dissocieerbare
elwitkomponenten bestaat die samen nodig zijn voor enzymaktiviteit zou

in dit opzicht vernieuwend zijn.

Men kan zich afvragen of het invoeren van de APK-autckeuring niet meer

bijdraagt tot het rendement van garages dan tot de verkeersveiligheid.

Het blijkt overduidelijk uit de kwaliteitsvergelijking van de flets-
paden en van de autowegen, dat de Nederlander pas bepaalde voorrechten

geniet als er belasting voor betaald is.

Jan Cordewener

Wageningen, 7 mei 1987
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Abbreviations

ADP adenosine 5'-diphosphate

ATP adenosine 5'-triphosphate

ATPase ATP phosphohydrolase (E.C. 3.6.1.3}

BPS bathophenantroiine disulphonate

CcD circular dichroism

Da dalton = mass of one hydrogen atom

poc deoxycholaat

DNA deoxyribonucleic acid

EPR electron paramagnetic resonance

F1Fg H*-ATPase

Hepes 4~{2-hydroxyethyl)-1-piperazineethane sulfonic acid

K stoichiometric or macroscopic dissociation constant

ki intrinsic or micrescopic dissociation constant

Kp Michaelis-Menten constant

Py inorganic phosphate

SDS sodium dodecyl sulfate

TCA trichloroacetic acid

Tes 2—{[2—hydroxy—1.l—bis(hydroxymethyl)ethyl]-amino[ethane
sulfonic acid

6ﬁh+ proton-motive farce

AY transmembrane electrical potential

ApH transmembrane pH gradient

The MoFe and Fe proteins of the nitrogenases of Azotobacter vinelandii,

Clostridium pasteurianum, Kiebsiella pneumoniae and Rhizobium japonicum are

referred to as Avy; and Av,, Cpy and Cps, Kpg and Kpp and Rj; and Rjj,
respectively.
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Chapter 1
Introduction

The four most abundant elements in living organisms are hydrogen. oxv-
gen, carbon and nitrogen. Besides water, that makes up the bulk of the
mass, most cells are mainly composed of proteins, nucleic acids, car-
bohydrates and lipids. All organic biomolecules of living organisms are
ultimately mainly derived from very simple, low-molecular-weight precursors
obtained from the environment. namely, carbon dioxide, water and dinitro-
gen plus in addition metals and phosphorus., Living organisms in nature con-
tinually recycle the chemical elements of which they are composed. The
carbon and oxygen cycles may roughly be described as follows: photosynthe-
tic cells, using solar energy, produce arganic compounds such as giucose
from atmospheric COp and evolve dioxygen. Heteraotrophic cells use dioxygen
and glucose during respiration, thus returning carbon atoms to the air as
COp. Nitrogen is another important element that cycles through living orga-
nisms. Two essential components of cells contain nitrogen. i.e, proteins
and nucleic acids. Both nitrogen fixation -the conversion of dinitrogen to
NHz, a form which plants can use- and photosynthesis are key metabalic pro-
cesses, They lead to the production pf reduced nitrogen and carbon com-

pounds, essential for the maintenance and continuation of life on earth.

1.1. The Nitrogen Cycle

The glebal nitrogen cycle can be drawn in either a simple or a compli-
cated form as one wishes (see Fig. 1). The enormous quantity of elemental
nitrogen associated with the earth may be roughly subdivided in three major
sinks: in the gaseous form in the atmosphere {Ns, N3O, NOy, NH3), in the
oceans (plants, animals, microorganisms, scluble and suspended nitrogen
compounds) and on land (soil, plants, animals, microorganisms). Terrestrial
nitrogen is largely locked up in the earth's primary rocks, from which it
is released extremely slowly as the surface weathers and soil formation
occurs. It is estimated that the organisms of the soils and waters of this
planet together contain about 1.5 x 1010 tonnes of N, while organic and
inorganic matter of the soil carries about 3.3 x 10!l tonnes of ¥ [1,2].
The greatest source of nitrogen for the biosphere ls the atmosphere, a
reservoir generally recorded as 3.9 x 1015 tonnes of N, mainly in the form
of dinitrogen, Na. Since the N molecule is relatively inert chemically. it

cannot be used by most organisms. It is only in some combined form such as
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nitregen gas in the atmosphere
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Fig. 1. The global nitrogen cycle. This simple schematic presentation of the
nitrogen cycle shows the movement of nitrogen between plants, animals,
microbes, the land and the atmosphere. The values between brackets are

estimated turnover rates of nitrogen (tonnes/year).



nitrate, ammonia, or more complex compounds such as amino acids, that most
organisms can utilise nitrogen. Green plants grow satisfactorily if their
roots are supplied with nitrates or ammdnium salts, and under natural con-
ditions they can usually obtain these fram the soil. or from the water if
they are aquatics.

These simple nitrogen containing compounds are converted into proteins,
nucleic acids and other nitrogenous components of the cell, a process
called assimilation of nitrogen. Animals do not have such synthetic path-
ways and they acquire their nitrogen mainly by consuming, in their food,
protein which has originally been synthesized by a plant. There is a con-
tinuous return of nitrogenous compounds, still in reduced form, to the soil
as a result of decay and putrefaction of plant and animal material
(ammonification). Soil microorganisms in turn can reoxidize NH3 to form
nitrite and nitrate {nitrification}, which can then be utilized again by
plants.

Thus nitrogen is constantly cycling, in a combined form, between the soil
and the living organisms. Put losses usually occur during this cycling. The
loss of soil nitrate as N and NpD gases when denitrifying bacteria use it
as oxidant anaerobically are estimated to be roughly 2 x 108 tonnes N per
vear (denitrification). Nitrogen fixation is the link in the nitrogen cycle

that compensates for this net Joss of nitrogen to the atmosphere.

1.2 Nitrogen Fixation

Next to water. the reduced form of nitrogen is the most frequently
encountered limiting component for biological productivity on most areas of
this planet. In agricultural areas, where a part of the plant growth is
removed as a crop, the depletion of so0il nitraogen is much more rapid. In
modern, intensive agriculture, high yvields are sustained only with synthe-
tic ammonia-~based or ammonia-derived fertilizers.

