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STELLINGEN

1
Zonder het te beseffen laten Appleby ¢t al. zien dat in Rhizobiwrn bacterofiden

het electronen transport naar de nitrogenase geremd wordt door een ontkcppelaar..
Appleby, C.A,, Turner, G.L. and Macnicel, P.K. (1975}
Biochim, Biophys. Acta, 387, 461-474.

2

De uitspraak dat de nitrogenase activiteit aanwezig in de wortelknolleties wvan
socjabonen gereguleerd werdt door ATP alsmede de energielading kan niet gedaan
worden aan de hand van de gepresenteerde experimenten.

Ching, T.M. (1976) Life Sciences 18, 1071-1076.

3

De redoxpotentiazl van Azotobacter vinelandii (HFe—'—lS)2 ferredoxine I is on-
danks de redoxpotentimal metingen van Yoch en Arnon en Sweeny et gl. nog steeds
niet bepaald. ' . ‘
Yoch, D.C. and Arnen, D.I. (1972) J. Biol. Chem. 247, 4514-
4520, . '

Sweeny, W.V., Rabinowitz, J.C. and Yoch, D.C. (1975) J.‘Bigl.
Chem. 250, 7842-7847. : -

4.
De door Abramovitz en Massey aangedragen experimenten leveren onvoldoende bewijs
voor het bestaan van een charge-transfer complex tussen cold yellow enzyme en
fenolen.
Abramovitz, A.S5, and Massey, V. (1976) J. Blol, Chem, 251,
5327-5336.



5

De opvatting van Edmondson en Tellin, dat de ionisatie toestand van het san fla-
vodoxine gebonden flavine hydrbchinén bepaalt of wvolledige reductie van flavo-
dexine kan worden verkregen of niet, is niet bewezen.

Edmenson, D. E. and Tollin, G. (1971) Biochemistry

10, 133-1u5,

<]
Song heeft zich de beperkingen van -de gebruikte rekenmethode om de ligging van
triplet niveaus te voorspellen niet gerealiseerd,

Song, P.S. (1969) J. Phys. Chem. 72, 536-5u42,

7
De verklaring gegeven door Dénairié et al. voor het fait dat adenine-behoeftige
muitanten van Rhizobiuwm zich niet tot stikstofbindende bacteroiden ontwikkelen,
is hoogst speculatief.
Dénarié, J., Truchet, G. and Bergeron, B.: In: Symbiotic
nitrogenfixatien in plants (P.S. Nutman, ed.) 47-61
Cambridge University Press, Cambridge 1976.

8
Het invoeren van kabel-t.v. kan de democratisering op plaatseliik niveau sterk
bevorderen en het ware gezicht van plaatselijke hoogwaardigheidsbekleders dui-

delijk deoen uitkomen.

9

De huidige mogelijkheid rente onbeperkt aftrekbaar te doen zijn van het belast-

baar inkomen is onrechtvaardig en werkt denivellerend.
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List of abbreviations

ADP
AMP
ATP
CoA
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EDTA
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P
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List of enzymes

In this thesis the non-systematic names of enzymes are used. This list includes
the trivial and the systematic names of the enzymes; also is included the enzyme
number according to the Report of the Commission for Enzymes of the Internatjonal

Union of Biochemistry.

EC number Systematic name Trivial name

3.6.1.3 ATP phosphohydrolase ATPase

4,1,2.14 3-deoxy—2-keto—-6-phosphoglucenate
glyceraldehyde—3-phosphate-lyase

1.1.3.4 B-D-glucose: oxygen l-oxido- glucose oxidase
reductase

1.1.1.49 D-glucose-6-phosphate: NADP* glucose~6-phosphate dehydrogenase
I-oxidoreductase

1.11,1,6 hydrogen-peroxide: hydrogen catalase
peroxide oxidoreductase

l.1.1.44 6-phospho-D-gluccnate: NADP* 6-phosphogluconate
2-oxidoreductase dehydrogenase
{decarboxylating)

4,2.1,12 6-phosphogluconate hydro-lyase

1.2.4,1 pyruvate: lipoate oxido- pyruvate dehydrogenase
reductase complex

{acceptor acylating)
1.6.1.1 Reduced-NADE™: NAD® oxido- NAD(P)+ transhydrogenase
reductase

nitrogenase

"



Introduction

GENERAL INFORMATION ABOUT NITROGEN FIXATION

The reduction of molecular nitrogen to ammonia has long been known to be a
property of microorganisms present in the root nodules of legumenes.

Hellriegel & wWithfarth (1) were the first ones to demonstrate biological
nitrogen fixation back in 1880, but in the following 60 years only four
organisms were shown to carry out this reaction: the free-living bacteria
Azotobacter spp and Clostridium spp; the obligatory symbiotic RAZzebium spp~
legume asscciations and the blue-green algae Nosioc. In the past 20 years
there has been a great upsurge of research intoc many aspects of nitrogen
fixation, a change that has been due largely to the development of new methods
for measuring the process. In the early studies, nitrogen reduction was detect-
ed by using the insensitive Kjehldahl method to measure the total nitrogen
content of microorganisms or plants before and after growth in media in which
the sole source of nitrogen was molecular nitrogen. The introduction by Burris
and Miller in 1942 of isctopic methods provided a more sensitive and convenient
way of following the reaction. Work on the biochemistry of the process start-
ed, following the demonstration in 1960 that cell-free extracts of Clostridium
pasteuriqrum produce ammonium ions from nitrogen (2).

The enzyme responsible for the catalysis of nitrogen reduction to ammonia has
been termed nitrogenase. The discovery that the enzyme will also reduce
acetylene to ethylene, a compound which can rapidly and sensitively determined
by gas chromatographic techniques, ushered in the explosion of research on
nitrogen fixation that exists at the present time. A historical review of the
developments in the field beiween 1920 and 1970 has been written by Burris(3).

Nitrogen fixation research can roughly be devided into the following direc-
tions. Recent reviews, books or articles are given.

a. biology 6,7)

b. molecular biology {(8-10)

c. enzymology (11-15)

d. physiology (14-17)

e. chemical nitrogen fixation (14,15,18,19)

13



INTRODUCTION TO AEROBIC NITROGEN FIXATION

The main aim of this thesis is to describe how obligate aerobes such as
Azotobacter vinelandii, are able to carry out the very reductive process of
nitrogen fixation in an sercbic environment. The problem is divided into
two parts: 1) Generation of reducing equivalents for nitrogenase;

2) protection of nitrogenase against inactivation by oxygen.

1. GENERATION OF REDUCING EQUIVALENTS

In anaerobic nitrogen-fixing organisms reduced ferredoxin is the physiological
electron donor for nitrogenase. Ferredoxin can be reduced in different ways:
by pyruvate in the so-called phosphereclastic reaction, an activity which

has been detected in Clostridiunm pasteurigmm (20), Bacillus polymyxza(21),
Klebatella preumoniae(22); and by other strong reducing agents such as H2

or formate (22,23).

