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Received 15 March 1999/Accepted 26 August 1999

The characteristics of the respiratory system of Acetobacter diazotrophicus PAL5 were investigated. Increasing
aeration (from 0.5 to 4.0 liters of air min21 liter of medium21) had a strong positive effect on growth and on
the diazotrophic activity of cultures. Cells obtained from well-aerated and diazotrophically active cultures
possessed a highly active, membrane-bound electron transport system with dehydrogenases for NADH, glucose,
and acetaldehyde as the main electron donors. Ethanol, succinate, and gluconate were also oxidized but to only
a minor extent. Terminal cytochrome c oxidase-type activity was poor as measured by reduced N,N,N,N*-tetra-
methyl-p-phenylenediamine, but quinol oxidase-type activity, as measured by 2,3,5,6-tetrachloro-1,4-benzene-
diol, was high. Spectral and high-pressure liquid chromatography analysis of membranes revealed the pres-
ence of cytochrome ba as a putative oxidase in cells obtained from diazotrophically active cultures. Cells were
also rich in c-type cytochromes; four bands of high molecular mass (i.e., 67, 56, 52, and 45 kDa) were revealed
by a peroxidase activity stain in sodium dodecyl sulfate-polyacrylamide gel electrophoresis. KCN inhibition
curves of respiratory oxidase activities were biphasic, with a highly resistant component. Treatment of mem-
branes with 0.2% Triton X-100 solubilized c-type cytochromes and resulted in a preparation that was signifi-
cantly more sensitive to cyanide. Repression of diazotrophic activity in well-aerated cultures by 40 mM (NH4)2
SO4 caused a significant decrease of the respiratory activities. It is noteworthy that the levels of glucose dehy-
drogenase and putative oxidase ba decreased 6.8- and 10-fold, respectively. In these cells, a bd-type cytochrome
seems to be the major terminal oxidase. Thus, it would seem that glucose dehydrogenase and cytochrome ba
are key components of the respiratory system of A. diazotrophicus during aerobic diazotrophy.

Acetobacter diazotrophicus is an obligatory aerobe that fixes
nitrogen (1, 5, 7, 16, 39). All nitrogen-fixing bacteria have the
ability to utilize atmospheric nitrogen gas as their source of
nitrogen for metabolic biosynthesis (5). Otherwise, they rep-
resent species from rather different taxonomic groups with
different life-styles. These microorganisms must use some
mechanism to protect the nitrogenase components from oxy-
gen. In fact, all the nitrogenases from anaerobic, facultatively
aerobic, strictly aerobic, symbiotically associated, or even pho-
tosynthetic bacteria (22) that have been purified are irrevers-
ibly inactivated by oxygen. More than 25 years ago, Drozd and
Postgate postulated the existence of a mechanism for the pro-
tection of nitrogenase from oxygen inactivation in nitrogen-
fixing cells of Azotobacter vinelandii (11). “Respiratory protec-
tion” was suggested as a mechanism whereby the extremely
high respiratory rates of the cells maintain an intracellular
oxygen concentration at levels low enough to not affect the
nitrogenase components.

Among the nitrogen-fixing bacteria, A. diazotrophicus is in-
teresting because it carries out nitrogen fixation under aerobic
growth conditions. It appears to be a plant endophyte (10) that
is capable of excreting almost half of the fixed nitrogen in a
form that is potentially available to plants (8). However, its
respiratory system and mechanism of protection of nitrogenase
under aerobic conditions have not been explored. Hence, the
aim of this work is to gain insight into the components of its

respiratory system and its relationship to nitrogen fixation me-
tabolism.

MATERIALS AND METHODS

Strain, growth conditions, preparation of membranes, and culture methods.
A. diazotrophicus PAL5 ATCC49037, kindly provided by G. Martı́nez-Drets (1),
was grown under conditions described by Reis et al. (37) with LGIP medium
supplemented with 1.0 or 40 mM (NH4)2SO4. Preparative cultures were grown
aerobically at 30°C in a 20-liter-working-volume fermentor stirred at 250 rpm
and sparged with 32 liters of air min21 to give an O2 transfer coefficient (KLa)
value of 160 (see below).

Active inocula (1.0 liter) were obtained after 24 h of growth in 2.8-liter
Ferenbach flasks stirred at 250 rpm. Cells were harvested at the end of the
exponential growth phase (36 h) and washed twice with cold 50 mM Tris-HCl
(pH 7.4) containing 5 mM CaCl2 and 5 mM MgCl2 (TCM buffer). The cell
suspension was supplemented with phenylmethylsulfonyl fluoride (15 mg ml21)
and disrupted in a Dyno-mill (WAB Maschinen-Fabrik, Basel, Switzerland) as
previously described (13). Unbroken cells and debris were eliminated by centrif-
ugation at 8,000 3 g for 10 min. Membranes were prepared by centrifugation at
144,000 3 g for 30 min and thereafter washed twice with TCM buffer. The
membranes were used immediately for assay of enzymatic activities or stored in
liquid nitrogen.

