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The nitrogenase activity of the microaerophilic bacteria Azospirillum brasiknse and A. lipoferum was
completely inhibited by 2.0 kPa of oxygen (approximately 0.02 atm of 02) in equilibrium with the solution. The
activity could be partially recovered at optimal oxygen concentrations of 0.2 kPa. In contrast to the NH4+
switch off, no covalent modification of the nitrogenase reductase (Fe protein) was involved, as demonstrated by
Western-blotting and 32P-labeling experiments. However, the inhibition of the nitrogenase activity under
anaerobic conditions was correlated with covalent modification of the Fe protein. In contrast to the NH4'
switch off, no increase in the cellular glutamine pool and no modification of the glutamine synthetase occurred
under anaerobic switch-off conditions. Therefore, a redox signal, independent of the nitrogen control of the
cell, may trigger the covalent modification of the nitrogenase reductase of A. brasilense and A. lipoferum.

The biological process of nitrogen fixation is tightly regu-
lated. Besides the multiple regulation of nifgene expression
by nitrogen compounds, oxygen, and temperature (25), the
nitrogenase activity itself can be regulated precisely. In a
variety of N2-fixing bacteria, the addition of ammonium
chloride causes a rapid and reversible inhibition of nitroge-
nase activity (15, 27, 37). In some phototrophic bacteria (37)
and in Azospirillum brasilense and A. lipoferum (8), a
covalent modification of the nitrogenase reductase (Fe pro-
tein) causes a reversible inhibition of nitrogenase activity
when low concentrations of ammonium chloride are added
(NH4' switch off). In Rhodospirillum rubrum ADP-ribose
was identified as the modifying group (24), and NAD was
demonstrated as the possible donor molecule (16).
A partially reversible oxygen switch off of nitrogenase

activity was first reported for Azotobacter chroococcum (4)
and has now been described for a number of N2-fixing
bacteria (5, 10, 11, 23, 26, 33). In Azotobacter spp., the
reversible oxygen switch off has been correlated with the
formation of an oxygen-insensitive, inactive complex of the
nitrogenase with an Fe)S2 protein (28, 30). Either the diver-
sion of electrons towards respiration or the oxidation of
electron donors (e.g., flavodoxin and hydroquinone) to ni-
trogenase at increased oxygen levels is an alternative expla-
nation for the reversible inhibition of nitrogenase activity by
oxygen (21, 26, 34, 35).

In the search for other possible mechanisms of nitrogenase
regulation by oxygen, N2-fixing bacteria capable of inactiva-
tion by covalent modification of the Fe protein are interest-
ing candidates. In previous studies with R. rubrum, the Fe
protein was covalently modified when the cells were incu-
bated at high oxygen concentrations (13). However, there
was not a good correlation between the time courses for the
loss of nitrogenase activity and for the modification process.
A. brasilense and A. lipoferum, which possess the modifica-
tion-inactivation system of the Fe protein of nitrogenase (8,
17, 22), are unable to fix nitrogen under anaerobic conditions
or at a high 02 concentration (1). These microaerophilic
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bacteria can fix N2 only under a narrow range of very low
oxygen concentrations (0.001 to 0.005 atm [0.1 to 0.5 kPa]) of
02 (1). In this paper, we present evidence that the Fe protein
of nitrogenase of A. brasilense and A. lipoferum is not
modified during the rapid and reversible inhibition of nitro-
genase by oxygen but that it is modified under anaerobic
conditions.

MATERIALS AND METHODS
Organisms and culture conditions. A. brasilense Sp7

(ATCC 29145) and A. lipoferum SpRG20a (ATCC 29708)
were obtained from the American Type Culture Collection,
Rockville, Md. The strains were grown in minimal salt
medium with malate as the carbon source, as described by
Albrecht and Okon (1). Growth on N2 was obtained in a
nitrogen-free nmedium under microaerobic conditions (0.3
kPa of dissolved oxygen) controlled by an oxystat and at a
constant pH of 6.8 to 7.0 (1, 8).