Ferredoxin is also the electron donor for nitrogenase in photosynthetic
bacteria and blue-green algae, the ferredoxin in turn being reduced in a light
reaction with photosystem I or by pyruvate and pyruvate dehydrogenase. It was
shown that NADPH via ferredoxin:NADP® oxidoreductase, which enzyme was demon-
strated to be present in these organisms and ferredoxin can act as an electron
donor for nitrogenase (24-28).

Although low potential electron carriers which will react with nitrogenase
have been isolated from aerobic organisms (20,29), the physiological electron
donor and the ultimate source of reducing equivalents for N2 reduction in such
organisms as Azotobacter sSpp, Mycobacterium flavum and Rhizobium spp is still
unknown. Ferredoxins have been isclated from Azctobacter (31), Rhizcbium
bacteriods (32) and Mycobacteriwm flavum. The low potential flavoprotein
electron carrier, flavodoxin, has been isolated from Azotobaeter (34,35) and
Rhizob{wm bacteriods (36,37). Both types of carriers were found to mediate the
transfer of electrons from illuminated spinach chloroplasts to a nitrogenase
preparation. Much lower activities are found when the reducing equivalents

are obtained from oxidizable organic compounds, such as glucose-6-phosphate
or isocitrate and coupled to nitrogenase through NADP+, spinach ferredoxin~
NADP" oxidoreductase and ferredoxin.

Enzymes which couple the oxidation of pyruvate or NAD(P)H to the reducticn
of ferredoxin or flavodoxin have not yet been detected in obligate aercbic
nitrogen-fixing organisms. Nevertheless an electron transport chain to
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nitrogenase in Azotobacter vinelandii or Rhizobium bacteriods has been
postulated (29,33). It was proposed that a high NADPH/NADP+ ratio provides
the reducing power and that reducing equivalents from NADPH are transfered

to nitrogenase via a heat-labile factor, ferredoxin and flavodoxin (29). In
paper I however it will be shown that in intact Azotobacter vinglandiz
electron transport to nitrogenase is regulated not by the NAD(P)H/NAD(P)+
ratic but by the energized state of the cytoplasmic membrane. This conclusion
suggests that the electron transport chain to the nitrogenase may be localiz-
ed within the cytoplasmic membrane. In paper III it will be shown that an
intact cytoplasmic membrane is necessary, for coupling between pyruvate oxi-
dation and nitrogenase activity. In addition it will be shown, that reduced
flavodoxin can act as a reductant for nitrogenase and that reduced ferredoxin
cannot. Furthermore it will be shown that flavodoxin in intact structures from
the cell is not soluble, but is more-or-less buried within the membrane.

In paper IV the presence of a membrane-bound NAD(P}H: flavodoxin oxidoreduc-
tase is demonstrated. In that paper the role of the cytoplasmic membrane in
electren donation to nitrogenase of Azotobacter is summarized.

2. OXYGEN PROTECTION OF NITROGENASE

Nitrogen fixation is an anaercbic process; the arguments for this postulate
are reviewed by Yates and Jones (38). For aerobically nitrogen-fixing
organisms several protection mechanisms against oxygen have been proposed.

1.  In nodules of legumes, leghemoglobin plays an important role in nitrogen
fixation. a. Leghemoglobin has a high affinity for oxygen (39). This
facilitates a high flux of oxygen, at a low concentration, to the bac-
teroids. b. Oxyleghemoglobin increases the efficiency of oxidative phos-
phorylation in intact bacteroids (40,41).

2. Most blue-green algae which fix N, in air possess characteristic cells,
called heterocysts. It is thought that this type of cell protects the
nitrogenase against oxygen in the following ways. a. The thick-wall of the
heterocysts presents a physical barrier for oxygen (42). b. The absence
of the oxygen-evolving photosystem TI in heterocysts (43), together with
a high respiratory activity in the heterocyst (44) may aid in keeping
the oxygen concentration low.
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3. Free living bacteria which fix N2 in air also have protecting mechanisms
against oxygen. Slime production may play a role in reducing the
diffusion of 02 to the inside of the bacteria (45,46). In addition
respiratory as well as conformaticnal protection mechanisms have been
proposed (47).

a. RESPIRATION PROTECTION

It was observed that when Azotobacter was grown at a low oxygen input, the
cells were not able to fix nitrogen immediatel¥ after an increase of the
oxygen input. Following a period of adaptation, however, in which the
oxidation velocity increased, the cells were able to fix nitrogen. This
phenomenon was called respiration protection of nitrogenase. Beside the
influence of oxygen during growth on the capacity to fix nitrogen at a high
oxygen input, other effects of oxygen on the physioclogy of Azotobacter are
known. When Azotobacter cells are switched from low to high aeration, the
following phenomenon are observed.

1. The whole cell respiration increases (48,49).
The ratio N2 fixed/carbon source oxidized decreases {48).
3. The compositicn of the respiratory chain changes to give higher levels
of cytochromes and NAD(P)H oxidase activity (48,49).
4. The oxidative phosphorylation efficiency at site I and IIl decreases (49).

These data were used in proposals to clarify the nature of respiration
protection in Azotchacter (38,49,50). Under highly aerobic conditions nitro-
genase 1s inhibited and respiration is promoted via an electron pathway to
oxygen that has a low phosphorylation efficiency. These events cause a loss
of respiratory control associated with the NATH oxidation and produce a
decreased ratio of A’I*P,/ADP.Pi in whole cells. Since key enzymes in 4.vinelan—
dii{ catabolism are stimulated by ADP and AMP or inhibited by ATP, the
expected lower intracellular energy charge would lead to the observed increase
in whole cell respiration.

Paper II deals mainly with the question of respiration protection. In that
paper it will be shown that the proposed hypothesis (50) is not correct.

The composition of the respiratory chain do not show a correlaticn with the
intracellular energy charge. It is also possible to show that Azotobacter has
respiration protection even when the respiratory membranes are not adapted
to high oxygen concentrations. The experiments indicate that the increase of
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whole cell respiration in increased oxygen input during growth is due mainly
to an increase in sugar uptake and not due to a change in intracellular
energy charge or the ratio of NAD(P)HJNAD(P}+.