Analytical cultures were performed in an Applikon laboratory minifermentor
with a working volume of 1.0 liters at 30°C and stirred at 320 rpm. Aeration was
varied from 0.5 to 4.0 liters of air min21. At selected times, samples were
withdrawn to determine growth (measured as optical density at 560 nm [OD560])
and medium pH. Ammonium concentration and the amount of O2 dissolved in
culture medium were measured amperometrically by using an Orion 95-12 am-
monia electrode and a Clark-type oxygen electrode. In these samples, metabo-
lism was instantaneously arrested by adding HgCl2 to a final concentration of
1.0 mM.

The culture O2 demand was measured in a model 53YSI oxygen meter by
using a 10-fold dilution of culture samples in fresh media. Nitrogenase activity in
whole cells was determined by the acetylene reduction assay (37, 39). Samples (2
ml) removed from the fermentor were placed into 10-ml sealed vials, and acet-
ylene was injected to give a 15% concentration in the gas phase; the vials were
incubated with stirring at 250 rpm for 30 min at 30°C. The ethylene produced was
determined in 10-ml aliquots on a Poropak N column by using a Variant 3400 gas
chromatography system fitted with a flame ionization detector.

* Corresponding author. Mailing address: Instituto de Fisiologı́a
Celular, Universidad Nacional Autónoma de México, Apdo. Postal
70-242, C.P. 04510, México D.F., Mexico. Phone: (525) 622-5627. Fax:
(525) 622-5630. E-mail: eescami@ifisiol.unam.mx.
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The oxygen transfer coefficient, KLa was estimated for the 1.0-liter fermentor
system by the static method of gassing out as described by Stanbury and Whitaker
(38). That is, the oxygen concentration of a fresh culture medium (agitated at 320
rpm) was lowered by gassing the liquid with nitrogen gas, the deoxygenated
medium was then aerated, and the increase in dissolved-oxygen concentration
was monitored continuously with a fermentor-installed Clark oxygen electrode.
KLa values under different aeration conditions (0.5 to 4.0 liters of air min21)
were calculated as described by the same authors (38).

Spectral analysis of cytochromes. Membranes were suspended in TCM buffer
containing 50% (vol/vol) glycerol and analyzed in an SLM-Aminco DW 2000
spectrophotometer. Difference spectra at 77 K (liquid nitrogen) were recorded in
cuvettes with a 2-mm light path. Samples were reduced with a few grains of
sodium dithionite in the absence or presence of 1.0 mM KCN; the reference
samples were oxidized with a few grains of ammonium persulfate. Reduced-
plus-CO minus reduced difference spectra were also recorded at 77 K. The
concentrations of cytochromes in membranes and derived preparations were
calculated from the difference spectra (dithionite-reduced minus persulfate-ox-
idized or dithionite-reduced plus CO minus dithionite-reduced) at room tem-
perature by using the following wavelength pairs and absorption coefficients:
cytochrome c, extinction coefficient at 550 to 540 nm (E550–540) 5 19.1 mM21

cm21; cytochrome b, E562–575 5 22 mM21 cm21; cytochrome a1-CO, E427–440 5
60 mM21 cm21; cytochrome d-CO, E622–642 5 18 mM21 cm21 (13, 20, 28, 29).

Extraction and analysis of hemes and cytochromes c. Hemes were extracted
with 0.01 N HCl in acetone as described by Goodhew et al. (17). The membrane
residues obtained were used to determine cytochrome c without the spectral
interference of b-type cytochromes.

Cytochromes c were solubilized by resuspending membrane pellets (10 mg of

protein) with 1.0 ml of 0.2% Triton X-100 in 50 mM potassium phosphate (pH
6.0). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
was performed in 16- by 14-cm plates with 10% polyacrylamide and a 5% stack-
ing gel by the method of Goodhew et al. (17). Cytochrome c bands were revealed
by detection of the peroxidase activity. Protein blotting and heme peroxidase
detection were performed with the Amersham enhanced chemiluminescence
Western blotting detection reagents, as reported by Miranda-Rı́os et al. (33).
SDS treatment removes noncovalently bound hemes; therefore, a peroxidase
stain on SDS-gels specifically reveals c-type cytochromes.

Heme composition was determined on a Waters chromatography system
equipped with a Waters model 996 photodiode array detector and Waters Delta-
Pak HPIC18 300 Å (2 by 150 mm) reverse-phase high-pressure liquid chroma-
tography (HPLC) column. The data was analyzed with Millennium 2000 soft-
ware. Hemes extracted and purified from membranes (40 mg of protein) as
described by Puustinen and Wikström (36) were dissolved in 0.5% trifluoroacetic
acid–acetonitrite solution and applied to a column previously equilibrated with
0.5% trifluoroacetic acid–25% acetonitrite in water. The hemes were eluted by
an acetonitrile gradient as described previously (25). The following standards
were used: hemes B and O extracted from membranes of Escherichia coli, hemes
B and A extracted from bovine mitochondria particles, and protoheme IX ob-
tained from Sigma.

