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Abstract Azotobacter vinelandii carries three different and
genetically distinct nitrogenase systems on its chromosome.
Expression of all three nitrogenases is repressed by high
concentrations of fixed nitrogen. Expression of individual
nitrogenase systems is under the control of specific metal
availability. We have isolated a novel type of A. vinelandii
DJ54 revertant, designated A. vinelandii BG54, which carries a
defined deletion in the nifH gene and is capable of diazotrophic
growth in the presence of molybdenum. Inactivation of nifDK has
no effect on growth of this mutant strain in nitrogen-free medium
suggesting that products of the nif system are not involved in
supporting diazotrophic growth of A. vinelandii BG54. Similar to
the wild type, A. vinelandii BG54 is also sensitive to 1 mM
tungsten. Tn5-B21 mutagenesis to inactivate the genes specific to
individual systems revealed that the structural genes for vnf
nitrogenase are required for diazotrophic growth of A. vinelandii
BG54. Analysis of promoter activity of different nif systems
revealed that the vnf promoter is activated in A. vinelandii BG54
in the presence of molybdenum. Based on these data we conclude
that A. vinelandii BG54 strain utilizes vnf nitrogenase proteins to
support its diazotrophic growth. © 2000 Federation of Euro-
pean Biochemical Societies. Published by Elsevier Science B.V.
All rights reserved.
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1. Introduction

Azotobacter vinelandii harbors three genetically distinct ni-
trogenases [1-3], a well-characterized molybdenum nitroge-
nase, a vanadium-containing nitrogenase, and an iron-only
nitrogenase. All three nitrogenase enzymes are oxygen-labile
iron-sulfur proteins comprised of two separable components,
the Fe protein and the dinitrogenase [1,2,4]. The Fe protein
serves as the obligate electron donor to dinitrogenase during
catalysis in a MgATP- and reductant-dependent process [5-8];
dinitrogenase contains the active site of the enzyme, the co-
factor. The conventional Mo nitrogenase is synthesized in the
absence of a fixed nitrogen source when Mo is available,
whereas the V nitrogenase accumulates under Mo-deficient
conditions in the presence of V. In the absence of both Mo
and V, an alternative nitrogenase accumulates (Fe nitroge-
nase) that does not appear to contain either Mo or V [1,2].
The regulatory genes nifA, vufA, and anfA are required for the
expression of Mo, V and Fe nitrogenase, respectively [9-16].
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NifA binds to an upstream activator sequence (5’-TGT-N10-
ACA-3’) and activates the transcription of nif operons [17,18].
The VnfA binding site has been identified as 5’-GTAC-N6-
GTAC-3' [19,20]. The binding site for AnfA is unknown.

The structural genes encoding Mo nitrogenase and Fe ni-
trogenase are organized as single operons, nifHDK and
anfHDGK respectively, while the genes encoding V nitroge-
nase are organized into two independently regulated operons,
vnfHFd and vnfDGK [1,21,22]. The nifH, vnfH, and anfH
genes encode the Fe protein for the three nitrogenases, respec-
tively. The oo and B subunits of Mo dinitrogenase, V dinitro-
genase, and Fe dinitrogenase are encoded by nifDK, vnfDK,
and anfDK, respectively. The & subunits of V and Fe dinitro-
genase are encoded by wnfG and anfG, respectively
[1,6,8,21,23]. The vnfHFd and vnfDGK operons are expressed
independently of each other. The Fe protein of V nitrogenase
is expressed under Mo-deficient conditions in the presence or
absence of V, whereas V dinitrogenase is expressed only in the
presence of V [24-26]. It was shown that the Fe protein of V
nitrogenase is required for the expression of Fe nitrogenase
[27].