The synthesis of ammonia from dinitrogen and dihydrogen according to the
Haber-Bosch process is carried out at around 350°C and 350-1000 Atm
pressure on a cheap iron catalyst. The industrial fixation of nitrogen on a
commercial scale requires factories which are able to produce large quan-—
titaties of ammonia. This means that besides the energy costs to produce
dihydrogen, there are the casts of storage and distribution. Although
industrial nitrogen fixation has been a positive step towards better crops

and the relief of hunger. such fixation involves a considerable usage of



limited and costly sources of energy. For the fixation of unit weight of
nitrogen, the energy vielded by nearly twice that weight of o0il is
required. Thus, including the costs of storage and transport, fertilizer is
rather expensive, perhaps too expensive for developing countries. However,
most countries now have nitrogen fixing factories and the output of this
industry has risen over the vears. According to FAO statistics total world
production in 1974 was 41 miliions of tonnes of nitrogen. However, to com-
pensate for the global loss of fixed nitrogen by denitrification, an annual
input of some 2 x 108 tonnes of N must take place [1]. The bulk of this is
produced by biological nitrogen fixation. Thus, even in highly developed
agricultural countries, biological nitrogen fixation is the primary source
of N-input into plant crops.

In order to meet the food expectations of the expanding population, an
increase in agricultural productivity is required. Nitrogen is one of the
principal limitations to increase world foed production, so the need to
bring more nitrogen into the food chain is evident. It has been suggested
{3.4] that cereal grain production will have to double from 1.3 to 2.6
billion tonnes per year during the fourth quarter of this century. This
means that the production of nitregen fertilizer has to increase even more,
because the average efficiency of use of fertilizer by crops is only about
50% {5]. However, both in developed and developing countries there is
uncertainty about the cost and availibity of nitrogenous fertilizers, since
the resources and the energy price for present methods of producing fer-
tilizers are not inexhaustible and not predictable.

In addition, there is increasing concern over possible contribution of
nitrogen fertilizers to water pollution. Therefore, in the long run it will
be more sensible to make maximum use of biclogical nitrogen fixation, in
order to avoid the depletion of fossil fuels and the damage to the environ-

ment that results from the liberal application of nitrogen fertilizers.

1.3 Biological Nitrogen Fixation

Only a few procaryotic microorganisms, the diazotrophs, have the capa-
city to convert dinitrogen from the atmosphere into.NH3, ammonia. This pro-
cess called biological nitrogen fixation, makes use of very specialized
biochemical systems, in which the enzyme nitrogenase catalyses the conver-
sion of Np to NHy. The synthesized NH3 is used to build up proteins and

other nitrogenous constituents of the cell. The inclusion of aerobic,



facultative, anaerobic and photosynthetic organisms among the diazotrophs
attests to their physiclogical and metabelic ‘diversity.

Nitrogen-fixing organisms are present in the free-living state in soils and
in natural waters. When their cells die and decay, the newly-fixed nitrogen
enters into general circulation. Free-living nitrogen-fixing microbes are
rarely of serious importance in the terrestrial nitrogen economy. The only
free-living organisms of serious agronomic importance are the blue-green
algae which, being capable of photosynthesis, are not limited by availabi-
lity of carbon substrates in soil. The most important contributors to the
nitrogen cycle, from both ecological and agricultural points of view, are
those diazotrophs that exist in association with higher plants, usually
with its roots. These associations are generally called symbiosis. There
are several forms of symbiosis described [6]. The most studied system is
the legumes symbiosis of peas, beans, sovbeans, lupins, lucerne and so on.
The associations formed by leguminous plants with a species of the bac-
terial genus Rhizobium are the best known. After infection by Rhizaohia
little excrescences called nodules arise in the cortex of legume roots. The
root nodule bacteria, called bacteroids, derive carbohydrates formed in
photosyathesis from the host plant and use these in their growth, main-
tenance and nitrogen fixation. In return faor carbohydrate supply, the
higher plant receives for its aown use the products of fixation. Thus,
biological fixation of nitrogen is driven by solar energy, and proceeds at
normal temperatures. Further it should be noted that between the extremes
of a simple free-living nitrogen-fixing bacterium, such as Clostridium
pasteurianum, and the highly-developed legume symbiosis, there is a very
wide range of interorganismal relationships of varying complexity.

While about 30 years ago, biological nitrogen fixation was considered
to be something assaciated with relatively primitive, low-input agri-
culture, current trends of agricultural production are towards increased
utilization of legumes. By planting more hectares to legumes and by using
good bacterial strains, in combination with improved plant cultivars and
agronomic practices, biological nitrogen fixation can be increased. In
addition, increased utilization of 'leguminous trees for timber and

industrial uses is advocated.



1.4. Nitrogenase

1.4.1. Evolution

Three to four billion years ago the primordial earth was rich in com-
pounds such as methane, ammonia, water, and to a lesser extent Hz, Na, H2S,
€0 and COp [7.8)]. The earliest successful life forms were unquestionably
simple anaerobic organisms. The widespread ability of organisms to utilize
ammonia as a source of nitrogen reflects the evolutionary significance of
this nitrogen compound. With ammonia available the capacity to utilize N2
would confer no selective advantage, and it is unlikely that nitrogenase
developed so long as ammonia was plentiful. However, it is also speculated
{9] that the enzyme nitrogenase originally discharged some different func-
tion, namely the reduction and detoxification of highly reactive compounds
containing triple bonds to ensure the survival of primeval organisms. For,
compounds present in the primordial environment such as cyanide, cyanogen,
nitriles and isonitrile are known substrates of nitrogenase. Whether nitro-
genase developed in response to a scarcity of combined nitrogen on earth at
some stage in evolution, or as a detoxifying mechanism, the similarity of
the nitrogenases among the diazotrophs suggests a common ancestry. But if
the enzyme is so old, one may wonder why there has been so little evolu-
tionary divergence in its structure. A reason for this might be the oxygen
sensitivity of the nitrogenase proteins, which means that biological nitro-
gen fixation requires anaercobic conditions. During the development of
higher organisms the property to fix nitrogen might have been lost as a
result of the inability to perfect a mechanism to allow nitrogen fixation
in an aerobic environment. For aerobically nitreogen fixing bacteria such as
Azotobacter vinelandii several protection mechanisms against oxygen have
peen described {10,11].

