
A. vinelandii is a free�living, obligatory aerobic

microorganism capable of nitrogen fixation. Most nitro�

gen�fixing bacteria are unable to reduce N2 at high oxy�

gen concentrations because the nitrogenase complex cat�

alyzing this reaction is irreversibly inactivated by O2.

However, A. vinelandii fixes molecular nitrogen over a

wide range of oxygen concentrations in spite of the fact

that isolated nitrogenase complex of this bacterium is as

sensitive to O2 as that from other microorganisms [1]. To

explain such oxygen�resistant nitrogen fixation of

Azotobacter, Dalton and Postgate [2] advanced the

hypothesis that the so�called respiratory protection

mechanism functions in this bacterium. The term “respi�

ratory protection” means a significant decrease in oxygen

concentration in Azotobacter cytoplasm due to the active

work of the respiratory chain to the level when nitroge�

nase inactivation does not occur.

The A. vinelandii respiratory chain includes at least

two terminal oxidases, the bd�type quinol oxidase, and o�

type cytochrome oxidase [3]. It was shown that mutations

in genes encoding cytochrome bd result in the loss of the

unique ability of A. vinelandii for molecular nitrogen fix�

ation at high O2 concentrations [4]. Therefore, it was

concluded that the respiratory protection of the nitroge�

nase complex is performed by the bd�type terminal oxi�

dase activity [3, 4]. The operon encoding this enzyme was

cloned and sequenced [4], and the enzyme itself was iso�

lated and characterized [5, 6]. In particular, it was shown

that activity of this terminal oxidase is coupled with pro�

ton potential generation, and the efficiency of this

process is 1 H+/e– [7].

In contrast to the bd�type quinol oxidase, the

cytochrome oxidase branch of the A. vinelandii respirato�

ry chain is so far poorly studied. It was demonstrated that

the process of ubiquinol oxidation by this branch is sensi�

tive to low concentrations of myxothiazol and antimycin

[7]. Therefore, it was concluded that this process is real�

ized via bc1�complex. The presence of the following

cytochromes c—c4, c5, c551, and c555—was demonstrated in

A. vinelandii [8]. The last two types of cytochrome c are

minor and their functions are unknown. As for

cytochromes c4 and c5, their possible role is to maintain

electron transfer from the bc1�complex to cytochrome

oxidase. A high TMPD�oxidase activity is typical of A.

vinelandii mutant strains lacking genes encoding either

cytochrome c4 or cytochrome c5, whereas the mutant

strain lacking both these cytochromes c oxidizes TMPD

very slowly [9, 10]. These data suggest that there are two

alternative electron flows towards the cytochrome oxi�

dase—via cytochrome c4 as well as c5 [9].
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Earlier the o�type terminal oxidase was isolated from

A. vinelandii [11]. However, the N�terminal sequences in

subunits were not determined in the course of this study,

and the composition of cofactors of this enzyme also

remained unknown. Thus, it remained unknown to what

class of terminal oxidases does the o�type oxidase from A.

vinelandii belongs. Later Leung and coauthors [12] cloned

a part of the A. vinelandii gene (cyoB) probably encoding

the o�type terminal oxidase. It was shown that this cloned

fragment is homologous to the site of cyoB gene from

Escherichia coli encoding the bo�type quinol oxidase sub�

unit. Inactivation of this gene in A. vinelandii resulted in

disappearance of the cell spectral characteristics ascribed

to the o�type terminal oxidase. In this mutant strain CO

binds only to cytochrome bd [12]. These data can also

indicate that only two terminal oxidases are present in A.

vinelandii. However, dependence of the respiration rate of

A. vinelandii cells on oxygen concentration suggests that

three terminal oxidases can function in this bacterium [3].

This suggestion is proved by the fact that along with genes

encoding bd� and o�type terminal oxidases, A. vinelandii

genome seems to contain also a gene homologous to ccoN

gene of cbb3�type cytochrome oxidase subunit [13]. The

data can indicate that cbb3�type enzyme exists in A.

vinelandii as the third terminal oxidase, but this suggestion

still needs experimental corroboration. Thus, the main

goal of the present work was to study possible functioning

of the cbb3�type terminal oxidase in the A. vinelandii respi�

ratory chain and to clarify the role of this enzyme in the

respiratory protection mechanism.

MATERIALS AND METHODS

Bacterial strains and growth conditions. A. vinelandii

strains used in this work are listed in Table 1. A. vinelandii

cells were grown on a thermostatted rotary shaker

(250 rpm) at 30°C on modified Burck medium [7].

Sub�bacterial particles (SBP) were isolated from A.

vinelandii cells as described earlier [14].