Nitrogenase assays. For whole-cell nitrogenase assays, a
sample (15 ml) of the N2-fixing culture was transferred to an
anaerobic chamber (total volume, 130 ml) with an oxygen
probe in the solution and a rapidly stirring magnetic bar. This
device allowed the simultaneous measurement of the acety-
lene reduction activity and the dissolved-oxygen concentra-
tion (11). After the dissolved-oxygen concentration was
adjusted to 0.2 kPa, acetylene (10 kPa) was injected, and gas
samples were withdrawn periodically for gas chromato-
graphic analysis of the ethylene produced (3). By injection of
oxygen or flushing with pure nitrogen gas, the oxygen
concentrations in the incubation chamber could be manipu-
lated easily.
The in vitro nitrogenase activity of cell extracts was

determined with the dithionite-dependent reaction in the
absence of Mn2+, as described previously (32).
Western blotting. To analyze the status of the Fe protein

and the glutamine synthetase at different oxygen concentra-
tions, culture samples (10 ml) were withdrawn from the
incubation chamber, quickly filtered through glass
microfiber filters (8), and frozen in liquid N2. Quick extracts
were prepared as described by Kanemoto and Ludden (13).
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
electrotransfer to nitrocellulose membranes, and treatments
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FIG. 1. Inhibition of nitrogenase activity by oxygen in A.
brasilense Sp7. The nitrogenase activity of an exponentially growing
culture (A580, 2.0 to 2.2) was measured in a rapidly stirred incubation
chamber (see Materials and Methods) with 0.2 kPa of dissolved
oxygen initially. At 15 min, the oxygen concentration was increased
to 2.0 kPa. At 25 min, the chamber was flushed with pure nitrogen
gas, and the assay was restarted by the injection of acetylene (10
kPa) at 0.2 kPa of dissolved oxygen. At 25 min (end of the oxygen
stress period), chloramphenicol (100 ,ug/ml) was added (0), or no
chloramphenicol was added (0).

with antisera were performed as described previously (8).
Control blots with preimmune sera were performed and gave
no staining. After being stained with horseradish peroxidase
development reagent, the protein bands on the wet nitrocel-
lulose membranes were scanned with a Zeineh soft laser
densitometer.

32P-labeling experiments. The culture was grown in a
low-phosphate medium in the presence of 1 mCi of 32po43-
(9). Samples were taken from the incubation chamber as
described above. For the analysis of 32p labeling of Fe
protein subunits, immunoprecipitation was performed with
antiserum against the R. rubrum Fe protein (kindly provided
by P. W. Ludden) and with protein A-bearing Staphylococ-
cus aureus cells (8). After sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, autoradiograms of the
dried gels were made at -80°C with an intensifying screen
and Kodak X-Omat AR film.

Glutamine synthetase assay. The synthetic reaction was
measured as described by Kleinschmidt and Kleiner (14).
The activity obtained in the presence of Mg2+ was a suitable
measure of the active form of glutamine synthetase.
Amino acid analysis. The intracellular amino acid pools

were calculated from the amino acid contents in quick
extracts of filtered cells from the incubation chamber. The
extracts were treated with 5% trichloroacetic acid and then
held on ice for 1 h; the extracts were neutralized with KOH
and centrifuged, and the supernatants were stored in liquid
N2. Before high-pressure liquid chromatography analysis,
the samples were treated with o-phthalaldehyde reagent.
The samples were mixed with the same volume of the
reagent solution (6 mM o-phthalaldehyde in methanol-0.4 M
sodium borate, pH 9.5 [1:24,vol/vol] containing 12 mM
P-mercaptoethanol) and incubated at room temperature for
100 s. Samples (50 ,ul) were loaded onto a reversed-phase
column (C18-resin) in a high-pressure liquid chromatograph
(Waters Associates, Inc.) with a fluorometric detector
(Gilson Medical Electronics, Inc.). The solvent program was

a linear gradient from 0 to 70% of solution B (methanol-20
mM potassium phosphate buffer, pH 7.2 [65:35]) and solu-
tion A (methanol-20 mM potassium phosphate, pH 7.2
[10:90]) with a flow rate of 1.8 ml/min. The elution profile
was recorded with a fluorescence detector. Standard amino
acid mixtures were chromatographed as references.