1.4.2. Molecular properties

The nitrogenase enzyme complex consists of two proteins, both of which
are required for catalytic activity. The proteins are readily separated and
purified independently. The larger and more complex component of nitroge-
nase, the MoFe protein, is an apBfs tetramer with a molar mass near 220 kDa
[12]). The molar masses for the two subunits are approximately 50 and 60 kDa
{13]. The other protein component of nitrogenase, the Fe protein, is a

dimer composed of two identical subunits and has a reported molar mass bet-




-

ween 55 and 70 kDa, depending upon the source of the praotein [14-17]. There
seem to be only slight physical differences in the proteins as isolated
from a variety of different nitrogen fixing species. The amino acid
sequence of the MoFe- and Fe proteins of several species has been deter-
mined, mostly from DNA sequencing of the corresponding nif genes [18-22}.
There is a high degree of homology, the major divergence has been observed
with €.pasteurianum protein components.

Although the component proteins from a number of organisms have been
purified to give homogeneous preparations when examined by SDS polvacryla-
mide gel electrophoresis, homogeneity with respect to the catalytic
center{s) still remains problematic. The specific activities of the com-
ponent proteins used in different studies vary considerably. Part of this
variation may be due to species differences since not all nitrogenases
ought to have the same turnover number. Compare for example the speci-

fic activities of the nitrogenases of R.japonicum and K.pheumoniae with

those of A.vinelandii and C.pasteurianum: 10600 and 6§00 for Rj; [23] and

Rjz [23], 2150 and 1600 for Kpy [24] and Kpp [25], 3600 and 3400 for Avy
[26] and Avp [27], 2500 and 3100 for Cp; (28] and Cpp [28]. So it is not
clear what the maximal specific activity is of each of these nitrogenase

proteins. Some authors correct their experimental results for the presence
of inactive protein. The concentration of active MoFe protein in a prepara-
tion is mostly related to its Mo content, taking two Mo atoms per molecule
of MoFe protein as 100% active {29,30]. Lowe and Thorneley [29] calculated
the percentage of inactive Kpz in their preparation by assuming a maximum
specific activity of 3500, Hageman et al. [30] used the reaction of Fe pro-
tein with BPS in the presence of MgATP [31] to qguantitate the amount of
Fe4Sy cluster per molecule of Avp, taking one Fe,S, cluster per Avy as

100% active Fe protein.

Knowledge of the metal and acid-labile sulfur (S2-) composition of 100%
active MoFe protein and Fe protein is necessary for identification of the
different clusters present in the nitrogenase proteins. Metal analyses of
the MoFe protein from different species indicate 2 Mo atoms, 22 to 34 Fe
atoms, and an amount of acid-labile suifur roughly comparable to that of Fe
[32-34]. The Mo atoms and some of the Fe and S2- atoms are contained in an
extractable cofactor, called FeMoco [35] that is responsible for the
characteristic EPR spectrum of the MoFe protein, with g values near 4.3,
3.7 and 2.01 [32,36]. Recently, the excistance of an alternative nitroge-

nase system has been praven. In this system vanadium instead of molybdenum



is used as the substrate binding site [37]. It is biochemicaliy a different
enzyme since the polypetides are coded by different genes. But the basic
build-up of the vanadium nitrogenase is remarkable similar to the Mo
system.

It was generally accepted that Fe protein contains 4 Fe atoms and 4
labile S atoms, arranged in a cubane like Fe4q84 cluster [33). However, work
of Braaksma et al. [38] and Haaker et al. [39] showed that, depending on
the growth conditions of the cells, Fe protein with more than 4 Fe atoms
can be isolated. The dithionite-reduced Fe protein of all nitrogenases has
an EPR signal of the “1.94 type”, with a spin type of S=%. Double integra-
tion of the EPR spectrum gives values ranging from 0.2 to 0.5 electrons per
dimeric protein molecule [32,33,40). Recently it has been shown that Fe

protein from A.vinelandii, A. chroococcum and K.pneumoniae also exhibits a

weak EPR signal with g = 5 [41,42]. Upon integration it was found that this
cluster accommodates 0.5 - 0.8 electrons with a spin state of $=3/2.

Most of the variations in specific activity and metal content of dif-
ferent preparations of MoFe protein and Fe protein have been explained by
the extreme oxygen sensitivity of the nitrogenase proteins. Since ieportant
differences in experimental results smight appear when highly active pro-
teins are used instead of low active preparations, conclusions drawn from
studies with the nitrogenase proteins should always be judged in the light

of possible active-site heterogeneity.

1.4.3. Mechanisrm of nitrogenase catalysis

Nitrogenase is capable of reducing a large number of double- and
triply-bonded molecules [43,44]. During the reduction of the natural
substrate Nz, at least 25% of the total flux of electrons through nitroge-
nase is allocated to H* [45]:

Ny + 8 H* + 8e — 2 NH3 + Hp

Although in the absence of reducibile substrates such as Ny, electron com-
sumption by nitrogenase is not inhibited and protons are reduced te Hp,
there is evidence that Hp evolution is an integral part of the enzymic
reduction of Na. It is suggested [46,47] that Np binds to the MoFe cofactor
and replaces bound Hj.

Besides a source of low-potential ;educing'equivalents and the absence of

20




axygen, MgATP is required in the nitrogenase reactions. The hydrolysis af
at least 16 molecules of MgATP is necessary for the reduction of one mole-
cule of No [48,49]. Under less optimal conditions for substrate reduction,
uncoupling occurs between the electron consumption of nitrogenase and its
ATPase activity. Moreover, in the absence of low-potential reducing equiva-
lents nitrogenase shows a low rate of MgATP hydrolysis, called the
reductant-independent ATPase activity {50-54].