Cytochromes c4 and c5 were isolated from A.

vinelandii as described in [15].

NADH oxidation by A. vinelandii SBP was measured

using a Hitachi 557 spectrophotometer at 340 nm and

30°C. The measurement medium contained 20 mM

Hepes (pH 7.5), 60 mM KCl, 2 mM MgSO4, 0.9 µM

gramicidin D, and SBP (1�5 µg protein/ml). To calculate

the NADH oxidation rate, millimolar extinction coeffi�

cient ε340 = 6.22 mM–1·cm–1 was used.

Oxidation of cytochromes c by A. vinelandii SBP was

measured (at 30°C) using a Hitachi 557 spectrophotome�

ter at 550�535 nm (ε550�535 = 17.3 mM–1·cm–1) or at 420�

440 nm (ε420�400 = 120 mM–1·cm–1). The measurement

medium contained 20 mM Hepes (pH 7.5), 60 mM KCl,

2 mM MgSO4, reduced cytochrome c (final concentra�

tion of heme C was 5 µM) and SBP (10�50 µg

protein/ml). Reduced cytochrome c was obtained by its

incubation with ascorbate (5 mM) and subsequent purifi�

cation from the reductant on a column with Sephadex G�

25.

Spectral characteristics of SBP from various A.

vinelandii strains were studied using an Aminco DW�2000

spectrophotometer. The measurement medium con�

tained 100 mM KH2PO4, pH 7.0, and SBP (4�6 mg pro�

tein/ml). For complete oxidation of cytochromes, SBP

were incubated in the presence of 1 mM potassium ferri�

cyanide; to reduce cytochromes, a few crystals of sodium

dithionite were added to the sample.

Protein concentration was measured by bicin�

choninic acid method [16] using bovine serum albumin as

the standard.

Construction of A. vinelandii strain with disrupted syn�
thesis of CcoN protein. An A. vinelandii ccoN fragment was

amplified by the polymerase chain reaction (PCR) method

using RC3 5′�CGTCTGCGTCCGCTG and H6 5′�CCG�

GAGTGGACGACGCCGATGGTCAG primers as

described in [13]. An amplified fragment of ccoN gene was

cloned into pGEM�T vector from Promega (USA) to

obtain pC309 plasmid. Then a tetracycline resistance cas�

sette from pHP45 ΩTc plasmid was incorporated into the

unique EcoRV restriction site (positioned approximately

250 bp away from the 5′�end of PCR product). ΩTc�con�

taining plasmid (pCT6) with the same direction of ccoN

gene transcription and tetracycline resistance cassette was

Strain/plasmid

A. vinelandii UW136

A. vinelandii DL10

A. vinelandii C14

A. vinelandii DCO35

pC309

pCT6

Genotype/phenotype

RfR

UW136 cyoB::Km, RfR KmR

UW136 ccoN::ΩTc, RfR TcR

DL10 ccoN::pCT6, RfR KmR TcR ApR

pGEM�T with 900�bp ccoN fragment from A. vinelandii, ApR

pC309 with inclusion of ΩTc cassette in the EcoRV site of ccoN fragment, ApR, TcR

Reference

[12]

[12]

this work

same

same

same

Table 1. Bacterial strains and plasmids used in this work
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sampled. As a result of transformation of A. vinelandii

UW136 cells by pCT6 plasmid, there was selected a C14

clone (ccoN::ΩTc) with ApSTcR phenotype typical of an

insertion mutation obtained by a double homologous

crossing�over event. Localization of mutation in A.

vinelandii chromosome was proved by PCR method using

RC3 primers (see above) and NC (5′�GAAG�

GCCAGGGAGACCAC). Such PCR analysis of DNA

from C14 clone revealed a unique 2.9�kb product (com�

posed of 2.1� and 0.8�kb components corresponding to the

tetracycline resistance cassette and PCR fragment of ccoN

gene). We failed to detect the 0.8�kb PCR product typical

of the wild type strain.

Mutagenesis of DL10 A. vinelandii cells (cyoB::Km)

was performed analogously; a DCO35 strain (cyoB::Km

ccoN::pCT6) in which ccoN inactivation occurred via the

integration of pCT6 plasmid due to a single crossing�over,

was thus obtained.

Competent A. vinelandii cells were obtained and

transformed as described in [17].

Nucleotide sequencing was performed in the Human

Genome Sequencing and Mapping Group of the

Engelhardt Institute of Molecular Biology, Russian

Academy of Sciences, using an Applied Biosystems ABI

373A automatic sequencer.

The DNA sequence determined in this study was

deposited into GenBank (No. AF456880).