b. CONFORMATIONAL FROTECTION

It has long been known that nitrogenase in crude extracts of dzotobacter

is oxygen-tolerant whereas in crude extracts from anaercbic nitrogen fixers,
the enzyme is oxygen-sensitive (51,52). All purified nitrogenases, that have
been tested sofar, are oxygen sensitive. Yates (53) showed that DEAE-cellulose-
purified nitrogenase becomes oxygen sensitive, and showed further that a crude
preparation with NADH dehydrogenase activity, can restore the oxygen
stability of purified enzyme. Oppenheim et al. (54) showed that nitrogenase
cbtained from A.vinelandii by an osmitic shock was free from membranes with
NADH oxidase activity and more oxygen-sensitive than nitrogenase obtained
by disrupting the cells with a French pressure cell. Their results suggest
that the cytoplasmic membrane is in some way concerned with the oxygen
protection. Paper III presents results which indicate that nitrogenase in
Azotobacter is always protected against oxygen, independent on the cell
rupture method. Purification of the nitrogenase complex till DEAE cellulose
chromatography gives an oxygen-stable nitrogenase complex. Following DEAE-
cellulose-treatment nitrogenase is found to be oxygen-sensitive and it

can not be protected against oxygen by cytoplasmic membranes which have
high NATH dehydrogenase activity. Paper IV shows that the rate of sedimen-
taticn of nitrogenase is independent of the cell rupture method and is the
same as the soluble pyruvate dehydrogenase complex. It is also demonstrated
that a Fe-S protein stabilizes within the crude nitrogenase complex against
oxygen jnactivation.
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I Regulation of dinitrogen fixation in intact

Azotobacter vinelandii

HUUB HAAKER, ARIE DE KOK and CEES VEEGER
Department of Biochemisiry, Agricultural University, De Dreijen 1!, Wageningen (The Netherlands)
(Received April Ist, 1974)

SUMMARY

1. In intact Azotobacter vinelandii the influence of oxygen on the levels of
oxidized nicotinamide adenine dinucleotides and adenine nucleotides in relation to
nitrogenase activity was investigated.

2. The hypothesis that a high (NADH+NADPH)/(NAD*+NADP™} is the
driving force for the transport of reducing equivalents to nitrogenase in intact A.
vinelandii was found to be invalid. On the contrary, with a decreasing ratio of reduced
to oxidized pyridine nucleotides, the nitrogenase activity of the whole cells increases.

3. By measuring oxidative phosphorylation and using 9-amino acridine as a
fluorescent probe, it could be demonstrated that respiration-coupled transport of
reducing equivalents to the nitrogenase requires a high energy level of the plasma
membrane or possibly coupled to it, a high pH gradient over the cytoplasmic mem-
brane. Furthermore nitrogen fixation is controlled by the presence of oxygen and the
ATP{ADP ratio.

INTRODUCTION

Since Mortenson [1] showed how reducing equivalents are transfered to the
nitrogenase of Clostridium pasteurianum, it is generally accepted that all anaerobic or
photosynthetic nitrogen-fixing organisms use reduced ferredoxin as electron donor for
dinitrogen reduction. In these organisms ferredoxin is reduced by respectively the
phosphoroclastic and photoreceptor systems. Since that time many investigators
searched for the physiological electron donor in aerobic dinitrogen fixers {2-4]. In
the current concept, proposed by Benemann et al. [5, 6], a high NADPH/NADP™
ratio is the driving force for the transfer of electrons through.an electron carrier chain,
thus obtaining the low-potential donor system needed to reduce Component II of
the nitrogenase. Benemann et al. [5] in their experiments used cell-free extracts supple-
mented with isolated electron carriers.

This proposal was tested in intact bacteria by measuring the amounts of NAD*

Abbreviations: TTFB, 4,5,6,7-tetrachloro-2-trifluoromethylbenzimidazol; HQNO, 2-heptyl-4-
hydroxyquinoline- N-oxide.
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and NADP® in relation to the nitrogenase activity under a variety of conditions. The
relation between nitrogenase activity and energy level of the cytoplasmic membrane
was simultaneously studied.

METHODS

Growth conditions of the bacteria

Azotobacter vinelandii ATCC Strain OP was grown on a Burk’s nitrogen-free
basic salt medium [7]. The sugar oxidation of Azotobacter depends strongly upon the
oxygen input during growth [8]. During this investigation bacteria grown in batch
cultures were used. The cultures became oxygen-limited during growth, Bacteria
grown oxygen-limited had a low rate of sucrose oxidation (0.1-0.5 umoles
oxygen - min~! - mg~! protein), but a high rate of acetate oxidation (1 gmole
oxygen - min~! - mg~! protein). These cells, refered to as “oxygen-limited’ cells were
not able to reduce dinitrogen with oxygen present in the medium, with sucrose as
carbon source, This type of cell can be converted into “‘oxygen-adapted™ cells by
exposing them to oxygen in the medium for a period of 3 h, This was done with
sucrosc as carbon source, in a New Brunswick Type C30 growth vessel, supplied
with a standard New Brunswick oxygen probe. During the adaptation the sulphite
oxidation rate was 110 mmoles oxygen-1-!-h™! at a bacterial protein concentra-
tion of 0.5 mg- ml™!. “Oxygen-adapted” cells had a rate of sucrose oxidation of
0.8-1.3 pmoles oxygen - min~! - mg~! protein (cf. ref. 9).

The cells were harvested at 20 °C and then washed twice with distilled water;
the cells were suspended in water at a protein concentration of 30-60 mg/ml. Each
batch was tested for sucrose oxidation and dinitrogen reduction activity. The maxi-
mum oxidation velocity of a cell suspension and the influence of additions on the
oxygen consumption were measured with an osciilating platinum electrode from
Aminco Instruments Company. In all experiments the temperature was 24 °C.

Nitrogenase activity assay

The standard nitrogenase activity incubation mixture contained: 25 mM
Tris-HCl, 5 mM phosphate, 2 mM EDTA, final pH 7.6. At t = 0 the cells were
added to the standard incubation mixture in the cuvette and after 2 min 3 mM
MgCl,. A closed gas phase consisting of 70 %/ argon, 10 % acetylene and 20 9] oxygen
was pumped with an adjustable airpump through the incubation mixture. When
necessary, the oxygen and argon concentrations were varied. The total volume of the
gas phase varied between 100 and 160 ml, in order to limit the decline in oxygen
consumption of the gas phase to less than 1 9. The oxygen concentration in the
incubation medium was measured with a standard galvanic oxygen electrode and
oxygen analyser of the New Brunswick Scientific Company. In all experiments the
oxygen concentration in the medium was measured. At suitable time intervals aliquots
were removed from the gas phase to analyze for acetylene reduction with a Pye 104
gas chromatograph on a porapack R column,

Oxygen input assay

The oxygen input into the reaction cuvette was either determined according
to Cooper [10] or calculated from the oxidation time of a known amount of dithionite.
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For this determination the reaction cuvette contained a mixture of 25 mM Tris~HCI
(pH 7.6), 0.1 mM benzylviologen, 40 ug/ml catalase (Boehringer). The volume varied
between 4 and 10 ml. A known amount of neutralized dithionite was added, and the
benzylviologen coloured the solution blue. The gas was bubbled through the solution
till the blue colour disappeared. Then a further known amount of dithionite was added
and the time of de-colourization measured. It was checked that in the ranges used, the
oxygen input was linear with the partial oxygen tension in the gas phase and the gas
flow through the cuvette.