The direction of electron flow through nitrogenase was established pri-

marily on the basis of experiments with EPR spectroscopy {55,56]:

Scheme I

I I I
electron donor ——==== Fe protein ———==MoFe protein —==reducible substrate

1.4.3.1. Reduction of Fe pretein (I).

The kinetics of the reduction of oxidized Fe protein with NapsS;04 have
been investigated with stopped-flow spectrophotometry and rapid-freezing
EPR spectroscopy [57,58]. A second-order rate constant for the reduction of
oxidized Fe protein by SOE- of k > 108 M~15-1 has been estimated [58]. Kinetic
data of the reduction of oxidized Fe protein under different experimental
conditions give important information about the reaction mechanism of
nitrogenase catalysis, since after electron transfer from Fe protein to
MoFe protein oxidized Fe protein will be associated to MoFe protein with
MgATP, MgADP and/or Pj bound. Stopped-flow experiments in which oxidized Fe
protein was mixed with a selution of NaaSz04 pius either MgATP or MgADP
showed that MgATP did not influence the rate of reduction of Fe protein,
while MgADP decreased the rate constant to a value of 3 x 10-6 M-1s-1
[25]. The effect of MgADP on the rate of reduction means that MgADP binds
to oxidized Fe protein in less than 1 ms, thereby inhibiting the electron
transfer from SOE- to Fe protein. From these experiments it is not clear
whether the inability of MpATP to effect the rate of reduction of oxidized
Fe protein is due to a slower rate of association of MgATP to oxidized Fe
protein, or that binding of MgATP to oxidized Fe protein has no effect on
the rate of reduction by SDE‘. The rate of reduction of oxidized Fe protein

by $03 in the presence af MgADP is strongly inhibited by the binding of
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Fe protein to the MoFe protein [25]. These effects have been explained by
assuming that the complex of oxidized Fe protein with MoFe protein and
MgADP is either reduced very slowly or not at all by 505 [25].

The redox preperties of the Fe/S clusters present in Fe protein were
studied by EPR, absorbance and CD spectroscopy and microcoulometry. Watt
[59] showed that the S=% EPR signal of oxidized Avp could be fully developed
by the addition of one electron equivalent. It was also shown with micro-
coulometric reduction that the midpoint potential of Avp in the absence of
adenine nucleotides is -310 mV and in the presence of MgATP and MgADP the
midpoint potential shifts to -425 mV and -475 mV respectively.

Braaksma et al. [60) reported a value of -393 mV but this value might not
be reliable since high concentrations of NapSO3 are necessary to obtain
potentials above -360 mV and these concentrations might interfere with the

EPR guantitation.
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Fig. 2. This drawing showing the mechanism of nitrogenase action was repro-

duced, with permission, from ref. [88].
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Recently, Morpgan et al. [61] showed by monitoring the intensity aof the

EPR signal of the cluster with spin state $=1/2 and $=3/2 that both
clusters have the same redox potential. This observation explains why Watt
[59] found one electron equivalent associated with the total redox changes
in Avp while monitering the S=1/2 signal which accounts only for 20% of the
clusters present in Fe protein. It is not clear yet whether both clusters
can act as efficient electran donors for MoFe protein.

Little infarmation is available about the actual redox potential necessary
for Np fixation. but Braaksma et al. [60] showed for nitrogenase of
A.vinelandii that the redox potential required for half-maximum rates of Hz
production is approximately -390 mV. It is not known whether there is an
obligatory order for the Fe protein te bind MgATP and be reduced by
dithionite or whether these processes occur at random. Although studied
extensively [62-65], it is not yet clear whether Fe protein has to he con-
sidered as a one~ or as a two-electron acceptor/donor during nitrogenase

turnover.

1.4.3.2. Electron transfer from Fe protein to MoFe protein (I1).

The electron transfer reaction from Fe protein to MeoFe protein was
studied by stopped-flow spectrophotometry. Since oxidation of the Fe pro-
tein is associated with an'increase in absorption at 425 nm, the time
course of the electron transfer reaction can be followed in a stopped-flow
apparatus. There is only electron transfer in the presence of MgATP. The
rate of electron transfer is independent of the order of mixing of Fe pro-
tein. MoFe protein, and MgATP [66], and this supports a random mechanism of

the first two steps in Scheme II:

Scheme T
MaFa(ox)
Feired) + ATP ——= FelredlATP = Fe(red). ATP MoFelox)

elecfron | transfer
coupled to MgATP hydrolysis

Fel{ox) ADP P; MoFeired)
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Furthermore, the rate of electron transfer is dependent upon the MgATP
concentration and independent of the concentration of Fe protein and MoFe
protein [30,67]. This indicates that the formation of a ternary complex
between Fe protein, MoFe protein and MgATP is relatively fast compared to _
the rate of electron transfer. The rate of association of Fe{red).ATP with
MoFe(ox) has been estimated to be larger than 107 M~1ls-1, with a disso-
ciation constant in the order of 0.5 uM [68]. The stoichiometry of the
active complex is still uncertain, since ratios of Fe protein to MoFe pro-
tein of both 2 to 1 and 1 to 1 have been reported as optimal for nitroge-
nase activity [27,69-72].

Since binding experiments of MgATP to the complex of Fe protein and
MoFe protein are not possible due to the hydrolysis of MgATP by the
complex, only binding data are available of MgATP to Fe protein alone. Fe
protein probably has two binding sites for MgATP [31,73-75].

At saturating MgATP concentrations, a rate constant of 200 s~1 was
determined for the electron transfer between the nitrogenase proteins of
K.pneumoniae at 23°C, which is much faster than the turnover time of nitro-
genase at that temperature (~ 6.4 s~1),

1.4.3.3. Substrate reduction (III)

The electrons donated by the Fe protein to the MoFe protein are trans-
ferred within the MoFe protein to the various FeS centers and the FeMoco
center. There is now direct evidence available that the locus of substrate
reduction is on the MoFe protein [76]. Studies with acetvlene and N»
demonstrate that FeMoco is the site of substrate binding and reduction
{77-179].

When it is assumed that Fe protein acts as a cne electron donor/acceptor,
then the electron transfers from Fe protein to MoFe protein must proceed in
single electron steps. Thus for a 1:2 complex of MoFe protein and Fe pro-
tein maximally twe electrons can be transferred simultaneously from Fe pro-
tein to MoFe protein. Since MoFe protein has twe FeMoco clusters and thus
presumably two catalytic sites, only one electron per catalytic site is
transferred. This means that even in the case of Hp production by nitroge-
nase, the reaction pathway. shown in scheme II must be completed at least
two times before the substrate on the MoFe protein is fully reduced. It has

been suggested that oxidized Fe protein must dissociate from MoFe protein
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before re-reduction by dithionite can accur [25]. Thus the two proteins
must dissociate after each electron is transferred from the Fe protein to
the MoFe protein. Thorneley and Lowe [25] demonstrated that the rate of
dissociation of oxidized Fe protein from MoFe protein is in the same order

of magnitude as the turnover time of nitrogenase.
1.4.4. The role of MgATP in nitrogenase catalysis.