Respiratory activities. Oxidase activities were determined with either of the
following substrates (final concentrations are given): 3 mM NADH, 10 mM
glucose, 50 mM succinate, 10 mM gluconate; 10 mM ethanol, 10 mM acetalde-
hyde, 10 mM ascorbate plus 2 mM TMPD (N,N,N9,N9-tetramethyl-p-phenylene-
diamine), or 10 mM ascorbate plus 1.5 mM THQ (2,3,5,6-tetrachloro-1,4-ben-
zenediol). The reactions were initiated with 0.1 mg of membrane protein and

FIG. 1. Growth properties and diazotrophic activity of A. diazotrophicus on LGIP medium with increased aereation (liters of air min21 liters of medium21): ƒ, 0.5;
h, 1.0; {, 1.5; ‚, 2.5; E, 4.0. The medium contained 1.0 mM (NH4)2SO4 as the nitrogen starting dose; cultures were performed at 30°C in a fermentor with a working
volume of 1.0 liter, agitated to 320 rpm. Cultures were initiated with 20 ml of inoculum from a 24-h shaker culture (200 rpm). At the times noted, samples were
withdrawn to determine culture growth at 560 nm (A), culture oxygen demand (B), nitrogenase activity as measured by the acetylene reduction assay (C), medium pH
(D), concentration of ammonium in the medium (E), and dissolved-oxygen concentration in the medium (F). For comparison, growth profiles obtained in LPGIP
medium containing 40 mM (NH4)2SO4 and with an air flow of 4.0 liters of air min21 are displayed (F) in each of the sets. Details of culture and assay methods are
described in Materials and Methods.
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measured polarographically with a Clark oxygen electrode in 2 ml of 50 mM
potassium phosphate buffer (pH 7.4 or 6.0) at 30°C.

Dehydrogenase activities were measured spectrophotometrically with potas-
sium ferricyanide as the electron acceptor. The assay mixture contained 0.1 M
potassium phosphate buffer (pH 7.4 or 6.0), 1.0 mM test substrate, 1 mM
potassium ferricyanide, and 0.03 mg of membrane protein. The reaction was
started by the addition of substrate, and the reduction of ferricyanide was mon-
itored by measuring the OD660 (2, 3). One unit of activity is defined as that
causing the reduction of 1 mmol of ferricyanide per min under these conditions.
THQ was dissolved in dimethyl sulfoxide. The solvent alone had no significant
effect on the respiratory activities tested. Protein concentrations were deter-
mined by a modification (12) of the Lowry method.

RESULTS

A. diazotrophicus has been recognized as an aerotolerant
diazotroph (39) in which oxygen is instrumental for the gen-
eration of the large quantities of ATP required for nitrogen
fixation. Hence, experiments were performed to explore the
effect of increasing aeration on the growth properties and
nitrogen fixation activity of A. diazotrophicus in batch culture at
30°C (Fig. 1).

In confirmation of the results of Stephan et al. (39), A. di-
azotrophicus did not grow in N-free LGIP medium at aeration
levels of 0.5 to 4.0 liters air min21 in a 1.0-liter-working-volume
minifermentor agitated at 320 rpm (data not shown). There-
fore, the medium was supplemented with 1.0 mM (NH4)2SO4
as the nitrogen starting dose. Under these conditions, high
aeration (as above) had a strong positive effect on the growth
properties of A. diazotrophicus; growth was faster and higher
optical densities were obtained (Fig. 1A). Under each of the
aeration conditions tested, the curves for growth (Fig. 1A) and
oxygen demand (Fig. 1B) of the culture ran in parallel and
showed biphasic kinetics. The first phase of growth seems to
rely on the initial dose of NH4

1, as suggested by the concom-
itant removal of this ion from the medium (Fig. 1E). After a
few hours of adaptation, growth was resumed; this stage was
accompanied by an expression of nitrogenase activity (Fig. 1C).
The highest specific activity of nitrogenase was registered in
the best-aerated (i.e., 4.0 liters of air min21) and fastest-grow-
ing culture. Therefore, this suggested that the second phase of
growth depends on the diazotrophic activity of cultures.

Sucrose utilization by A. diazotrophicus leads to the acidifi-

cation of media due to the accumulation of gluconic acids (5,
9, 39). Accordingly, increasing the aeration of cultures accel-
erated and increased the acidification of media during the
second phase of growth (Fig. 1D), suggesting that during this
time an intense oxidation of glucose to gluconic acid by glucose
dehydrogenase provided appropriate metabolic conditions to
generate enough ATP for growth and continuously remove O2
from the medium (Fig. 1F) so as to protect the diazotrophic
activity.

We found that at all levels of aeration, nitrogenase activity
appeared after the initial dose of ammonium had been ex-
hausted (Fig. 1E) and the dissolved O2 concentration had
dropped to nondetectable concentrations (Fig. 1F).