Determination of cofactors

The cells were fixed by rapidiy adding HCIO, to the incubation mixture up to
a final concentration of 4 %, (w/v). After 10 min at 0 °C the samples were neutralized
with solid KHCO, and stored at —20 °C. The levels of ATP, ADP, AMP, NAD " and
NADP™ were determined according to Williamson and Corkey [11). Control experi-
ments show that no non-enzymatic breakdown occurs under these conditions (less
than 5 %). Within 3 h NAD* and NADP* were determined; ATP, ADP and AMP
within 30 h. Enzymatic assays were performed with an Aminco-Chance dual wave-
length spectrophotometer.

Fluorescence assays

The total reduced pyridine nucleotide fluorescence was measured by placing the
cuvette in an Eppendorf fluorimeter (filters: excitation, 313 and 366 nm; emission, an
interference filter of 460 nm). By measuring the excitation and emission spectra of the
oxidized and reduced cells, it was checked that the fluorescence changes were due to
reduced pyridine nucleotides. In these experiments the oxygen input was changed by
variation of the oxygen tension in the gas phase by a constant gas flow through the
incubation mixture. The 9-aminoacridine fluorescence was measured with a primary
filter 405+ 436 nm and a secondary filter of 500 — 3000 nm. Because the fluorescence
of oxidized flavoproteins (transhydrogenase, lipoamide dehydrogenase) was also
detected with the filter combination used, the changes in the bactericlogical flavin
fluorescence were registrated by experiments without the dye 9-aminoacridine. Where
necessary the fluorescence emission was corrected as indicated. The fluorescence
emission spectrum of 9-aminoacridine in the energized system was identical with that
of the non-energized system. The difference was the much higher quantum yield in
the energized system.

Protein was determined with the biuret method as modified by Cleland and
Slater [12].

Chemicals and gasses

Acetylene and ethylene were purchased from Matheson, argon and oxygen
from Loosco Amsterdam, 9-aminoacridine from Fluka and 2-heptyl-4-hydroxyquino-
line-V-oxide (HQNO) from Sigma. 4,5,6,7-Tetrachloro-2-trifluoromethylbenzimida-
zol (TTFB) was a gift from Dr R. B. Beechey, Woodstock Agricuitural Rescarch
Centre, Sittingbourne, Kent (U.K.).

RESULTS

NADY, NADP™ levels and nitrogenase activity
Fig. 1 shows the effect of an increasing oxygen input on the levels of NADH
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Fig. 1. The effect of increasing oxygen input on the NAD(P)H level and nitrogenase of whole

A. vinelandii cells. “Oxygen-adapted” cells (0.42 mg/ml; sucrose oxidation, 1.3 umoles

oxygen - min~! - mg~') were suspended in 7 ml standard incubation mixture with sucrose {20 mM)

as substrate. 10 min after constant rates of acetylene reduction and oxygen consumption were reached,

the oxygen input into the reaction vessel was changed by altering the oxygen concentration in the gas

phase as indicated. At the end of the experiment the lowest (max. ox.)} and highest (max. red.)

possible level of NAD(P)H in the cells were determined by flushing with pure oxygen or dargon,
. NAD(PYH fluorescence; OO, acetylene reduction; — — —, oxygen input.

respectively.

plus NADPH compared with nitrogenase activity of whole A. vinelandii cells. This
figure shows clearly that at a higher oxygen input into the cell suspension, the amount
of intracellular NADH plus NADPH decreases. Even at a low NADH plus NADPH
level the cells are able to reduce acetylene. When the oxygen input into the cell
suspension increases beyond the maximum oxidation capacity, oxygen becomes
detectable in the medium and with a higher oxygen concentration in the medium the
nitrogenase switches off, using the terminology of Dalton and Postgate [13]. With
fluorimetric methods one cannot discriminate between NADH and NADPH levels.

The acid-stop method was used to determine the levels of the oxidized pyridine
nucleotides and adenine nucleotides in separate experiments with varying oxygen
input {Fig. 2). This figure clearly demonstrates that in whole bacteria the amounts of
NAD* and NADP" increase with increased oxygen input. Thus under these condi-
tions the intrabacterial ratios NADH/NAD* and NADPH/NADP" decrease
parallel with increased nitrogen-fixing activity of the whole cells. Between an oxygen
input of 0.14 and 0.54 pmoles oxygen - min"'-ml~! incubation mixture there is
an increase of 300 % in nitrogenase activity, but the ratic NADPH/NADP* decreases
from the maximum to almost the minimum value. In the same oxygen-input traject
the intraceilular ATP concentration increases from approx. 1.1 to 1.8 mM, assuming
5-6 pl intracellular water per mg protein (cf. ref. 14). Since no oxygen was detectable
in the medium, it means that oxygen was used totally by the respiratory system(s) of
the bacteria.

The flow rate of electrons through the respiratory chain can be influenced by a
number of inhibitors such as HQNO (refs 15-17) and CN~ (ref. 18). HQNO alone
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Fig. 2. Levels of ATP, ADP, NAD*, NADP* and nitrogenase activity in intact ceils of A. vinelandii
with different oxygen supply. ‘“Oxygen-adapted™ cells (0.8 mg/ml; sucrose oxidation; 1.1 gmoles
oxygen - min~' - mg~ "'} were suspended in 6 ml standard incubation mixture with sucrose (20 mM)
as substrate. 10 min after constant rates of acetylene reduction and oxygen consumption were
reached at the oxygen input as indicated, the total incubation mixture was fixed with HCIQ,. After
neutralization the cell extract was analyzed. (-0, ATP; O-0, ADP; §-®, NAD*; 5-m, NADP*
X 10; A- A nitrogenase activity.

inhibits the sucrose oxidation only at high concentrations, 50 %, at a concentration
of 100 uM. Low concentrations of CN~ (10 uM) enhance the inhibitory effect of
HQNO, for instance 85 % inhibition at 10 yM HQNO plus 10 uM CN . The inhibi-
tion by HQNO and CN~ (refs 18, 19) as observed with isolated membrane vesicles of
A. vinelandii, is the same as observed here with intact bacteria. Due to the strong
inhibition by the combined action of HQNG plus CN~, it was impossible to control
the rate of oxidation by the cells. Therefore high concentrations HQNO without CN~

NG
Ethylene formed
{(nmoles/min per mg )

nmoles/my,
'y

40 20 120
HQNO (M

Fig. 3. The effect of HQNO on ATP, ADP, NAD*, NADP~ levels and nitrogenase activity of
intact A. pinelandii cells under constant oxygen supply. “Oxygen-limited™ cells (1.4 mg/ml; sucrose
oxidation, 0.19 pmoles oxygen - min~? - mg~ ') were suspended in 10 ml standard incubation mixture
with sucrose (20 mM) as substrate. The oxygen input was 0.15 gmoles oxygen - min~' - ml~*. The
maximal oxygen consumption was 0.26 umoles oxygen - min™! - ml~ 1. 10 min after constant rates ol
acetylene reduction and oxygen consumption were reached at the HQNO concentrations as indicated.
the total incubation was fixed with HC10, and neutralized. (J-(J, ATP; O-C, ADP; @-@, NAD*:
-0, NADP* x 10; A-A, nitrogenase activity.
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were used to study the influence of inhibition of the respiration on the ATP, ADP,
NAD* and NADP"* levels and the nitrogenase activity (Fig. 3). At a constant oxygen
input, inhibition of the electron flow affects the nitrogenase activity considerably,
while the ATP and ADP levels are much less influenced. Under the differént condi-
tions decribed in Fig. 3 no oxygen was detectable in the medium. Therefore the
decrease in nitrogenase activity could not be due to “switching off conditions” (cf.
ref. 13).