X-ray absorption spectroscopy studies [28,29] have shown
that Mo and V in the MoFe and VFe proteins are present in
analogous cofactor centers and have similar ligand geometry.
A Fe- and V-containing cofactor (FeV cofactor), similar to
the FeMo cofactor of MoFe proteins, has been extracted from
A. chroococcum [1]. No comparable data are available for Fe
nitrogenase. However, indirect evidence suggests that Fe ni-
trogenase contains a cofactor center similar to those in Mo
and V nitrogenase. The genes nifB and nifV, which are in-
volved in FeMo cofactor biosynthesis, are also required for
V and Fe nitrogenase activity [21,30]. The sequence compar-
isons of the products of the structural genes show that amino
acid residues that serve as ligands for FeMo cofactor in the
MoFe protein are conserved in all three nitrogenases [22].
Moreover, a new species of V nitrogenase containing FeMo
cofactor was reconstituted in vitro and found to be functional
[31]. Here we report the isolation and characterization of an
A. vinelandii mutant which supports diazotrophic growth due
to the synthesis of V nitrogenase in the presence of Mo.

2. Material and methods

2.1. Bacterial strains, plasmids, and growth conditions

The bacterial strains and plasmids used in this study are listed in
Table 1. A. vinelandii strains were grown at 30°C in modified Burke
nitrogen-free (BN™) medium [32]. When it was necessary to include
fixed nitrogen in the medium, ammonium acetate was added to a final
concentration of 400 pug/ml. When antibiotics were needed, kanamycin
and tetracycline were added to final concentrations of 5 pug/ml and
30 pg/ml, respectively. Escherichia coli strains were grown at 37°C in
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Luria broth or 2YT medium [33]. The antibiotics ampicillin and tet-
racycline were added to final concentrations of 50 pg/ml and 25 pg/ml,
respectively.

2.2. Isolation of a revertant from AnifH A. vinelandii strain DJ54 and
its growth characteristics

The AnifH A. vinelandii strain DJ54 (Table 1) was plated on BN~
plates containing 10 pmol Mo. The plates were incubated at 30°C to
score for spontaneous revertants. The ability of these revertant colo-
nies to grow on BN~ plates was re-assessed by plating on BN~ me-
dium. The colony that showed consistent growth on BN~ medium
was designated A. vinelandii BG54. To characterize A. vinelandii BG54
growth on nitrogen-free medium, overnight cultures were prepared by
allowing them to grow in BN* medium at 30°C for about 15 h. These
fully grown cultures were diluted into sterile BN~ medium at a ratio
of 1:250 for overnight culture:fresh medium, and the growth was
continued at 30°C while cell densities were recorded at various time
intervals.

2.3. General molecular techniques

Restriction enzymes were purchased from Boehringer Mannheim
(Indianapolis, IN, USA). Plasmid DNA isolations, DNA subcloning,
restriction enzyme digestions, agarose gel electrophoresis, ligations
and E. coli transformations were carried out as described in the lab-
oratory manuals [33,34] or as suggested in the manufacturers’ instruc-
tions. Oligonucleotides used for PCR amplification were purchased
from Gibco BRL Life Technologies Inc. (Gaithersburg, MD). Tn5-
B21 mutagenesis was carried out by following a modified method
described by Joerger et al. [22]. PCR was performed using the reagents
from the GeneAmp kit (Perkin-Elmer Corp.). 100 ng of the chromo-
somal DNA and about 50 nmol of the primers corresponding to sense
and antisense DNA strands immediately upstream and downstream of
the open reading frame for NifH were used in the reaction. The
oligonucleotide primer corresponding to the nifH forward is 5'-
TGGCTATGCGTCAATGCGCCATCTACGGC-3" and the nifH re-
verse is 5'-TCAGACTTCTTCGGCGGTTTTGCCGACGATGGA-
3’. PCR amplification was continued for 20 cycles under stringent
conditions. The products were subjected to agarose gel electrophoresis
to compare the size of the nifH genes from A. vinelandii strains OP,
DJ54, and BG54.