For a comparison, growth profiles obtained in LGIP me-
dium containing 40 mM (NH4)2SO4, with aeration of 4 liters of
air min21, are displayed in each of the panels of Fig. 1. Am-
monium had a large impact on the growth properties of A. di-
azotrophicus; fast growth producing high optical densities (i.e.,
OD560 5 8.0 after 34 h) was observed. Rapid growth was
accompanied by a fast and deep acidification of the medium
(final pH 5 3.5) and a quantitative removal of NH4

1 from the
medium. The profile for oxygen demand did not reach the
levels expected for such high cell densities achieved by growth.
Dissolved O2 in the medium decreased to a constant low level
(i.e., 20 nmol ml21) after 10 h of growth. As expected, nitro-
genase activity was not detected at any time during culture.

To gain further insight into the impact of increasing aeration
on the expression levels of nitrogenase activity, oxygen transfer
coefficients (i.e., KLa) were estimated at the aeration levels
used in the experiment in Fig. 1. A plot of KLa values against
the top registered values of nitrogenase activity (Fig. 2) showed
that the specific activity of nitrogenase increased linearly with-
in the KLa range tested (i.e., 25 to 145 mmol of O2 liter21 h21).
This implies that the O2 supply to the medium was the rate-
limiting step for N2-dependent growth.

Cytochromes. The respiratory system of A. diazotrophicus
was characterized in membranes obtained from cells grown
aerobically in LGIP medium supplemented with 1.0 mM
(NH4)2SO4 and was compared to that of cells grown under
same conditions with 40 mM (NH4)2SO4. The spectroscopic
analysis of the cytochrome composition of the two membrane
preparations showed significant differences (Fig. 3). Reduced-
minus-oxidized spectra (77 K) of cells grown on low ammo-
nium (Fig. 3A) showed b-type cytochromes (peaks at 430, 530,
and 560 nm). c-type and a-type cytochromes were respectively
suggested by shoulders at 520 and 550 nm and by a shoulder at
440 nm plus a weak signal around 600 nm. Difference spectra
(77 K) produced by carbon monoxide (Fig. 3B) and cyanide
(Fig. 3C) of the reduced preparation revealed the presence of
an a-type cytochrome; however, the reduced cytochrome-CO
compound produced signals at 422 and 440 nm, i.e., a shift of
a few nanometers toward the violet, relative to the typical
aa3-CO complex (29). On the other hand, the reaction of CN2

with the reduced preparation was accompanied by a large
enhancement of the signal at 589 nm. This hyperchromic effect
of cyanide on the reduced spectrum has been considered a
reliable criterion for the identification of cytochrome ba oxi-
dase (29). It is relevant that cytochrome ba oxidase (also named
cytochrome a1) has been identified in Acetobacter aceti (28, 29).

The cytochrome analysis of cells grown on high ammonium
(i.e., 40 mM) showed a different picture. In the reduced-minus-
oxidized spectra (Fig. 3D), maxima at 426, 528, and 558 nm
indicated b-type cytochromes; signals for c-type cytochromes at
418, 520, and 550 nm were hardly discernible. However, the
most dramatic changes were those related to putative oxidases.
Signals for reduced cytochrome ba at 440 and 589 nm were

FIG. 2. Nitrogenase activities of A. diazotrophicus in a fermentor (1.0-liter
working volume) at increased values of oxygen transfer coefficient (KLa). Values
for KLa (see Materials and Methods) were determined under each of the aera-
tion conditions shown in Fig. 1 and plotted against the recorded maximal values
of nitrogenase activity (as shown in Fig. 1C).
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significantly low, but a peak at 626 nm (Fig. 3D) was clearly
apparent, suggesting the presence of a cytochrome bd. That
conclusion was reinforced by the CO difference spectrum (Fig.
3E); it showed a weak signal at 589 nm for the cytochrome
a-CO compound and conspicuous signals at 620 (through) and
636 nm (peak); these data would be consistent with the pres-
ence of a cytochrome d-CO-type compound.

Taken together, the results indicate that when culture re-
quirements for nitrogen are satisfied by an excess of ammo-
nium, nitrogenase is not expressed, and that cytochrome bd
seems to replace cytochrome ba as the main putative oxidase in
A. diazotrophicus. Moreover, when a culture grown for 24 h
(KLa 5 150, OD560 5 1.2) in 1.0 mM NH4

1 was switched to
NH4

1-dependent growth by increasing the (NH4)2SO4 concen-
tration to 40 mM (results not shown), there was a change in the
composition of terminal oxidases; i.e., cytochrome bd was spec-
trocopically detectable after 2.5 h in high NH4

1 (OD560 5 1.5)
and became the dominant oxidase 2.5 h later (OD560 5 3.2).
On the other hand, the high levels of cytochrome ba at the time
of (NH4)2SO4 addition decreased steadily during NH4

1-de-
pendent growth. Indeed, 5 h after the addition of (NH4)2SO4,
the cytochrome pattern registered in whole cells was very sim-
ilar to that registered in membranes of cells obtained from

cultures in high ammonium (Fig. 2E to F). On the other hand,
it is noted that cytochrome bd was at no time detected in cells
removed from a control culture grown for 72 h in 1.0 mM
(NH4)2SO4 medium (results not shown). These results contrast
with previous reports of experiments with Azotobacter vinelan-
dii that indicate that a cytochrome bd accounts for respiratory
protection of nitrogenase (18, 19, 34).