Influence of uncoupler on nitrogenase activity

In the obligate aerobe A. vinelandii sugar is not taken up with group transloca-
tion, but is associated with the oxidatively energized cytoplasmic membrane [20]. It
is clear that de-energization of the cytoplasmic membrane by uncoupler TTFB [21],
has a direct effect on the sucrose and therefore on the oxygen uptake and intracellular
ATP concentration (Table I). The same phenomenon has been observed by Postma
[22] with the uptake and oxidation of succinate by A. vinelendii. The uptake of
acetate is not energy-linked [23], thus an uncoupler will have less effect on the rate
of oxidation of acetate. From the data presented in Table I it is clear that the acetaie
oxidation by the cells is not influenced at the concentrations of the uncoupler TTFB
used. Table I also shows that the steady-state levels of ATP, ADP and AMP of cells
which oxidize acetate are much less influenced by the uncoupler than those which
oxidize sucrose. Therefore acetate was used as substrate to test the effect of low con-
centrations of uncoupler on the nitrogenase activity of whole cells. The results are
shown in Table II. Notwithstanding the ATP and ADP levels are more or less
constant, a2 dramatic decrease in nitrogenase activity with increasing uncoupler
concentration is observed at a constant oxygen input. Since the concentrations of
ATP and ADP, being substrate and inhibitor of the nitrogenase respectively, are
practically constant, it means that at the saturating concentrations of acetylene nsed,
the flow of reducing equivalents to the nitrogenase is inhibited by uncoupler.

Furthermore the experiments show that this inhibition is accompanied by
relative small changes of the NADPH/NADP* and NADH/NAD" ratios. The
uncoupler, whose only known effect is to lower the energized state of the cytoplasmic
membrane, inhibits the transfer of reducing equivalents indicating a direct relation
between nitrogenase activity and energized state of the cytoplasmic membrane.
Control experiments have shown in accordance with previous work of Hardy et al.
[24] that in the concentration range used uncoupler has no effect on the nitrogenase
activity with Na,8,0, as eleciron donor. .

9-Aminoacridine fluorescence and nitrogenase activity

Fluorescence probes have been used to detect changes in energy levels of energy-
transducing membranes [25-28]. The probe 9-aminoacridine itself has a low un-
coupling capacity and does not influence nitrogen reduction of whole bacteria within
the concentration range used. The mitochondrial inner membrane and the bacterial
cytoplasmic membrane are thought to have the same polarity, while the chloroplast
grana membrane is opposite in polarity (cf. ref. 29). Uptake [25] or binding [27) of
the acridine dyes upon energization in chloroplasts causes a decrease of fluorescence.
Therefore an increase in fluorescence, corresponding to a release of the probe upon
energization of the bacterial cytoplasmic membrane is expected. That this is the case
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Fig. 4. Enhancement of 9-aminoacridine fluorescence by whole A. vinelandii cells upon energization.
“Oxygen-limited” cells (0.33 mg/ml; sucrose oxidation, 0.35 umoles oxygen - min~! - mg~") were
suspended in 2 ml standard incubation mixture with sucrose (20 mM), 9-aminoacridine (2 xM),
catalase (Boehringer, 20 ug/ml). At the arrows the following additions were made: H, O; (1.0 ymole),
TTFB (2 uM), acetate (20 mM), CN~ (10 xM), HQNO (10 uM). , standard incubation;
®-@, standard incubation plus HQNO and CN—; - — —, standard incubation plus acetate and TTFB.

is shown in Fig. 4. Oxygen induces energization of the membrane indicated by a
release of the probe which is seen as an enhancement of the fluorescence. De-energiza-
tion of the membrane by anaerobiosis results in a fluorescence quenching, caused by
uptake of the probe or a more polar environment. Addition of TTFB inhibits the
sucrose oxidation leading to a de-energization of the membrane. The same effect is
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Fig. 5. Enhancement of 9-aminoacridine fluorescence, ATP, NAD*, NADP* levels and nitrogenase
activity of whole A. vinelandii cells on increasing oxygen input. “Oxygen-limited™ cells (0.8 mg/ml;
sucrose oxidation, 0.46 gumoles oxygen - min—*! - mg~!) were suspended in 8 ml standard incubation
mixture containing sucrose (20 mM) and 9-aminoacridine (1 xM). The 9-aminoacridine fluorescence
enhancement is corrected for the bacterizl fluorescence emission, as described in Methods. 10 min
after constant rates of acetylene reduction and oxygen consumption wete reached at the oxygen input
as indicated, the total incubation was fixed with HCIO,. After neutralization the cell extract was
analyzed. (J-[J, ATP; @-@, NAD*; m-u, NADP* x10; A-A, nitrogenase activity; X-x,
fluorescence emission.
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seen upon inhibition of the sucrose oxidation by HQNO plus CN ™. Because in these
experiments the sucrose oxidation was inhibited, oxygen was present during the whole
experiment. Thus the observed phenomena are not due to anaerobiosis. TTFB
inhibits the formation of an energized state or pH gradient. Upon the addition of
TTFB and acetate (Fig. 4) to an anaerobic cell suspension, the oxidation is normal
(seen from the oxidation time of the H,0,) but the fluorescence enhancement is lower.
The changes as given by the dotted line of Fig. 4 are the sum of the bacterial fluores-
cence changes plus those of the dye emission. In other words much less than the changes
under energized conditions.