One of the most intriguing and perhaps least resolved problems of the nitro-
genase reaction is the mechanism of ATP actian. Unfortunately, no model is
available. The overall chemical reduction of Nz to NHy by Hpy is a ther-
modynamically favourable reaction [80]. The energy liberated by MgATP hyvdrolysis
iz therefore not needed to drive an otherwise unfavourable equilibrium in the
desired direction. However, the reaction pathways for the formation of the

possible intermediates NpHp and NpHy are both endergonic {see scheme III).

Scheme I11

Ng + 2H" + 2 e 5 NoHj E°l = - 1450 v

Np + 4H* + 4 e 5 NpHy E°l - - 695 mv

Ny + 6H* + 6 e = 2NHy E°l = - 280 mv
2H" + 2 e = Hy E°l = - 420 mv

Thus the ATP requirement can be understood in light of the low potential
electron donor needed for the reduction of the stable NeN bond to form NzH; and
NgHg. It is questionable whether NpHp is an intermediate, but NaH4 has been
found as such (81].

Besides the reduction of the physiological substrate Na, all other reduc-
tions catalyzed bv nitrovenase need the hvdrolysis of MgATP. The minimum amount
of MgATP hydrolyzed seems to be two molecules of MgATP per electron transferred
to substrate {ATP/e > 2} (82]. There seems to be no upper limit to the ATP/e
ratio, since MgATP hydrelysis can be totally uncoupled from electron transfer
(reductant-independent ATPase activity). The ATP/e ratio can be varied by
varying the temperature (49.51], the pH [54], the ratio of the component pro-
teins of nitrogenase [69], the reductant concentration [27], and alsa by using
heterologous combinations of component proteins [83,84].

The minimum value of 2 MgATP's hydrolyzed per electron transferred fits

25



nicely in a model derived from experiments indicating two binding sites for
MgATP on the Fe protein and the transfer of one electron from the FeygS4 cluster
on the Fe protein onto the MoFe protein [64]). Furthermore, Eady et al. [85] have
shown by a rapid-quench experiment that MgATP is hydrolyzed at a rate egual to
the rate of initial electron transfer between the nitrogenase proteins of
K.pneumoniae at 10°C. Although the time course of MgATP hydrolysis was
indistinguisable from that of electron transfer, the stoichiometry of the hydro-
lytic reaction remained uncertain. From analysis of the pre-steady-state burst
of MgATP hydrolysis by nitrogenase of A.vinelandii at 30°C Hageman et al. [30]
concluded that 2.5 molecules of MgATP are hydrolyzed per electron traansferred
from the FesS4 cluster of the Fe protein. They suggest that all of the known
effects af MgATP in the overall nitrogenase reaction can be accounted for by its
function in the electran transfer between the two proteins of nitrogenase.
Hawever, additional roles for MgATP in nitropgenase catalysis have been proposed
by Eady et al. [86]. They suggested that during turnover an additional binding
site for MgATP on the MoFe protein is generated, with a role in substrate reduc-
tion.

Stiefel [87] suggested a direct interaction between MgATP and the substrate

reduction site, mainly on the basis of model chemistry.

1.5. Comparison of Nitrogenase with other ATPases

Several distinct biolpgical systems are known in nature which use the
energy of ATP hydrolysis to drive energy-consuming processes, such as the
synthesis of biomolecules, active transport and mechanical work in muscle
tissue. The problem of devising a mechanism for ATP-linked transport is fun-
damentally different from the problem of devising a mechanism for catalysis of
chemical transformations. In a chemical transformation, the enzyme functions as
a rate accelerator of a chemical reaction that in principle could occur in the
-absence of an enzyme. During active transport there is exchange of free energy,
but not of matter, between the transported species and ATP. During nitrogenase
catalysis the energy of ATP hydrolysis is used to transfer an electron from the
Fe protein to the MoFe protein. At present it is not known how the chemical
energy of ATP is utilized in redox reactions.

The possibility that there is a general principle for free energy coupling in
the processes of electron transfer (nitrogenase) and cation transfer (transport
proteins) will be considered. Therefore in this section a concise discussion

will be given of some of the mechanisms proposed for free energy transfer in
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active transport systems. These ideas might be helpful in the formulation of a
molecular mechanism for the nitrogenase reaction.

Two different types of transport proteins are now known to exist. Although
both types of proteins are membrane-bound ATPases, there is a great difference
in their molecular composition and also their physiological function. One class
of ATPases includes the (Na*,K*)}-ATPase of animal cells [89,90], Ca2*-ATPase of
sarcoplasmic reticulum [91] or erythrocyte plasma membrane, (H*,K*)-ATPase of
gastric mucosa [92] and the H'-ATPase of fungi [93]. Each of these enzymes has a
very simple structure, with one major subunit of molar mass of about 100 kDa.
The enzymes appear to function physiologically either directly or indirectly in
transport processes. In the (Na‘* K*)- and Ca2+fpumps and in the gastric and
fungal H*-pumps, ATP processing occurs via an acyl phosphate intermediate, in
which the phosphate is covalently linked to an aspartyl residue of the protein
{92].

The other type of ATPases, the FgPy class, is also scattered widely
throughaut the biological world, and is found in bacteria [94,95]), mitochondria
[86,97]. chlaroplasts [98], chromaffin granules and the envelopes of certain
animal viruses. The physiological function of the H*-ATPases is the catalysis of
ATP synthesis in a process called oxidative phosphorylation
(photophosphorylation in chloroplasts and photosynthetic bacteria). In bacteria,
mitochondria and chloroplasts, during oxidative- or photophosphorylation, H* is
driven across the membrane during electron transport through an electron
transport chain and returned through the FgF; complex to synthesize ATP
(chemiosmotic hypothesis of Mitchell [99]). In the absence of redox reactions,
on the other hand, the H*-ATPase could drive H* in the reverse direction. The
subunit composition of H*-ATPases is highly complex. The enzyme consists of two
structurally distinct components, a membrane-bound sector, Fg, which functions
as a proton-iranslocating channel, and an extramembrane sector, Fy, which has
catalytic activity {ATPase turnover 600 s~ 1). Fg can be extracted from the
membrane by the use of detergents and contains three or four distinct proteins
[100-102]. F; can be detached from the membrane as a water soluble complex of five
distinct subunits, o to € [103,104]. In the last few years strong evidence has
accumulated suggesting that the subunit stoichiometry is actually agBzyée.