The c-type cytochromes were further characterized in cells
grown on limited ammonium (Fig. 4A) and on excess ammo-
nium (Fig. 4B). Treatment of membranes with 0.2% Triton
X-100 caused selective solubilization of c-type cytochromes
(spectra c in Fig. 4), while b-, a-, and d-type cytochromes
remained attached to membrane residues (spectra b), com-
pared to spectra of whole membranes (spectra a). SDS-PAGE
analysis of membranes and 0.2% Triton X-100 fractions
showed that cells grown on limited ammonium (Fig. 4A) are
rich in c-type cytochromes; four bands (67, 56, 52, and 45 kDa
[lanes a1 and a2]) positive for peroxidase (33) were apparent.
The bands of 67, 56, and 45 kDa were released by 0.2% Triton
X-100 (lane b), but the 52-kDa band remained membrane
bound (lane c). Membranes of cells grown in high ammonium
(Fig. 4B) contained decreased levels of c-type cytochromes,
and only the 45-kDa band was present at significant levels. In

FIG. 3. Low-temperature (77 K) spectra of membranes of A. diazotrophicus PAL5 grown aerobically in LGIP medium supplemented with 1.0 mM (A to C) or 40
mM (D to E) (NH4)2SO4. (A and D) reduced-minus-oxidized spectra. Difference spectra were generated by adding sodium dithionite (spectra a), NADH (spectra b),
and glucose (spectra c) to sample cuvettes and ammonium persulfate to reference cuvettes. (B and E) Reduced plus CO minus reduced difference spectra. Membranes
in both cuvettes were reduced by dithionite and CO gas bubbled through sample cuvettes. (C and F) Reduced plus 1.0 mM KCN minus oxidized spectra. Sample
cuvettes were reduced with dithionite in the presence of 1.0 mM KCN. Reference cuvettes were oxidized with ammonium persulfate. All samples contained 2.5 mg of
membrane protein ml21. Cells were collected at early stationary phase once they reached OD560 5 2.5 (low NH1

4) and 6 to 8 (high NH1
4).
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this respect, it is noted that alcohol dehydrogenases (28, 31)
and aldehyde dehydrogenases (3) of acetic acid bacteria con-
tain subunits bearing cytochrome c, with molecular masses
ranging from 45 to 82 kDa. In consonance with these obser-
vations, our 0.2% Triton X-100 supernatant of cells grown on
limited ammonium was rich in dehydrogenase activities for
ethanol and acetaldehyde (data not shown) and the membrane
residues, depleted of cytochromes c, retained full capacity for
glucose and NADH oxidation (data not shown).

The concentration of each type of cytochromes was calcu-
lated from spectra recorded at room temperature; the results
(Table 1) showed that the concentration of b-type cytochromes
was similar in membranes of both types of cells. On the other
hand, in cells grown in low ammonium, the concentration of
c-type and a-type cytochromes was 2- and 10-fold higher, re-
spectively than in cells grown in high ammonium. Cytochrome
d was detected at high concentrations only in the latter type of
cells.

Hemes. Hemes were extracted, purified from membranes,
and analyzed by reverse-phase HPLC (Fig. 5); the column was
calibrated with hemes A, B, and O. Samples purified from
A. diazotrophicus grown on limited ammonium (Fig. 5A)
showed two main peaks with retention times of 28.5 and 31.4
min, corresponding to hemes B and A, respectively. A different

heme composition was observed in cells grown in high ammo-
nium (Fig. 5B). The expected peak for heme B and a small
peak for heme A were observed. Heme D was not detected by
the HPLC procedure we used (40), but its presence in cells
grown in high ammonium was confirmed by preparation of its

FIG. 4. c-type cytochromes associated with membranes of A. diazotrophicus PAL5 grown aerobically in LGIP medium supplemented with 1.0 mM (A) or 40 mM
(B) (NH4)2SO4. Membranes (50 mg of protein) were extracted with 5.0 ml of 0.2% Triton X-100 in 50 mM potassium phosphate (pH 6.0) for 2 h at 4°C. Membrane
residues were sedimented at 140,000 3 g for 1 h. SDS-PAGE and peroxidase stain of heme C-containing proteins of whole membranes (lanes a1 and a2), membrane
residues after 0.2% Triton X-100 treatment (lanes b), and supernatant after 0.2% Triton X-100 treatment (lanes c). Dithionite-reduced minus persulfate-oxidized
spectra at 77 K were obtained from the same samples with spectra a to c as above. The protein contents for spectra a, b, and c were 5.0, 4.0, and 1.0 mg ml21, respectively.
The protein contents in SDS-PAGE of samples in panel A were 80, 160, 940, and 1,000 mg for samples a1, a2, b, and c, respectively; those in panel B were: 500 mg for
sample a1 and 1,000 mg for samples a2, b, and c. SDS treatment removes noncovalently bound hemes. Hence, a peroxidase stain on SDS-gels specifically reveals c-type
cytochromes.