If the oxygen input is lower than the oxidation capacity of a cell suspension,
the fluorescence emission is not maximal. The amount of fluorescence emission was
thus used as indicator for the energy level of the cytoplasmic membrane. Fig. 5 shows
the dependence of the ATP level and nitrogenase activity on the energy level of the
cytoplasmic membrane measured with the energy-induced fluorescence enhancement
of 9-aminoacridine. It is clear from this figure that a relative high energy level of the
membrane stimulates the nitrogenase activity of whole cells. When the oxygen input
into the cell suspension gets near or exceeds the maximum oxidation velocity
(0.31 umoles oxygen - min~! - ml '), the *““switch off” phenomenon {13] is seen. The
oxygen electrode registrates free oxygen in the medium (not shown). Under these
conditions the ATP and either pH gradient or energized state are high. The data
presented here cannot discriminate between inactivation of the nitrogenase by a
conformational change or the oxidation of an electron donor or carrier. Fig. 6 shows
the influence of uncoupler on the fluorescence of 9-aminoacridine in cells with an
active nitrogenase. The initial maximum in the fluorescence emission in the presence
of 9-aminoacridine is probably due to the emission of oxidized flavoproteins. This peak
is also seen in cell suspensions without 9-aminoacridine. That the flavoproteins of the
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Fig. 6. The effect of TTFB on the fluorescence emission of 9-aminoacridine. **Oxygen-limited” cells
{0.38 mg/ml; sucrose oxidation, 0.25pgmoles oxygen min~'-mg~') were suspended in 4 ml
standard incubation mixture with acetate (20 mM) and 9-aminoacridine (2 #M). 10 min after a
constant rate of oxygen consumption was reached (not shown), the gas-flow stopped. After anaero-
biosis for 5 min the gas-flow restarted. TTFB was added in the concentration indicated. 8 min after
constant rates of oxygen consumption and acetylene reduction were reached, the total incubation
was fixed with HCIO,. After neutralization the cell extract was analyzed. The results arc given in
Table iII. The dotted line represents the fluorescence emission changes without added 9-amino-
acridine.
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bacteria are oxidized during the first minute is in agreement witn a lag that is seen in
the oxidation rate. This is also found by Postma and Van Dam [14], who concluded
that during the first minute of succinate oxidation the cells had build up a steady-state
concentration of Krebs-cycle intermediates. As indicated in Fig. 6, TTFB lowers the
fluorescence of 9-aminoacridine. Table ITI shows the nitrogenase activity and adenine
nucleotide levels of the incubations of Fig. 6. It is clearly shown that there is a close
relation between nitrogenase activity and height of 9-aminoacridine fluorescence
emission. TTFB, at the concentrations used, does not influence the adenine nucleotide
levels.

DISCUSSION

In the past decade several proposals have been put forward for the mechanism
of electron donation to the nitrogenase in obligate aerobic organisms such as A.
vinelandii. According to the recent hypothesis of Benemann et al. {5, 6], a high ratio
NADPH/NADP® is the driving force for electron transport to the nitrogenase in an
electron transport chain consisting of NADPH ferredoxin oxidoreductase (added
from spinach), ferredoxin and Shethna flavoprotein (azotoflavin).

These experiments were done with cell-free extracts from A. vinelandii. From
our experiments it is clear that an increase in nitrogenase activity in whole cells
coincides with an increase in NADP* content and thus with a lower ratio
NADPH/NADP™ (Figs 2 and 5). Since in some of these experiments the ATP level
increases concomitantly, it could be argued that ATP, being a substrate for nitro-
genase, is the cause of the increased activity. From the value of 5-6 ul intraceilular
water per mg protein [[4], it can be calculated that the ATP concentration in the
respiring cells varies between 1.0 and 2.0 mM, well above the K, vafue of 0.1-0.3 mM
(refs 30 and 31) of the isolated enzyme. Assuming a similar cooperative inhibitory rate
of ADP as observed with the purified nitrogenase from C. pasteurianum [30], the
large increase in nitrogenase activity (300 % or more) can be expected as consequence
of the regulation by the intracellular ATP/ADP ratio.

In these experiments acetylene is added in saturating amounts, therefore it can
be concluded that under these conditions three possibilities exist: 1. During the whole
oxygen-input traject the nitrogenase activity is regulated by the ATP/ADP ratio.
Under these conditions a lowering of the NADPH/NADP" has no effect on the total
nitrogenase activity. But according to the simple system proposed by Benemann et al.
[5, 6], a high ratio NADPH/NADP" is required to decrease the redox potential of
the electron carriers enough to give nitrogenase activity. Our results indicate that
even at a very unfavourable ratio NADPH/NADP®, the nitrogenase activity is
maximal. Therefore it is unlikely that this simple system operates as the driving force
for the donation of reducing equivalents to the nitrogenase in A. vinelandii. 2. During
the whole oxygen-input curve the overall nitrogenase activity is rate-limited by the
generation of reducing equivalents. This possibility is also unlikely, because where
initially the cells are in a highly reduced state a lag in nitrogenase activity is observed.
3. Upon increase of the oxygen input the overall nitrogenase activity is initially
regulated by the ATP/ADP ratio, but at the end of the curve where the nitrogenase
activity is maximal, the generation of reducing equivalents is rate limiting. An increase
in electron transport through the respiratory chain (Figs 2 and 5) stimulates the

32




overall nitrogenase activity, while a decrease in electron transport (Fig. 3) inhibits
the nitrogenase activity. During an oxygen-input curve there is an increase in meta-
bolic activity or possibly a change in metabolic pattern and an increase in electron
transport associated with the energized state of the cytoplasmic membrane. In order
to discriminate between the production of a metabolite acting as electron donor for
nitrogenase and a process connected with the driving force of the energized mem-
brane, the uncoupler TTFB was used. The oxidation velocity of acetate by 4. vine-
landii is hardly influenced by addition of TTFB (Tables I and 11} which creates a low
energy state (Figs 4 and 6) together with a relative high ATP/ADP level (Tables I,
1T and III).

Under these conditions where the metabolic activity and the ATP/ADP ratio
are constant, the nitrogenase activity is totally inhibited by TTFB. Because no other
effects of TTFB than uncoupling have been found, it means that TTFB inhibits the
nitrogenase activity by lowering the energized state of the membrane. This is seen in
Fig. 6. From this figure and Table III we can conclude that there is a direct relation-
ship between the generation of reducing equivalents and oxidatively generated mem-
branc cnergy. Whether dinitrogen reduction is directly coupled with the membrane
potential or is coupled to an outwards proton movement through the membrane (pH
gradient) cannot be derived from these data.

In addition to regulation by the ATP/ADP ratio and electron transfer connected
with membrane energization a third mechanism of switch off by oxygen (cf. ref. 13)is
clearly distinguishable. So far this process does not seem to be related with any of the
parameters measured in this study. Work is in progress to characterize the interaction
between the energized membrane and generation of reducing equivalents for the
nitrogenase in A. vinelandii.
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The levels of the adenine nucleotides, pyridine nucleotides and the kinetical parameters of the
enzymes of the Entner-Doudoroff pathway (glucose-6-phosphate dehydrogenase and 6-phospho-
gluconate dehydrogenase) were determined in Azetobacter virelandii cells, grown under O,- or N,-
limiting conditions. It was concluded that the levels of both the adenine nucleotides and pyridine
nucleotides do not limit the rate of sucrose oxidation,

Experiments with radioactive pyruvate and sucrose show that the rate of sucrose oxidation of
Azotobacter cells is associated with an increase in the rate of sucrose uptake. The sites of oxidative
phosphorylation and the composition of the respiratory membranes with respect to cytochromes
ca + ¢s, b and d differ in cells growth either Oz- or N;-limited. It was possible to show that the respira-
tion protection of the nitrogen-fixing system in Azotobacter is mainly independent of the oxidation
capacity of the cells. The oxidation capacity intrinsically depends on the type of substrate and can be
partly adapted. The maximum activity of the nitrogenase in Azotobacter depends on the type of
substrate oxidized. Although the level of energy charge is somewhat dependent on the type of substrate
used, no obvious relation can be derived between chariges in energy charge and nitrogenase activity.