Fq contains both catalytic and regulatory sites that bind adenine nucleotides
[105]. Although the total number of these sites is not firmly established, it
appears that up to six adenine nucleotide binding sites are present on Fy

[106,107]. Three of these binding sites are normally occupied by firmly bound,

non-exchangeable ATP or ADP, and these sites presumably have a structural role.
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The catalytic site(s) is most likely located on the B subunit. Binding of

phosphate to F{ has also been demeonstrated [108].
1.5.1. Models for ATP synthesis

The chemiosmotic hypothesis of Mitchell [99] gives a general idea of how
ATP synthesis in oxidative phosphorylation is supplied with energy. Mitchell
proposes that electran transport in the respirataery chain driven by a difference
in redox potential of redox couples, gives rise via the translocation of protons
across the membrane, to an electrochemical potential gradient for protons
(proton-motive force). The proton motive force Aup+ may be expressed as the sum
of a proton concentration gradient (ApH) and a membrane potential (Ay). The pro-
ton-motive force is a storage form of energy utilizable by the H*-ATPase for ATP
synthesis. Although the principles of Mitchell's chemiasmotic hypothesis has
been widely accepted, the major guestions that remain unresolved deal with
attempts to obtain a chemical description of how the gradient is formed and how
the flow of protons down their electrochemical gradient and through the FgFq
enzyme is linked to the synthesis of ATP. For instance a detailed understanding
of the mechanism of proton translocation and identification of the specific
hydrogen carrier in each segment of the respiratorv chain has not yet been
achieved. but it is generally recognized that the components of the respiratory
chain are involved in proton translocations [109].
The second and equally challenging problem is how the proton flux is utilized to
generate ATP from ADP and P;. Hypotheses in which the proton-motive force is
proposed to be directly involved in ATP generation are referred to as direct
mechanisms. When the driving force for ATP synthesis is a conformational change

of the ATPase induced by protons the mechanism is called indirect.

1.5.1.1. Direct Mechanisms

Before 1973, all popular models for oxidative phosphorylation and pho-
tophosphorylation assumed that the energy, in whatever form it was transferred,
would be directly used to form the ADP-P; anhydride bond. According to
Mitchell's formulation [110], P; is directly accessible to the proton flux at the
active site of the ATPase {"ligand conduction” mechanism}. Specific preotonation
of Pj is accompanied by a concerted attack by ADP resulting in the formation and
subsequent release of ATP. However, the experimental evidence for such a

ronfluent pathway is not impressive.
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STELLINGEN

1.

De experimentele resultaten van Reddy en Vaildyanathan rechtvaardigen
niet de konklusie dat benzoate-4-hydroxvlase tetrahydropteridine als
cofaktor nodig heeft voor enzymatische aktiviteit.
Reddy, C.C. & Vaidyanathan, C.S. (1975) Biochim. Biophys., Acta
348, 46-57.

Uit de door Tso en Burris beschreven bindingsexperimenten van ATP en
ADP aan komponent 2 van nitrogenase uit Clostridium pasteurianum valt
niet op te maken in welke oxidatietoestand het nitrogenase eiwlt zich
bevindt tijdens de gebruikte gel equijibratie methode.
Tso, M-Y. & Burris, R.H. (1873) Biochim. Biophys. Acta 3089,
263-270.

De konklusies die Hageman et al. trekken uit é&n enkel experiment,
waarblj de hoeveelheid fosfaat, die vrijkomt tijdens de pre-steady-state
hydrolyse van ATP door nitrogenase van Azotobacter vinelandii, bepaald
werd, getuigen van "wishful thinking" en blijken bovendien onjuist te
zijn.

Hageman, R.V., Orme-Johnson, W.H. & Burris, R.H. (1880)

Biochemistry 19, 2333-2342.

Dit proefschrift.

Aktiviteitsmetingen van pteridine-afhankelijke monoc-oxygenasen door
bepaling ven de oxydatiesnelheid van NAD(P)H in een assay waaraan een
pteridine verbinding als cofaktor is toegevoegd zijn onbetrouwbaar.
Shailubhai, K,, Sahasrabudhe, S.R., Vora, K.A. & Modi, V.V. (1983)
FEMS Microbiol. Lett. 18, 279-282,
Kaufman, S. (1979} J. Biol. Chem. 264, 5150-5154.

Studies naar induktie, repressle en inhibitie van amylase door o.a,
zetmeel en glucose bij hyfenvormende schimmels als Neurospora crassa en

enkele Aspergillus soorten leveren zoveel verschillende en tevens
tegenstrijdige konklusies op, dat het aanbeveling verdient de

verschillende aspekten in &én en dezelfde studie te analyseren.

De bewering dat met het huidige energieverbruik op korte termijn een
tekort maan fossiele energiebronnen zal ontstaan, is gebaseerd op
verkeerde schattingen van deze brandstofvoorraden en wordt dan ook ten

onrechte als argument aangevoerd voor de noodzaak van kernenergie.



7. Bindingsstudies waarbij het maximale aantal bindingsplaatsen van een

10.

11.

ligand op een eiwit bepaald wordt door gebruik te meken van ligand
geinduceerde spektrale veranderingen, zoals circulair dichroisme of
ESR, van het betreffende eiwit zijn diskutabel.
McKenna, C.E., Stephens, D.J., Eran, H., Luo, G.M., Matai Ding,
F.X.Z. & Nguyen, H.T. (1984) in Advapnces in nitrogen fixation

regsearch (Veeger, C. & Newton, W.E., eds.)} pp. 115-122,
Nijhoff/Junk, Pudoc.

Zumft, W.G., Palmer, G. & Mortenson, L.E. (1973)
Biochim. Biophys. Acta 292, 413-421.

. Nadat de EEG jarenlang de landbouwproduktie door subsidies heeft gesti-

muleerd, is het niet rechtvaardig de inkomenseffekten als gevolg van
gedwongen produktiebeperkingen alleen tot het bedrijfsrisiko van de
agrariér te rekenen.