3. Results and discussion

3.1. Isolation of A. vinelandii BG54 and verification of the
genetic background
A. vinelandii DJ54, which has a defined deletion in the nifH
gene, cannot support diazotrophic growth in a medium
supplemented with Mo and Fe [35,36]. We were interested
in testing whether Nift revertants could be isolated from
A. vinelandii DJ54 and how such revertants can gain nitro-

Table 1
Bacterial strains and plasmids used in this study
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gen-fixing ability. As described in Section 2, A. vinelandii
DJ54 cells were subjected to growth on nitrogen-free medium
and spontaneous revertants that could grow diazotrophically
were isolated. One of the colonies that showed consistent
growth on BN~ medium supplemented with molybdenum,
designated A. vinelandii BG54, was subjected to further anal-
ysis.

To verify that the nifH locus of A. vinelandii BG54 and
A. vinelandii DJ54 are similar, and that the reversion to the
Nift phenotype in A. vinelandii BG54 is due to some other
mutation, we performed PCR amplification of the nifH as
described in Section 2. It was known that the nifH gene of
A. vinelandii DJ54 is 340 bp since there was a 540 bp deletion
in the coding sequence of the nifH in this strain. The PCR
products obtained when chromosomes of A. vinelandii BG54
and A. vinelandii DJ54 were used as template were similar in
size (about 340 bp) and much smaller than that of wild type
which was 880 bp. This indicated that A. vinelandii BG54
retained the same AnifH originally present in the parental
strain A. vinelandii DJ54. Therefore, the Nif" phenotype of
A. vinelandii BG54 has presumably resulted, at least in part,
from one of the Mo-independent nitrogenases.

3.2. Growth characteristics of A. vinelandii BG54

The growth rates of A. vinelandii strains OP, DJ54, and
BG54 in BN' and BN~ liquid media were recorded at differ-
ent time intervals. There was no apparent difference among
the three strains when grown in BN* medium. On the other
hand, 4. vinelandii BJ54 could not grow in BN~ medium in
the presence of Mo, indicating that Mo-independent nitroge-
nases were repressed by molybdenum in this strain. However,
A. vinelandii BG54 was able to grow in BN~ medium in the
presence of Mo and the growth rate of A. vinelandii BG54 was
much slower when compared to that of A. vinelandii strain OP
(Fig. 1). This is a typical growth phenotype of A. vinelandii
using a Mo-independent nitrogenase to fix nitrogen [37] be-
cause V and Fe nitrogenases are not as efficient in substrate
reduction as Mo nitrogenase [25].

It was shown previously that some strains of A. vinelandii
that carried a deletion in the structural genes of Mo nitro-
genase could grow in nitrogen-free medium in the presence of
molybdenum and exhibited tungsten resistance [38-40]. The
growth of these strains was not repressed by 1 mM of

Strain of plasmid Relevant characteristics and description

Source or reference

E. coli TG1 K12, A(lac-pro), supE, thi-1, lacl9, lacZAM15, hsdD5 [F' traD36 proA™ BY] Amersham Life Sciences
Inc., IL
A. vinelandii OP Wild type, Nift, soil bacterium Laboratory stock
A. vinelandii DJ54 Nif™; defined deletion in the nifH gene [35]
A. vinelandii BG54 Nif"; spontaneous revertant of A. vinelandii DJ54 with defined deletion in the nifH gene This work
A. vinelandii DJ15 nifH::Tn5-B21; Nif~; Tn5-B21 insertion in the nifH [42]
A. vinelandii CA73 anfH::Tn5-B21: Nift; Tn5-B21 insertion in the anfH [27]
A. vinelandii CA81 vafH::Tn5-B21: Nif*; Tn3-B21 insertion in the vnfH [27]
A. vinelandii BG11K  nif™; AnifHDK::Kan, in the genetic background of A. vinelandii DJ54 revertant BG54 This work
A. vinelandii BG73 Tet"; anfH::Tn5-B21, in the genetic background of A. vinelandii DJ54 revertant BG54 This work
A. vinelandii BG15 Tet"; nifH::Tn5-B21, in the genetic background of A. vinelandii DJ54 revertant BG54 This work
A. vinelandii BG81 Tet"; vnfH::Tn5-B21, in the genetic background of A. vinelandii DJ54 revertant BG54 This work
pDB6 6-kb Smal fragment spanning A. vinelandii nifHDKY genes cloned into the Smal site of [42]
pUC8. Amp*; ColEl replicon
pBGS506K Derivative of pDB6 in which the nifHDK genes were deleted by digesting with Bg/II This work

and inserting a 1.2-kb BamHI fragment carrying a kanamycin resistance gene at this