An alternative proposal is given.

Obligate aerobic organisms which fix dinitrogen
need a device to protect their nitrogen fixing system
against oxygen. According to Dalton and Postgate [1)
two protecting mechanisms operate in whole cells of
Azotobacter : firstly, a so-called switch-on/switch-off
mechanism giving short time protection against
moderate oxygen concentrations; secondly, adaptation
of the oxidation velocity to the O, input. Drozd and
Postgate [2] reported that the Qp, and cytochrome &
content increase when the p(Q; is increased during
growth. Jones and coworkers [3,4] investigated the
dependence of cytochrome content, oxidative phos-
phorylation efficiency and whole cell respiration on
the O, input during growth. 1solated membranes from
cells grown at high oxygen input, showed a decrease
in phosphorylation efficiency, which correlated with
a decrease in ATP levels in whole cells. The incteased
sugar respiration was attributed to this effect, namely
an activation of the key enzymes in sugar catabolism
by the lower ATP level. In many cases however the
concentrations of all three adenine nucleotides, inter-

Enzymes. Glucose-6-phosphate dehydropenase or p-glucose-
6-phosphate : NADP™ oxidoreductase (EC 1.1.1.49); 6-phospho-
gluconate dehydrogenase or 6-phosphogluconate : NADP™ oxido-
reductase {EC 1.1.1.44); 6-phosphogluconate hydro-lyase (EC 4.2,
1.12); 3-deoxy-2-keto-6-phosphogiuconate aldolase is 3-deoxy-2-
keto-6-phosphogiuconate glyceraldehyde-3-phosphate-lyase {EC 4.
1214y,

related by the adenylate kinase reaction, the so-called
energy charge (¢/. [5]), determines the regulation.
Since Jones and coworkers measured only ATP
levels in intact cells, we decided to check their proposal
by determining the levels of the adenine and pyridine
nucleotides in relation to the ability of the growing
cells to protect the nitrogen-fixing system against
oxygen. Because chemostat-grown cells are better
defined than batch-grown cells we used a chemostat
for culturing the bacteria. Two types of cells were
used; cells whose growth rate was limited by O,
(cells grown O;-limited), and cells grown with excess
oxygen and substrates, whose growth rate was limited
by the nitrogen fixation (cells grown N;-limited).
Some properties of the two types of cells were com-
pared in relation with the adaptation of the A. vinelan-
dii_respiration to the oxygen concentration during
growth and the cytochrome composition. In addition
the oxidative phosphorylation of respiratory mem-
branes isolated from the types of cells were compared.

MATERIALS AND METHODS

Growth Conditions of the Bacteria

A, vinelandii ATCC strain O.P. was grown on a
Burk’s nitrogen-free basic salt medium [6] in a New
Brunswick type C30 chemostat supplied with an oxy-
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gen electrode. Two types of cells were used; cells
whose growth rate was limited by O, (oxygen input
32mmol Q,-17'.h7!; dilution rate 0.1 h~!), and
cells whose growth rate was limited by the N,-fixation
with O, present in the mediurn, as discussed by Dalton
and Postgate 7] (oxvgen input 90 mmol Q, 17"
-h™!; dilution rate 0.1 h™1), Cells were harvested
from the bulk of the growth medium in the chemostat
rather than taking cells from the effluent. The culture
was centrifuged (10000 x g, 10 min) at 20 °C to main-
tain respiratory protection of nitrogenase. After
washing the cells twice with distilled water, they were
suspended in water as 0 °C at a protein concentration
of 20— 60 mg/mi. In all experiments the temperature
was 25 °C.

Nitrogenase Activity Assay
and Determination of Nucleotides

The standard incubation mixturecontained: 25mM
Tris-HCL, 1 mM KC1 5 mM MgCl; and 10 mM sub-
strate final pH 7.6. The cells were preincubated for
5 min at an oxygen input of about 1/3 of the maximum
oxidation capacity {(independently determined) to
restore the intracellular cofactor concentration. The
oxygen input was then adjusted to the required level
and 10 min after constant rates of acetylene reduction
and oxygen consumption were reached at the oxygen
input indicated, the total incubation mixture was
fixed by rapidly adding HCIO, up to a final concen-
tration of 4 %, {w/v). After neutralization with KHCO,
the adenine nucleotides and pyridine dinucleotides
were determined as described earlier [8). When the
oxygen input was zero the incubation mixture was
fixed 2 min after anaerobic conditions had been
reached. The time sequence is important, firstly to
enable the anaerobic equilibrium to be reached and
secondly to avoid the breakdown of the adenine
nucleotides [9].

Measurements of Oxygen Consumption

Oxygen consumption was measured with a Clark
type electrode (Yellow Spring Instruments). Bacterial
cells were suspended in the standard incubation
mixture with 10 mM substrate at a protein concen-
tration of 0.01—0.1 mg/ml. Oxygen consumption
was measured during at least 10 min, All rates are
corrected for endogenous respiration. Oxygen input
into the vessel was calculated according to Cooper [10].
Protein was determined with the biuret method as
modified by Cleland and Slater [11].

Preparation of Respiratory Membranes
and Assay of Oxidative Phosphorylation

The respiratory membranes from the chemostat-
grown cells were prepared exactly as described by

36

Ackrell and Jones [12]. The membrane preparation
was used immediately. The assay mixture contained
at a final pH of 6.8: 40 mM piperazine N,N'-bis-2-
ethane sulphonic acid (PIPES) buffer, 10 mM MgCl.,
0.5 mM ADP, 5 mM glucose, 5 mM phosphate and
10 U dialysed veast hexokinase (Boehringer). Respira-
tory membranes (maximum oxygen consumption
20 mmol OQ;/min at maximum amount of 20 pg, final
volume 1.6 ml) were incubated 3 min in the assay
mixture.

The reaction was started by adding substrate.
Final concentrations: 1 mM NADH, 4 mM p,1L-
malate, 4 mM ascorbate plus 0.1 mM 2, 6-dichloro-
mdophenol or 0.1 mM tetramethyl-phenylene-diamine.
The reaction was stopped after 5 min by transferring
1 ml of the reaction mixture into 0.1 M ice-cold
HCIO, 402, (w/v). After removal of the protein
by centrifugation (3000 x g, 20 min) the aliquot was
neutralized and its content of glucose 6-phosphate
was determined. In the control experiments the sub-
strate was omitted.