TABLE 1. Effect of ammonium concentration in LGIP medium on
the composition of cytochromes associated with membranes

of A. diazotrophicus PAL5 grown aerobicallya

Cytochrome

Amt of cytochrome (nmol/mg of
protein in cells grown in:

Low ammonium High ammonium

c 0.12 0.06
b 0.25 0.17
a1-CO 0.16 0.01
d-CO NDb 0.16

a Cultures were performed at 30°C in LGIP medium supplemented with 1.0
mM (low) or 40 mM (high) (NH4)2SO4, in a 20-liter-working-volume fermentor
sparged with 32 liters of air min21 and stirred at 250 rpm (KLA 5 165). Cells
were collected at early stationary phase: OD560 5 2.5 (low ammonium) and 6 to
8 (high ammonium).

b ND, not detected.
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pyridine hemochrome derivative (results not shown). We also
found that heme O (retention time 5 34 min) was not detected
in either of the two types of cells.

Respiratory activities. Membrane particles of A. diazotrophi-
cus grown in medium with low ammonium had respiratory
specific activities higher than those of cells grown at high am-
monium concentrations (Table 2). In decreasing order, NADH,
glucose, and acetaldehyde were the best physiological sub-

strates for both types of cells. Oxidase activities with NADH,
acetaldehyde, and glucose were 2.2-, 2.9-, and 5.5-fold higher,
respectively in membrane preparations obtained from cultures
in low ammonium than in those from cultures in high ammo-
nium. The outstanding increase observed for glucose oxidase
was due to a 6.8-fold increment in the glucose dehydrogenase
activity. Gluconate, ethanol, and succinate were significantly
less efficient as electron donors in the two cell preparations.

It is noteworthy that the quinol TQH was oxidized at high
rates by both types of cell membranes whereas the TMPD-
ascorbate mixture was the poorest electron donor, suggesting
that terminal oxidases in both types of membranes belong to
the group of quinol oxidases (15).

Oxidase and dehydrogenase activities with glucose, acetal-
dehyde, ethanol, and gluconate determined at pH 6.0 (Table 2)
were 3-, 1.5-, 1.3-, and 1.2-fold higher respectively, than at pH
7.4 (results not shown). For NADH and succinate, we found
that activities at pH 7.4 (Table 2) were 1.3- to 1.5-fold higher
than at pH 6.0 (results not shown).

Cyanide inhibition. The oxidase activities with NADH, glu-
cose, and acetaldehyde were titrated with KCN in membranes
of cells grown in low ammonium (Fig. 6A). KCN inhibition at
the terminal oxidase step with all substrates tested was clearly
biphasic, and about 50% of the respiratory activity was abol-
ished by 100 mM KCN. The second kinetic component was
relatively resistant to the inhibitor. The residual membranes
obtained after treatment with 0.2% Triton X-100 (Fig. 4) ex-
hibited a fully active glucose oxidase which was significantly
more sensitive to the inhibitor; i.e., 75% of the activity was
inhibited by 100 mM KCN. Triton X-100 treatment removed
most of the c-type cytochromes from the membrane (Fig. 4). It
is thus possible that the cyanide-resistant respiration in A. di-
azotrophicus involves c-type cytochromes, as shown for Glu-
conobacter suboxydans (31).

The cyanide titration curves for the same oxidase activities in
membranes of cells grown on high ammonium presented a
single cyanide-resistant component; i.e., the three oxidases
tested retained more than 80% of their activity with 100 mM
KCN and about 45% survived treatment with 1.0 mM KCN. As
noted above, these types of membranes contain low levels of
c-type cytochromes and significant levels of cytochrome bd;
this oxidase has been described as typically resistant to cyanide
(20, 35). Treatment of these membranes with 0.2% Triton

FIG. 5. Reverse-phase HPLC chromatograms of the membrane-bound
hemes from A. diazotrophicus PAL5 grown aerobically in LGIP medium supple-
mented with 1.0 mM (A) or 40 mM (B) (NH4)2SO4. The system was calibrated
with the following standards: hemes B and O extracted from membranes of
E. coli, hemes B and A extracted from submitochondrial particles from bovine
heart, and photoheme IX obtained from Sigma Chemical Co. The retention
times for the standards and hemes of A. diazotrophicus were as follows: heme B,
28.5 min; heme A, 31.4 min; heme O, 34 min. The relative amounts of hemes B
and A were estimated to be 1.0:0.26 (A) and 1.0:0.042 (B).