Bglll site
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Fig. 1. Growth characteristics of A. vinelandii strains in BN~ liquid
medium. Overnight cultures were prepared by inoculating freshly
growing colonies from agar plates into Burke’s medium supple-
mented with ammonium acetate. Cells from the overnight culture
were collected and washed with BN~ and then transferred to side-
arm flasks that contained sterile BN™. Cell densities were recorded
over 40-h time periods. This analysis showed that the A. vinelandii
BG54 strain showed slower growth compared to the A. vinelandii
OP and the parental strain A. vinelandii DJ54 did not show any
growth.

Na,WO,. We characterized diazotrophic growth by 4. vine-
landii strain BG54 in the presence of various concentrations of
Na,WOy. A. vinelandii strain BG54 showed resistance to tung-
sten in the nitrogen-free medium. The growth behavior of
A. vinelandii strain BG54 was different from what has been
reported on tungsten-resistant strains such as A. vinelandii
strains CA6 [39], CARR [40], and WN101 [38], which could
grow in nitrogen-free medium supplemented with 1 mM
N32WO4.

3.3. Deletion of nif DK from A. vinelandii BG54 has no effect on
its diazotrophic growth

The Fe protein of any of the three nitrogenases can form a

functional complex with the MoFe protein of Mo nitrogenase

Chromosome

. nifH | nifD | nifK | nify rrppn;

|

Double Crossover
Event

vy, Kan*

RG7777777777777,

Chromosome After recombination

Fig. 2. General strategy of integration of kanamycin resistance gene
cassette in the chromosome. The nif gene locus on the chromosome
before and after the integration of deleted nif structural genes is
shown. Using this genetic strategy the A. vinelandii strains in the
wild type background and BG54(AnifHDK) in DJ54 revertant back-
ground designated A. vinelandii BG11K were constructed.
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Fig. 3. The bacteria were tested for diazotrophic growth on
BN™. The strains used were A. vinelandii (wild type), A. vinelandii
(AnifHDK), A. vinelandii BG54(AnifH) and A. vinelandii
BG54(AnifHDK). Strain A. vinelandii (AnifHDK) was unable to
grow on nitrogen-free medium and strain  A.  vinelandii
BG54(AnifHDK) showed diazotrophic growth, indicating in the
A. vinelandii BG54 background the nif structural genes are not
needed for its diazotrophic growth.