Protein determination. The protein content of extracts was
measured by the method of Goa (7).

Chemicals. All chemicals used were of analytical grade
and were from Sigma Chemical Co., Bio-Rad Laboratories,
United States Biochemical Corp., Aldrich Chemical Co., or
New England Nuclear Corp.

RESULTS

Inhibition of nitrogenase activity by oxygen. The increase of
dissolved oxygen from 0.2 to 2.0 kPa (approximately 1 to
10% of the oxygen concentration in an air-saturated solution)
caused a rapid inhibition of nitrogenase activity in A.
brasilense (Fig. 1) and A. lipoferum (data not shown). When
the optimal oxygen concentration was restored 10 min later,
the nitrogenase activity was partially recovered. In the
presence of chloramphenicol (100 ,ug/ml), which was used to
inhibit de novo protein synthesis, the recovery was 60%
after an oxygen stress treatment at 2.0 kPa for 10 min (Fig.
1). Prolonged oxygen treatment or incubation at higher
oxygen concentrations caused a higher degree of irreversible
inhibition (data not shown).
A comparison of the nitrogenase activities and the regu-

lation status of the Fe protein at 0.2 and 2.0 kPa of oxygen in
the absence and presence of ammonium chloride (1 mM) is
shown in Fig. 2. A. brasilense Sp7 and A. lipoferum SpBrl7
gave essentially the same results. The nitrogenase activity
was inhibited strongly in the presence of 1 mM ammonium
chloride and 2.0 kPa of oxygen (Fig. 2A). However, West-
ern-blotting experiments with antiserum against the Fe pro-
tein of R. rubrum revealed that no modification of the Fe
protein was involved in the inhibition of nitrogenase activity
by oxygen at concentrations tested below 6 kPa of 02 for 1
h (Fig. 2B, lane 6). In the presence of ammonium chloride, a
modified subunit appeared under 0.2 and 2.0 kPa of oxygen
(Fig. 2B, lanes 3 and 5). This demonstrated that the Fe
protein in the oxygen-inhibited nitrogenase still functions as
the substrate for the modification reaction. These findings
were corroborated with 32P-labeling experiments. In contrast
to the NH4'-switch-off tests, no incorporation of 32p label
into the Fe protein occurred in the oxygen switch-off exper-
iments (data not shown). The in vitro nitrogenase activities
of cells treated with 0.2 or 2.0 kPa of oxygen for 10 min were
4.5 or 4.1 nmol of ethylene per min per mg of protein,
respectively.

After prolonged incubation (1 h) at 6.0 kPa of oxygen, an
altered Fe protein subunit appeared that comigrated with the
modified Fe protein subunit of R. rubrum and A. lipoferum
(Fig. 2B, lane 6). Under these conditions, the nitrogenase
activity was not restored immediately when the oxygen was
decreased to optimal conditions, so this modification of the
Fe protein apparently is not related to the rapid and revers-
ible inhibition of nitrogenase activity by low concentrations
of oxygen.

Inhibition of nitrogenase activity by anaerobic conditions.
After the oxygen in the incubation chamber was removed by
fiushing with nitrogen, the nitrogenase activity decreased.
The readdition of 0.2 kPa of oxygen immediately restored
the nitrogenase activity to the initial level (Fig. 3). Western-
blotting experiments with quick extracts prepared before,
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shift to anaerobic conditions and to 2.0 kPa of oxygen did not
influence the amino acid pools substantially. Unpublished
data from Western-blotting experiments by H. Fu support
the suggestion that a major alteration in glutamine synthe-
tase occurs with NH4' switch off in A. brasilense.