In de talloze handboeken over enzymkinetiek worden in het algemeen
dezelfde soort reaktiemechanismen beschreven. Het ultwerken van een
reaktiemechanisme voor een enzym dat uit meerdere dissocieerbare
eiwitkomponenten bestaat die samen nodig zijn voor enzymaktiviteit zou

in dit opzicht vernieuwend zijn.

Men kan zich afvragen of het invoeren van de APK-autokeuring niet meer

bijdraagt tot het rendement van garages dan tot de verkeersveiligheid.
Het blijkt overduidelijk uit de kwaliteitsvergelijking van de fiets-

paden en van de autowegen, dat de Nederlander pas bepaalde voorrechten

geniet als er belasting voor betaald is.

Jan Cordewener

Wageningen, 7 mei 1987




1.5.1.2. Indirect Mechanisms

(a) Phosphoenzyme intermediate hypothesis.
ATP processing in Ca2+-and (Na*,K*)- ATPases occurs via an acylphosphate inter-
mediate. This intermediate exists in two very different (conformaticnal) states,
a high free energy-phosphoenzyme intermediate (E~P) and a low free energy
phosphoenzyme intermediate (E'-P}, of which the former can react with ADP to
form ATP. One hypothesis proposes that the interaction of Mg2* with the protein
induces a conformational change resulting in phosphoenzyme formation. The func-
tion of the proton gradient is to displace the firmly bound Mg2+ from the enzyme
[1131]. However, all available evidence indicates that ATP processing by the FgFy
proteins does not involve phosphoenzyme intermediates. It has been shown that
the bovine H*-ATPase catalyzed hydrolysis of isotopically labeled ATPYS results
in inversion at the y phosphorus [112]. This suggests a one-step mechanism for
ATP hydrolysis, in which the phosphoryl group is transferred directly from ATP
to water without participation of a phosphorylated intermediate. The same has
been shown for ATP hvdrolysis by nitrogenase [113].

(b) Boyer-Slater hypothesis (energy-linked binding change mechanism).
In a direct mechanism the energy available from the electrochemical gradient is
used to drive the synthesis of ATP at the catalytic site, namely by direct
interaction of translocated H'-ions with the chemical substrates. The idea that
major energy transformations occur during binding changes rather than during
synthesis of phosphoric acid anhydride bonds is based on several experimental
observations, such as a differential sensitivity of the catalytic step to
uncouplers and the finding of tightly bound nucleotides to Fy. To explain all
their experimental data, Slater and cowaorkers [114,115] and Boyer and coworkers
{116,117] proposed an energy-linked binding-change mechanism, alsc referred to
as the alternating site model. From isotope exchange experiments it was
conciuded that the equilibrium constant for the ATP hydrelysis reaction is close
to unity [118]. This means that the standard free energy of the reaction is
approximately zero (AG® = 0) when it occurs between enzyme-bound compounds. This
leads to a need for tightly and loosely bound substrate species. Namely, when
ATP is close to equilibrium with ADP and P; at the catalytic site, a major
energy transduction step will be the conversion of the ATPase enzyme into a con-
formational state that binds ATP or ADP/Pj weakly. However, proof in molecular
terms for conformational events is difficult to obtain. Boyer et al. [119] have
proposed a model in which the FpF; complex is capable of coupling the energy

available when protons move down an electrochemical gradient to an energy-
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dependent conformational change in F; with a consequent change in the binding
energies of substrates and products. Fig. 3 shows a schematic representation of
such a model. The squares and circles represent different conformations of the
subunits of the enzyme. In the square conformation enzyme-bound ADP, P;j and ATP
are each in equilibrium with its counterpart species in the medium (adenine
nucleotides are loosely bound), and in the circle conformation enzyme-bound ADP
and Pj are in equilibrium with enzyme-bound ATP (adenine nucleotides are tightly
bound). Several lines of evidence (isotope exchange experiments) indicate that
ADP binding is necessary for ATP release during synthesis while the release of
ADP in hydrolysis is enhanced by ATP binding. These observations of cooperative
interaction between the catalytic subunits is expressed in the model of Fig. 3
by assuming that both subunits always possess different conformations

(alternating site mechanism).

‘1\ ADP+PI J‘ energy J‘
N\ . ATP ADP A ATP AEP
1 P; 2 i
[N I r
~ J
l
ATP‘\\G
3 P~ATP
v 4
[y )y N
ADP : 5 ABP 4 ’
ATP -r—~<<—¢= ATP ATP
P, P; ;
: + energy + ADP+P; +

Fig. 3. A schematic representation of the energy-dependent binding change mecha-
nism (from ref. 120, slightly modified).

For example, the enzyme might start out with ATP tightly bound teo the circle
conformation. In step 1, ADP and Pj are bound to the square conformation. In
step 2 energy from proton translocation is used to switch the conformation of
the twe subunits, resulting in the conversion of tightly bound ATP to loosely
bound ATP and simultaneously of the conversion of loosely bound ADP and Pj to
tightly bound ADP and Pj. In step 3 there is release of ATP and formation of
bound ATP from_bound ADP and P; at the catalytic site with no additional energy
input. This tightly bound ATP in turn is not released until ADP and Pj bind at a
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second site (step 4). The model in Fig. 3 does not take into consideration how
proton translocation might be coupled to protein conformational change. It was

proposed that in response to electrochemical proton gradients conformational
changes in Fp occur as a result of changes in ionization of charged amino acid
residues of the subunit proteins. These changes in Fp, transmitted to F; could
bring about changes in the conformation of Fj. The resulting reduced affinity of

the catalytic sites for ATP was considered to arise from these changes in Fjp.

1.6 Qutline of this thesis

At the time this research was started little information was available
about the role of MgATP in nitrogenase catalysis. Some investigators proposed
that the only role of MgATP is in support of the electron transfer from Fe pro-
tein to MoFe protein, while others suggested the existence of a second role for
MgATP. The aim of the present study was to get more imsight in the mechanism of
action of MgATP in nitrogenase catalysis.