RESULTS AND DISCUSSION

Study of the cbb3�type cytochrome oxidase from

Rhodobacter capsulatus demonstrated that gene frag�

ment of this enzyme is also present in genomes of many

other bacteria [13]. Among them, it was shown that A.

vinelandii chromosome contains the ccoN fragment

(encoding cbb3�type cytochrome oxidase CcoN sub�

unit in R. capsulatus) [13]. The data suggested that

such terminal oxidase possibly functions also in A.

vinelandii. To test this hypothesis, a mutant strain of A.

vinelandii with disrupted synthesis of CcoN protein

was constructed. For this, the ccoN gene fragment was

amplified by PCR method as described in [13], and the

products were separated by gel electrophoresis. The

900�bp band was isolated, cloned into pGEM�T vector

(thus obtaining pC309 plasmid), and partially

sequenced. Analysis of the resulting sequence using a

BLASTX program showed that amino acid sequence

corresponding to a certain nucleotide sequence is

homologous to cbb3�type terminal oxidase CcoN sub�

unit from various bacteria. Maximal homology (99%)

was found in CcoN protein analog from Pseudomonas

aeruginosa. Thus, it was the ccoN gene fragment that

we cloned from A. vinelandii. A partial nucleotide

sequence of this gene was deposited into GenBank

(No. AF456880).

The tetracycline resistance cassette was incorporated

into the cloned fragment, and this resulted in pCT6 plas�

mid construction. To obtain the A. vinelandii strain with

inactivated ccoN gene, cells of this bacterium were trans�

formed by pCT6 plasmid (as all plasmids containing

ColE1�replicon, this plasmid is unstable in A. vinelandii

cells). A C14 clone with ApSTcR phenotype typical of

mutation obtained due to a double crossing�over was

sampled. Localization of the insertion mutation in A.

vinelandii ccoN gene was proved by PCR analysis (see

“Materials and Methods”). Thus, we constructed the A.

vinelandii strain in which ccoN gene contains tetracycline

resistance cassette; this should result in disruption of

CcoN protein synthesis.

If A. vinelandii CcoN protein is a subunit of the func�

tioning cbb3�type terminal oxidase, then ccoN gene muta�

tion should result in significant decrease in the

cytochrome c oxidase activity in this microorganism, since

all the so far described cbb3�type oxidases are cytochrome

oxidases. As shown in Fig. 1a, the dithionite�reduced

minus air�oxidized difference spectrum of SBP isolated

from the wild type A. vinelandii strain indicates the pres�

ence of cytochromes c, b, and d in membrane preparations

of this bacterium. However, a peak at 553 nm is essential�

ly absent from a similar (dithionite�reduced minus air�oxi�

dized) difference spectrum of SBP from the CcoN�

mutant A. vinelandii strain (C14); this may indicate a very

low content of cytochromes c in these membrane prepara�

tions (Fig. 1a). Nonetheless, dithionite�reduced minus

ferricyanide�oxidized difference spectra of SBP from

these two strains are practically the same (Fig. 1b). The

data mean that cytochromes c are present in SBP from the

CcoN�mutant A. vinelandii strain, but in isolated SBP

they are in reduced form, that is, in the mutant strain oxi�

dation of cytochromes c by air oxygen is hindered, and

they can be oxidized only in the presence of ferricyanide.

The data indicate that the active cytochrome oxidase is

absent from SBP from the A. vinelandii mutant strain.

To prove this suggestion, the fraction of cytochromes

c4 and c5 was isolated from A. vinelandii cells, and the rate

of oxidation of these cytochromes by SBP from various

strains of the studied bacterium was measured. In accord

with the previous observations [11], it was shown that

SBP isolated from the A. vinelandii wild type strain

(UW136) cells are able to oxidize cytochromes c4 and c5

(Table 2). The DL10 A. vinelandii strain mutant in the o�

type terminal oxidase (cyoB::Km) demonstrated approxi�

mately the same cytochrome c4/c5 oxidase activity as the

wild type strain (data not presented). The cytochrome c

oxidase activity of these strains was completely inhibited

in the presence of 20 µM KCN, whereas NADH oxidase

activity was only partly sensitive (~15% inhibition) to

such cyanide concentration, because NADH oxidase

activity of A. vinelandii SBP is performed mainly due to

the functioning of the bd�type “cyanide�resistant” quinol

oxidase [7]. However, we failed to detect oxidation of
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cytochromes c4 and c5 by the CcoN�mutant A. vinelandii

strain (C14), although the rate of NADH oxidation by

SBP of this strain was approximately the same as that of

the wild type strain (Table 2). The same results were

obtained using cytochrome c from horse heart; the only

difference was that the oxidation rate of this cytochrome

was significantly lower compared with that of A. vinelandii

cytochromes c4 and c5.