DISCUSSION
Exposure of nitrogenase to oxygen causes irreversible

damage to the extremely 02-labile enzyme components.
Metabolism of the nitrogen-fixing bacteria provides an es-
sentially anaerobic cytoplasmic environment compatible
with the functional requirements of the nitrogenase system.
Depending on the physiological mechanism for depleting
oxygen and the effectiveness of the protective mechanism,
N2 fixation can occur at different external levels of oxygen in
the cell environment. Nitrogen fixation in A. brasilense and
A. lipoferum, which fix nitrogen optimally at 0.1 to 0.3 kPa of
02, was reversibly inhibited at 2.0 kPa of 02, whereas in A.
amazonense Y1 higher oxygen concentrations are needed to
inhibit the nitrogenase activity (9). Obviously, the protective
mechanisms against oxygen damage (respiration, hydroge-
nase, reductant production, catalase, and superoxide dismu-
tase) could defend nitrogenase to different extents. In

B a

A
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FIG. 2. Nitrogenase activity and regulation of the Fe protein
during the ammonium and oxygen switch off in A. lipoferum
SpBrl7. (A) Nitrogenase activity of an exponentially growing cul-
ture (A580, 1.5 to 2.1) measured with 0.2 kPa of 02 (l), 2.0 kPa of 02
(0), 0.2 kPa of 02 and 1 mM NH4Cl (A), with 2.0 kPa of 02 and 1
mM NH4Cl (0). (B) Western-blotting experiments performed with
quick extracts prepared from samples (10 ml) of culture withdrawn
at 20 min (see panel A). Antiserum against the purified Fe protein of
R. rubrum was used (see Materials and Methods). Lanes: 1, inactive
Fe protein of R. rubrum; 2, A. lipoferum under 0.2 kPa of 02; 3, A.
lipoferum under 0.2 kPa of 02 and 1 mM NH4Cl; 4, A. lipoferum
under 2.0 kPa of 02; 5, A. lipoferum under 2.0 kPa of 02 and 1 mM
NH4Cl; 6, A. lipoferum under 6.0 kPa of 02 for 1 h; 7, A. lipoferum
under anaerobic conditions.

during, and after the anaerobic treatment demonstrated the
appearance and disappearance of the modified subunit of the
Fe protein (Fig. 3).
The addition of dithionite (1 mM) to nitrogen-fixing cells

caused an immediate and complete inhibition of nitrogenase
activity and also caused the modification of the Fe protein
(data not shown). However, the nitrogenase activity was not
restored readily after the dissolved-oxygen concentration
was increased to 0.2 kPa, and the modification of the Fe
protein was not reversed. Under these conditions, dithionite
probably caused irreversible damage to the Fe protein or
perhaps to another component of the nitrogenase system.
The modification of the Fe protein of A. lipoferum SpBrl7
under anaerobic conditions is shown in Fig. 2B (lane 7).
Comparison of regulation of nitrogenase by oxygen and

nitrogen. The amino acid pools of A. brasilense before and
10 min after the addition of ammonium chloride (1 mM) and
oxygen (2.0 kPa) and after imposition of anaerobic condi-
tions are shown in Table 1. After the addition of NH4C1, only
the glutamine pool was increased (ninefold), whereas the
pools of other amino acids were changed only slightly. The

0.2
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20 30
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FIG. 3. Anaerobic switch off of the nitrogenase activity in A.
brasilense Sp7. (A) Nitrogenase activity of an exponentially growing
culture (A580, 4.1) measured with 0.2 kPa of dissolved oxygen
initially. At 10 min, the incubation chamber was thoroughly flushed
with pure nitrogen gas to give essentially anaerobic conditions. The
assay was started again at 12 min essentially anaerobically by adding
10 kPa of acetylene. At 27 min, sufficient air was injected to raise the
dissolved oxygen concentration again to 0.2 kPa. Samples of culture
were withdrawn for Western blotting (+). (B) Western blotting was
performed with quick extracts, which were prepared from samples
of culture withdrawn from the incubation chamber at 10, 22, and 42
min. Antiserum against the purified Fe protein of R. rubrum was
used. The stained protein bands on nitrocellulose paper were
scanned with a soft laser densitometer. The arrows mark the
positions on the laser scans of the inactive (i) and active (a) subunits
of the Fe protein (see Materials and Methods).
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TABLE 1. Amino acid pools of A. brasilense Sp7

Cellular amino acid pool (nmol/mg of protein)a
Treatment Glutamine Glutamate Threonine

+ glycine

NH4Cl (1 mM) 150 (18) 700 (550) 33 (30)
Oxygen (2.0 kPa) 12 (18) 280 (400) 40 (40)
Anaerobiosis 22 (22) 450 (490) 50 (46)

a Values in parentheses are the amino acid pools present under nitrogen-
fixing conditions with 0.2 kPa of oxygen in solution 10 min before the addition
of ammonium chloride or the shift to high oxygen or to anaerobic conditions.