Cyiochromes

Cytochromes ¢, + ¢5, & + 0, g and & in mem-
branes were analysed by measuring difference spectra
between oxidized membranes and membranes reduced
with dithionite; cytochrome o was analysed by miea-
suring difference spectra between membranes reduced
with dithicnite plus CO and membranes reduced with
dithionite, Because of the contribution of cytochromes
¢4 + ¢5 to the spectrum of cytochrome §; + o, it was
necessary to use a small slit (<0.6 nm bandwith).
The amounts of cytochsomee and b + o were
calculated from the spectra according to Sinclear
and White [13]. Because cytochrome 5, and o have
their maximum absorbance at the same wavelength,
the net cytochrome b, content was determined
by subtracting the concentration of cytochrome o
from b, + o. The molar absorption coefficients of
cytochrome ¢y + ¢5, By + o, d and o were used as re-
ported by Jones and Redfearn [14] respectively by
Sinclear and White {13]. Cytochrome concentrations
were expressed as nmol/mg protein. The specira were
scanned on an Amino-Chance dual wavelength spec-
trophotometer.

Preparation and Assays of Soluble Enzymes

Freshly harvested cells (160—210 mg protein in
25mM Tris-HCI and 1 mM dithiothreitol, final vol-
ume 10 ml, pH 7.6) were sonicated for 90 s in a MSE
sonifier. After centrifugation of the broken cells
(20000 x g for 30 min), the supernatant was cen-
trifuged 120 min at 200000 x g. The resulting super-
natant was dialysed for 2 h against 21 25 mM Tris-
HCl and 1 mM EDTA pH 7.6 at 4 °C. After dialysis,




1 mM dithiothreitol was added. Glucose-6-phosphate
dehydrogenase, 6-phosphogluconate dehydrogenase,
6-phosphogluconate hydro-lyase and 3-deoxy-2-oxo-
6-phosphogluconate aldolase were determined ac-
cording to Senior and Dawes [15].

Incorporation of Radioactive Sucrose or Pyruvate
and "*CO, Assay

The incubation mixture contained at a final
pH 7.6: 25 mM Tris-[ICl, 10 mM substrate ([U-**CJ-
sucrose or [2-"*C]pyruvate). The reaction was started
by adding A. vinelandii cells, 0.3—0.6 mg protein,
final volume 0.5 ml. Air was bubbled through the
solution to keep it aerobic and the reaction was
terminated by adding an 0.1 ml aliquot of the reac-
tion mixture to 5ml! 10 mM Tris-HC! and 10 mM
dithionite, final pH 7.5. The cells were collected on a
millipore filter (pore size, 0.45 um) and washed on
the filter with Sml of the Tris-dithionite mixture.
Postma [16] has shown that under anaerobic condition
no leakage of Krebs-cycle intermediates occurs from
the cells, although they are taken up energy dependent-
ly. The filters were transfered to 0.5 ml soluene
(Packard) and afier adding scintillation liquid the
radioactivity was counted.

Assays involving the liberation of *CO, were
carried out in Warburg vessels. The reaction mixture
in the main vessel contained 25 mM Tris-HCI, 10 mM
labeled substrate and 0.3— 0.6 mg protein in a final
volume of 0.2 ml and a final pH 7.6. The reaction
was started by addition of cells and stopped by adding
0.1 ml 2.5 M H,80, from the side-arm. The centre
wall contained 0.05ml 3.3M KOH on a strip of
Whatmann paper. After shaking the mixture for 1 h
the filter paper was transfered to 0.5 ml soluenc
(Packard) and counted as described above. The
respiration activity .of the cells was determined under
the same conditions in paralle! experiments with an
Clark type oxygen electrode.

Special Chemicals

[U-¥C]Sucrose and [2-"*Clpyrvovate were ob-
tained from the Radiochemical Centre (Amersham),

RESULTS

The rate of sucrose oxidation of cells grown
O,-limited is 20—140 nmol O, - min~' - mg~!; the
oxidation rate pyruvate is considerably higher 300—
600 nmol O, - min™" - mg~!. The large fluctuations
in rate of sucrose oxidation depend strongly on small
variations in growth conditions. In contrast cells
grown N,-limited oxidize sucrose and pyruvate at
about the same rate (300—600 nmol O, - min~!

-mg~"). The observed differences in sucrose oxidation
might be due to either a direct effect on metabolic
rate or an effect on the rate of uptake of this
substrate. It is well known that ATP, ADP, NADH
and NADPH affect the activity of the enzymes of
both the Entner Doudoroff and oxidative pentose
phosphate cycle pathways in Azotobacter beijerinkii
[153. Still and Wang [17} showed that the Entner
Doudoroff pathway is the most important pathway
for the degradation of sugar in Azotebacter species.
Though changes in metabolic rate may be induced
by these nucleotides, other possibilities are changes
in concentration of the enzymes catalysing rate-
limiting steps or a change in kinetic pattern of
individual enzymes in the two kinds of cells used.
Therefore we studied the influence of growth condi-
tions on the kinetic parameters of the key enzymes of
the Entner Doudoroff pathway glucose-6-phosphaie
dehydrogenase, 6-phoesphogluconate hydro-lyase and
6-phosphogluconate aldolase and the first enzyme of
the oxidative pentose phosphate cycle, 6-phospho-
gluconate dehydrogenase {Fig. 1, Table 1).

The glucose-6-phosphate dehydrogenase in ex-
tracts of A. vinelandii has unusual properties. Is has
about the same maximum velocity with NAD™ and
NADP* but in contrast to other glucose-6-phosphate
dehydrogenases which are also active with both
pyridine nucleotides [18—21] the plot of rate versus
NADP™* concentration is not sigmoidal but biphasic
{Fig.1). The double reciprocal plot shows two linear
regions, one presenting a site with a high affinity
for NADP* (K, ® 16 uM) and one a site with
a low affinity (K, = 0.17 mM). The double reci-
procal plot of velocity versus NAD* concentration
is linear and gives K, (NAD*) of 0.12 mM.

The specific activities of two of the enzymes of
the Entner-Doudoroff pathway are the same in ex-
tracts from cells grown O,- or N,-limited (Table 1).
However the K, (gluconate) of 6-phosphogluconate
dehydrogenase is three times larger in cells grown
N,-limited. In addition the specific activity of glucose-
6-phosphate dehydrogenase, the first enzyme of both
the Entner-Doudorofl pathway and the oxidative
pentose phosphate cycle, shows a 3 —4 fold increase in
extracts of cells grown N,-limited.

Senior and Dawes [15] studied the regulation of
glucose metabolism in A. beijerinckii and observed
inhibition by ATP of glucose-6-phosphate dehydro-
genase, 6-phosphogluconate hydro-lyase and 6-phos-
phogluconate aldolase. Rather than using ATP alone,
we studied the effect of the energy charge (¢f. [S]) on
the activities of these three enzymes. Fig.2 shows the
influence of glucose 6-phosphate on the activity of
glucose-6-phosphate dehydrogenase at a saturating
concentration of NADP* and at energy charges of
0.3 and 0.9, Similar results were obtained when NAD*
was substituted for NADDP*_ It js clear that at concen-
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