TABLE 2. Effect of ammonium concentration in LGIP medium on the respiratory activities associated with membranes
of A. diazotrophicus PAL5 grown aerobicallya

Substrate

Low ammoniumb High ammoniumb

Low/high ratio
for oxidaseOxidase activity

(ng-atoms of O2)
Dehydrogenase activity
(nmol of ferricyanide)

Oxidase activity
(ng-atoms of O2)

Dehydrogenase activity
(nmol of ferricyanide)

NADH 2,824 2,563 1,293 1,693 2.2
Glucose 2,085 2,180 379 319 5.5
Acetaldehyde 1,082 1,633 364 130 2.9
THQ-ascorbate 750 363 2.0
Gluconate 314 127 91 34 3.4
Ethanol 235 826 141 84 1.6
Succinate 235 680 172 209 1.3
TMPD-ascorbate 141 108 1.3

a Cultures were performed on LGIP medium supplemented with 1.0 mM (low ammonium) or 40 mM (high ammonium) (NH4)2SO4, as described in Table 1.
b Respiration rates were measured polarographically with a Clark-type electrode, while dehydrogenase activities were determined spectrophotometrically with

potassium ferricyanide as the electron acceptor. In both cases, the specific activities per milligram of membrane protein per minute are displayed. Each value is the
mean of values obtained from three individual cultures. The standard deviations were less than 15% of the means given. Activities shown are those obtained at the
optimal pH: glucose, acetaldehyde, ethanol, and gluconate at pH 6.0; NADH and succinate at pH 7.4. Activities with THQ-ascorbate and TMPD-ascorbate were
measured at pH 6.0 to minimize the chemical oxidation of these cocktails.
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X-100 did not modify the cyanide titration curve significantly
(Fig. 6B).

DISCUSSION

A. diazotrophicus belongs to the selected group of bacterial
species endowed with the capacity for nitrogen fixation; it is
remarkable that this ability can be demonstrated in culture and
increased by aerobic conditions (reference 39 and this work).
This peculiar life-style requires an efficient mechanism for pro-
tection of nitrogenase activity from deleterious oxygen (21–
23). Therefore, it is relevant that we found that A. diazotrophi-
cus PAL5 grown in well-aerated media possesses a respiratory
system with the following remarkable features.

(i) It had an amazingly high respiratory capacity. The re-
spiratory rates with NADH and glucose determined here (Ta-
ble 2) are among the highest ever reported for aerobic bacteria
(see examples in references 6, 13, 21, 29, and 30).

(ii) The O2 demand of A. diazotrophicus during N2-depen-
dent growth was sufficient to remove continuously dissolved O2
in well-aerated cultures, thus producing an adequate intracel-
lular environment for nitrogen fixation. In fact, within the KLa
range tested (i.e., 24 to 145 mmol of O2 liter21 h21), the O2
supply to the medium was the limiting step rate for N2-depen-
dent growth.

(iii) Respiration of glucose deserves special consideration.
Galar and Boiardi (14) showed that glucose dehydrogenase
activity increased when A. diazotrophicus was grown under
nitrogen-fixing conditions. Along these lines, Alvarez and Mar-
tı́nez-Drets (1) suggested that the catalytic site of this enzyme
faces the periplasmic space, thus enabling oxidation without
permeation. As expected for an enzyme whose catalytic site is
oriented to the outer acidic medium, we found that the glucose
oxidation rate at pH 6.0 was threefold higher than at pH 7.4.
Likewise, we found that the dehydrogenase activities for acet-

aldehyde, ethanol, and gluconate were higher at pH 6.0 than at
pH 7.4. The ample number of dehydrogenases feeding elec-
trons to the respiratory system without mediation of NAD
(reference 1 and this study) would seem to provide a varied
menu of direct electron donors that ensure sufficient electron
flux for ATP synthesis and oxygen consumption.

(iv) Cytochrome a1 (cytochrome ba) seems to be the major
oxidase expressed during aerobic N2-dependent growth. This
enzyme, rare among bacteria, was identified by its CO differ-
ence spectrum and by the intensification of its a-band at 589
nm when cyanide reacted with the reduced form. Its charac-
teristics were similar to those of the well-established cyto-
chrome a1 of A. aceti (29). The presence of heme A in mem-
branes of cells grown aerobically at low NH1

4 concentrations
was confirmed by HPLC analysis.

(v) Interestingly, a bd-type cytochrome is absent in cells
displaying nitrogen-fixing ability during aerobic growth in lim-
iting NH1

4. However, the spectral features of a bd-type cyto-
chrome were conspicuous in membranes of aerobic cells
grown in excess NH1

4. These results contrast with previous
reports of studies with Azotobacter vinelandii, where a bd-
type cytochrome plays the major role in the respiratory pro-
tection of nitrogenase while a bo-type oxidase seems to be
involved in a coupled step in the generation of ATP (21, 24,
32). The presence of a bo-type cytochrome in A. diazotrophicus
could not be confirmed in cells grown in low-NH4

1 cultures,
suggesting that the putative oxidase ba might play the role of a
highly coupled site.