Chapters 2 and 3 describe the binding properties of the nitrogenase pro-
teins from A.vinelandii for MgATP and MgADP. The binding of these adenine
nucleotides, separately and in competition experiments, was investigated to both
oxidation states of Avps. Also the binding of MgADP to the complex of Avj and Avp
was studied. Chapter 4 deals with pre-steady-state measurements performed to
quantitate the amount of MgATP hvdroylzed by nitrogenase during the burst reac-
tion under different experimental conditions. From these data it is concluded
that the present model for MgATP hydrolysis by nitrogenase is too simple, par-
ticularly with respect to the function of MgATP in electron transfer. Chapter 5
presents steady-state data of the ATPase activity of nitrogenase, both in the
presence and in the absence of reductant. The kinetic properties of the
reductant-dependent and reductant-independent ATPase activity are explained in
terms of a model that predicts the existence of a relatively stable intermediate
of Ava.

The results presented in this thesis will be discussed in Chapter 6, which is

followed by a summary in Dutch.
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Chapter 2

Binding of MgATP to the Nitrogenase Proteins from

Azotobacter vinelandii
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Binding of MgATP to the MoFe and Fe proteins from Azorobdacter vitielandii has been studied. By means of the

flow dialysis technique it was demenstrated that one molecule of reduced Fe protein binds one molecule cf MgATP,
with a dissociation constant of 0.56 + 0.11 mM. The oxidized Fc protemn binds two molecules of MgATP, with
identical intrinsic dissociation constants of 0.29 + 0.05 mM. The binding of MgATP 1o the Fe protein was also
studied by equilibrium dialysis. [t was found that during dialysis of reduced Fe protein in the presence of MgATP,
dithionite was oxidized. Morgover, in the presence of MgATP both reduced and oxidized Fe protein were inactivated
during the dialysis. These observations demonstrate that binding of MgATP to the Fe protein cun only be measuared

by a relatively fust method,

With the same methods as vsed for (he Fe protein, no binding of MgATP to the MokFe protein of A, vireleondii

could be demonstrated.

The redox properties of the Fe protein m the presence and absence of MgATP are discussed with respect 1o the
observed binding properties of MgATP for the Feprotein. The implications of these resulis are discussed with respect
to the present medels Tor the inteructions between the Fe and MoFe proteins of nitrogenase.

Nitregenase 15 the enzyme system that, in an anacrobic
environment, catalyses the reduction of N; to ammonia when
supplied with MgATP and a low-potential clectron donor.
Nitrogenase consists of two easily separable proteins: a
tetrameric MoFe protein probably carryving the substrate-
reducing site and a dimeric Fe protein [1 —3]. Data obtained
from cluster extrusion {4, 5] and chiroptical spectroscopy 6]
indicate the presence of an [4 Fe-4 8] cluster in the Fe protein.
Reeently, Braaksma et al. [7] reported from redox-dependent
EPR measurements that the Fe protein isolated from
Azatobacter vinelandii is able Lo accommodate two reducing
equivalents.

Reduction of N; to NH;, acetylene toethylene and protons
Lo H,, is accompanied by the hydrolysis of ATP to ADP and
orthophosphate. The specitic role”of ATP in nitrogenase-
catalyzed reductions is not known. although several hypotheses
have been offered [8 — 10]. It has been demonstrated that ATP
hydrelysis is coupled to the electron transfer between the two
witrogenase proteins (10, 111, [n the absence of reducing agents,
AT is hydrolysed at a diminished rate by the nitrogenase
complex but not by the individual components {12 — 14}

The interactions of ATP with the nitrogenase proteins from
different organisms has been studied. Binding of MgATP 1o the
Fe protein has been reported [15— {9]. Binding of MgATP to
the MoFe protein has only been found for the MoFe protein
isolated from Kiebsiella pneumoniae (16,20). The binding data
obtained by column gel filtration indicated four binding sites
for MgATP on Kp, [20]. Using a gel equilibration method, Tso
and Burris [17] found that Cp, binds two molecules of MgATP.

Abbreviations, The MoFe and Fe protging of the nitrogenases of
Azotobacter vinelandii, Clostridium pasteurfanum and Kiehsiclla preu-
moniae are referred to as Av, and Av,, Cp, and Cp, and Kp, and Kp,,
respectively; EPR, clectron paramagnetic resonance; BPS, bathophen-
anthrolinedisulfonate; Tes, 2-{[2-hydroxy-1,1-bis(hydroxymethyletiyl]-
amino}ethane sulfonic acid; SEE, standard error of estimates.

But these experiments were reported not 10 be reproducible [1].
Alse indirect methods have been used to study the binding of
MgATP to the Fe protein, such as EPR spectroscopy [19], as
well as the reaction rate of the iron chelalors 2.2 -bipyridyl and
bathophenanthrolinedisulfonate (BPS) with the Fe protein—
MgzATP complex {1, 13, 21]. The EPR data obtained by Zumlt
et al. [19] indicated two binding sites for MgATP on Cp,, but
their results have been criticized by Eady and Smith [22). The
experiments with the iron chelators showed an S-shaped
dependence of the reaction velocity on the ATP concentration.
which led to the conclusion that two molecules of ATP are
involved,

Binding studies of ATP to (he complex between the MoFe
and Fe protein are complicated since nitrogenase hydrolyses
ATP in the absence of un clectron donor. Information about
the interaction of ATP with the nitrogenase complex is derived
from steady-state and pre-stcady-state kinetics, A Kinetic
dependence on twoe molecules of MgATP far the H;, evolution
reaction has been demonstrated {10, 23, 24]. From pre-steady-
state kinetics Hageman et al. [10] concluded that two molecules
of MgATP are required Tor the initial eleciron transfer Irom
Av, to Av,, while experiments of Thorneley [25] indicated that
only ene molecule of MgATP is involved in electron transier
from Kp, to Kp,.

Most procedures for quantitative studies of ligand binding
1o proteins are not suitable for the nitrogenase proteins, due to
their lability and O, sensitivity. In this study flow dialysis und
¢quilibrium dialysis have been applied to study binding of
MgATP to the separate nitrogenase proteins. Complications
that arise during binding experiments, like inactivation and
oxidation of the Fe pretein under fully anaercbic conditions,
have been examined. Binding properties of MgATP were
determined for both the reduced and exidized Av, protein and
for the Av, protein as isolated. The implications of these
binding properties with respect to the model for the nitrogenasc
reaction will be discussed.
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