It is well known that NADH oxidation proceeds on

the inner surface of the bacterial cytoplasmic membrane,

whereas cytochrome c is oxidized on the outer surface of

this membrane [18]. Thus, we had to ascertain that the

ratio of “right�side out” and “inside out” particles in

membrane preparations from the C14 mutant strain is not

changed compared with the wild type strain. As seen from

the Table 2, stimulation of NADH oxidase activity by

alamethicin was approximately the same in SBP from the

mutant strain and in those from the wild type strain.

Alamethicin is able to form channels of rather large size

in the membrane in order to provide its permeability for

NADH [19]. In the absence of alamethicin, only “inside

out” particles catalyze NADH oxidation, whereas in the

presence of this channel�former both populations of par�

ticles are catalysts (this stimulation of NADH oxidase

activity by alamethicin cannot be rationalized by the

effect of respiratory control, because all measurements

were performed in the presence of gramicidin). Similar

stimulation of NADH oxidase activity by alamethicin

Fig. 1. Dithionite�reduced minus air�oxidized (a) and dithionite�reduced minus ferricyanide�oxidized (b) difference spectra of sub�bacter�

ial particles isolated from the wild type A. vinelandii strain (1) and C14 mutant strain (2). All spectra are normalized to protein concentra�

tion 5 mg/ml.
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Table 2. The oxidation rate of cytochromes c4/c5 and NADH by sub�bacterial particles from various A. vinelandii

strains (results of a typical experiment are presented)

+ alamethicin*

16 000

10 000

– alamethicin

11 900

8200

cytochrome c4/c5

oxidase activity, nmol
oxidized heme C/min

per mg protein

33

0.0

Activity

* NADH oxidase activity in the presence of 17 µg/ml alamethicin.

** The ratio of NADH oxidase activity in the absence of alamethicin to this activity in the presence of alamethicin (%).

NADH oxidase activity, nmol oxidized NADH/min per mg protein
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(Table 2) means that orientation of SBP isolated from the

A. vinelandii mutant strain does not differ from orienta�

tion of SBP from the wild type strain. Thus, the lack of

cytochrome c oxidase activity in SBP from the C14

mutant strain can be explained only by the lack of the

active cytochrome oxidase in this strain.

The data indicate that the A. vinelandii respiratory

chain contains the active cbb3�type cytochrome oxidase.

Since ccoN gene mutation results in complete loss of

cytochrome c oxidase activity, our data also indicate that

all other terminal oxidases of A. vinelandii are quinol oxi�

dases.

It should be noted that the oxidation rate of

cytochromes c by SBP from A. vinelandii is significantly

lower compared with the oxidation rate of NADH by the

same SBP. In spite of the fact that the measured rate of

cytochrome c oxidation is significantly underestimated

due to a small content of “right�side out” particles in our

membrane preparations (approximately fivefold, see

Table 2), one can conclude that the cytochrome oxidase

branch of the A. vinelandii respiratory chain is a minor

component compared with the bd�type quinol oxidase.

As shown earlier, mutations in genes encoding the

bd�type quinol oxidase result in disruption of diazotroph�

ic growth of A. vinelandii at high oxygen concentrations

[4]. However, the A. vinelandii strains with disrupted syn�

thesis of o�type terminal oxidase are able to fix molecular

nitrogen at high oxygen concentrations [12]. In this study

we demonstrated that ccoN gene mutation (C14 strain)

along with the double ccoN cyoB mutation (DCO35

strain) do not effect ability of A. vinelandii for dia�

zotrophic growth at high oxygen concentrations (data not

presented here). Thus, one can conclude that the o� and

cbb3�type terminal oxidases (in contrast to the bd�type

quinol oxidase [4]) are not necessary for functioning of

the respiratory protection mechanism of the nitrogenase

complex.

Our results indicate that the A. vinelandii respiratory

chain contains cbb3�type cytochrome oxidase along with

the o� and bd�type terminal oxidases [4, 12]. Accounting

for the earlier results [4, 7, 10, 12], the terminal site of A.

vinelandii respiratory chain can be presented as the follow�

ing scheme (Fig. 2). The bd�type quinol oxidase possesses

low energy�conserving efficiency (1 q/e–) [7], a high rate of

oxygen reduction and is a necessary component of the res�

piratory protection [4]. The cbb3� and o�type terminal oxi�

dases must possess high energy�conserving efficiency

(2 q/e–, since they belong to superfamily of heme�copper

oxidases [20]) and demonstrate relatively low activity with

A. vinelandii. The physiological role of the two latter termi�

nal oxidases seems to be energy supply of A. vinelandii cells

during growth at low oxygen concentrations.
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