Azotobacter spp., a special mechanism has been reported to
protect nitrogenase during oxygen stress (28, 29, 31). An
Fe2S2 protein (Shethna protein) forms an oxygen-stable,
inactive complex with oxidized Fe protein of nitrogenase
(conformational protection). However, in Azospirillum spp.,
Klebsiella pneumoniae, and some phototrophic bacteria,
which all show a reversible inhibition of nitrogenase activity
by oxygen, no Fe2S2-type protein has been found (Goldberg
et al., submitted). Several lines of evidence lead to the
conclusion that under oxygen stress, respiration competes
with nitrogen fixation for a limited supply of electrons and
thus inhibits the nitrogenase activity of these bacteria.
Azospirillum spp. respond to increased oxygen levels with
stimulated respiration, but the nitrogenase activity is inhib-
ited (A. Hartmann, unpublished results).
A. brasilense and A. lipoferum are able to switch off their

nitrogenase activity by covalent modification of the Fe
protein induced by the addition of ammonium chloride (8,
17, 32). In this paper, we show that this mechanism is not
involved in the rapid and reversible inhibition of nitrogenase
activity by oxygen (Fig. 1 and 2). The apparent modification
of the Fe protein under extreme oxygen stress, as demon-
strated by Western-blotting experiments, may be compara-
ble to the response in R. rubrum (13). Because in each case
the appearance of the modified subunit of the Fe protein was
not well correlated with the inhibition of nitrogenase activ-
ity, which occurred faster and at lower oxygen concentra-
tions, the physiological significance of the modification at
very high oxygen levels is not clear. Under severe oxygen
stress, the balance of the oxygen-labile activating enzyme
(30) and the oxygen-stable inactivating enzyme of the Fe
protein (16) may be disturbed, and this imbalance may
initiate a modification of the Fe protein.

During the anaerobic switch off, a rapid and reversible
modification-inactivation of the Fe protein occurred (Fig. 3).
This explains why the in vitro nitrogenase activity of A.
brasilense and A. lipoferum was low after the cells were
harvested anaerobically; anaerobic procedures were used to
avoid oxygen damage to the nitrogenase. Under these con-
ditions, the Fe protein was modified, and the reactivation
was enhanced by Mn2+ (8, 17, 32). A rapid harvest by
filtration and a quick extraction procedure circumvented the
inactivation of the Fe protein of A. brasilense and A.
lipoferum. A. amazonense Y1, whose Fe protein is not
modified by NH4' switch off, retains a highly active nitro-
genase enzyme after anaerobic treatment (dithionite) of the
cells (8, 32). Thus, A. amazonense does not modify the Fe
protein under anaerobic conditions.

In contrast to the NH4' switch off, in which the glutamine
pool was increased and the regulation state of glutamine
synthetase appeared to be changed (Table 1), anaerobic
switch off revealed no changes in the amino acid pools or the
glutamine synthetase ofAzospirillum spp. Glutamine synthe-

tase is involved in the assimilation of ammonium and in the
NH4' switch off of nitrogenase, but the existence of a
general function of glutamine synthetase in nitrogenase
regulation has been challenged (2, 6, 14, 18, 20, 37).

In anaerobic switch off, a signal derived from the redox or
energy status of the cell may trigger the Fe protein modifi-
cation. During the NH4' switch off and the dark switch off in
R. rubrum, which closely resemble comparable regulation of
the Fe protein in A. brasilense and A. lipoferum, no changes
in the adenine nucleotide levels or the energy charge have
been found (12, 19, 36). The energy charge and the pyridine
nucleotide pools during anaerobic switch off in Azospirillum
spp. should be investigated. Changes in the reduction state
of the pyridine nucleotide pool may influence the modifica-
tion reaction if it uses NAD as the substrate.
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