Membranes of A. diazotrophicus grown in low NH1
4 were

rich in c-type cytochromes with high molecular masses. By
analogy to the respiratory chain of G. suboxydans (2, 4), A.
methanolicus (30), and A. aceti (31), these c-type cytochromes
could function as electron carriers in the segments preceding
ubiquinone, i.e., those associated with primary dehydroge-
nases. It is known that alcohol and aldehyde dehydrogenases
from A. aceti (31), A. methanolicus (30), and G. suboxydans (3,
4) contain subunits bearing c-type cytochrome with molecular
masses that range from 40 to 80 kDa. The values are within the
range of those found in this work (i.e., 67, 56, 52, and 45 kDa
[Fig. 4]). The TMPD oxidase activity registered here (Table
2) was negligible, thus discounting a role for cytochrome c in
the high-potential side of the respiratory system. Moreover,
ubiquinol cytochrome c reductase activity could not be de-
tected in membranes of A. diazotrophicus with NADH as an
electron donor and horse cytochromes c as an electron accep-
tor in the presence of 2 mM KCN (results not shown).

Oxidase ba could be identified as the highly sensitive target
for KCN in cells obtained from low-NH1

4 cultures. The high-
molecular-mass c-type cytochromes might be components of
the KCN-resistant branch, since its selective release from
membranes by Triton X-100 results in a membrane prepara-
tion that was more sensitive to the inhibitor.

Here we presented persuasive evidence suggesting that the
ammonium concentration in the culture plays a determinant
role in the expression of components of the respiratory system
of A. diazotrophicus. This could be a unique property among
acetic acid bacteria. It is noteworthy that the levels of glucose
dehydrogenase, c-type cytochromes, and alternative oxidases
ba and bd are strongly affected by ammonium concentration in
media and that all this seems to be related to the unique
life-style of A. diazotrophicus as a facultative diazotroph among
acetic acid bacteria.

Although there is an underlying similarity in the organiza-
tion of respiratory systems of acetic acid bacteria, there is still
significant variation in its individual components, mainly at the
level of the terminal oxidases. Previous descriptions of this

FIG. 6. Cyanide inhibition of oxidase respiratory activities of A. diazotrophi-
cus PAL5 grown aerobically in LGIP medium supplemented with 1.0 mM (A) or
40 mM (B) (NH4)2SO4. Oxidase activities for NADH (E), glucose (‚), and
acetaldehyde (h) in membranes were titrated with KCN. Alternatively, the KCN
titration was performed on (Œ) glucose oxidase of membrane residues obtained
after treatment with 0.2% Triton X-100 (see Results and Fig. 4). The membrane
protein used, assay conditions, and oxidase specific activities were similar to
those shown in Table 2.
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subject (1, 4, 27–31) show that the distinct members of the
group so far described can be distinguished by the possession
of personalized sets of terminal oxidases. Hence, the presence
of cytochromes ba and bd as terminal oxidases in A. diazotro-
phicus constitutes a distinctive set among acetic acid bacteria.

Figure 7 illustrates our proposal for the composition and
organization of the respiratory system of A. diazotrophicus, as
well as its variations according to the ammonium concentration
in well-aerated cultures.

The low-redox-potential side will be composed of several
dehydrogenases directly coupled to the respiratory chain, in-
cluding flavoprotein dehydrogenases for NADH and succinate
with the catalytic site facing the cytoplasmic side of the mem-
brane. The catalytic sites of quinoprotein glucose dehydroge-
nase and cytochrome c-containing dehydrogenases for ethanol
and acetaldehyde are oriented facing the periplasmic space. A
ubiquinone pool will collect reduced equivalents from all func-
tional dehydrogenases, which in turn will transfer electrons to
cytochrome a1 quinol-oxidase. Alternatively, cells grown in
excess NH1

4 and under aerobic conditions will contain cyto-
chrome bd quinol oxidase and limited amounts of cytochrome
a1; cyanide acts on the cytochrome a1 terminal oxidase. Mem-
branes of A. diazotrophicus showed significant levels of cya-
nide-resistant respiration, which was selectively abolished with
low concentrations of Triton X-100 (Fig. 6A). The nature of
the components involved in this respiration remains to be
explored, but in other work cytochrome c553 (subunit II of
alcohol dehydrogenase) has been implicated as the main com-
ponent of the cyanide-insensitive oxidase bypass of G. suboxy-
dans (31).

Under nitrogen-fixing conditions, a rapid respiratory elec-
tron transport activity will be required to keep intracellular
oxygen tension at very low levels. This could be accomplished
through the high expenditure of ATP in nitrogen fixation and
a physiological mechanism that carries out a high rate of un-
coupled electron transport. An uncoupled respiratory pathway
(cyanide resistant) and chemical uncoupling (acidification)
have been proposed in G. suboxydans and in A. aceti respec-
tively, (31). A. diazotrophicus PAL5 has one of the highest
known rates of respiration and, very probably, the ability to
adjust its oxygen consumption to match wide variations in its
oxygen supply. Rapid respiration would be able to provide
“respiratory protection” to the oxygen-labile nitrogenase dur-
ing aerobic diazotrophy.
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Döbereiner. 1991. Physiology and dinitrogen fixation of Acetobacter diazo-
trophicus. FEMS Microbiol. Lett. 77:67–72.
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