to support substrate reduction and the diazotrophic growth of
A. vinelandii [2,25,41]. Thus, it is possible that A. vinelandii
BG54 is utilizing the MoFe protein of Mo nitrogenase and the
Fe protein of either V or Fe nitrogenase to fix nitrogen. To
test this possibility, we analyzed the role of nif DK genes in the
diazotrophic growth of A. vinelandii BG54. Initially, we gen-
erated a derivative of A. vinelandii strain BG54 in which the
nif DK genes were disrupted. To do this, we generated a de-
rivative of pDB6 in which the nifHDK genes were deleted by
digesting with Bg/Il. Then we inserted a 1.2 kb BamHI frag-
ment carrying a kanamycin resistance gene at this Bg/II site.
The resulting plasmid, which was designated pBG506K (Fig.
2), has a kanamycin resistance gene cassette in place of the
NifHDK. The pBG506K was transformed into both A. vine-
landii strains OP and BG54. The kanamycin-resistant colonies
were selected from both transformations. The plasmid
pBGS06K is unable to replicate in A. vinelandii since it has
a ColE] replicon. Therefore, the kanamycin-resistant colonies
obtained after transformation carry the rescued kanamycin
resistance gene in place of the nifHDK locus on the chromo-
some. It was observed that the transformants of A. vinelandii
strain OP were unable to grow on nitrogen-free, Mo-contain-
ing medium suggesting that the products of nifHDK are es-
sential for diazotrophic growth of this strain under these con-
ditions (Fig. 3). In contrast, the transformants of A. vinelandii
BG54 were able to grow on nitrogen-free, Mo-containing me-
dium suggesting the products of nifHDK are not required for
the diazotrophic growth of this strain (Fig. 3). The derivative
of A. vinelandii BG54 in which the kanamycin resistance gene
replaced the nifHDK locus on the chromosome was desig-
nated A. vinelandii BG11K. The growth characteristics of
A. vinelandii BG11K and A. vinelandii BG54 showed that
the deletion of nifDK did not affect the nitrogen fixation ca-
pability of A. vinelandii BG11K indicating that A. vinelandii
BG54 was relying on either V or Fe nitrogenase to sup-
port nitrogen reduction in the presence of molybdenum
(Fig. 3).
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3.4. Expression of V nitrogenase is required for Nif* phenotype
of A. vinelandii BG54

Since growth characteristics of A. vinelandii BG11K showed
that the products of nifDK are not necessary for the growth of
A. vinelandii BG54 on nitrogen-free medium supplemented
with Mo, we analyzed whether V or Fe nitrogenase is used
by this strain to support diazotrophic growth. Initially we
constructed a series of strains which have nifH, vnfH or
anfH mutated by Tn5-B21 in the genetic background of
BG54. These strains were designated A. vinelandii BGI1S,
BGS81 and BG83, respectively. The numbering system corre-
sponded to that of the A4. vinelandii OP strains carrying similar
mutations (CA15, CA81 and CAS83, respectively, which were a
gift from Dr. Bishop). The ability of these strains to grow on
nitrogen-free medium containing Mo was analyzed and the
results of these experiments are summarized in Table 2. It
was found that disruption of anfH had no effect on the diaz-
otrophic growth of A. vinelandii strains CA73 or BG73
(anfH::Tn5-B21) suggesting that the product of anfH is not
involved in supporting the diazotrophic growth of these
strains. Disrupting vufH did not inhibit growth of A. vinelan-
dii CA81 (vnfH::Tn5-B21 in the wild type genetic back-
ground) whereas disrupting vnfH inhibited growth of A. vine-
landii BGS81 (vnfH::Tn5-B21 in the BG54 genetic
background) on nitrogen-free medium containing Mo (Table
2). These results clearly indicated that expression of V nitro-
genase is essential for the growth of A. vinelandii BG54 on
nitrogen-free medium containing Mo. A. vinelandii BGI15
(nifH::Tn5-B21 in the BG54 genetic background) was able
to grow on nitrogen-free medium containing Mo, further con-
firming the observation from the studies on A. vinelandii
BGI11K that the expression of nifH is not essential for the
nitrogen-fixing ability of A. vinelandii BG54 (Table 2). In con-
trast, A. vinelandii DJ15 (nifH::Tn5-B21 in the wild type ge-
netic background) was unable to grow on nitrogen-free me-
dium containing Mo showing the dependence of this strain on
the nifH product for diazotrophic growth under these condi-
tions (Table 2). Taken together these data suggest that unlike
wild type A. vinelandii, the A. vinelandii BG54 strain was

Table 2
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synthesizing and assembling functional V nitrogenase in the
presence of molybdenum.

3.5. Expression pattern of f-galactosidase from nifHp-lacZ,
vnfHp-lacZ and anfHp-lacZ fusions in A. vinelandii BG54
genetic background revealed an activation of V nitrogenase
in the presence of molybdenum

The growth phenotype of A. vinelandii BG54 was positive in
nitrogen-free medium supplemented with molybdenum which
was distinct from the negative phenotype of A. vinelandii

DJ54, indicating that the expression profile of A. vinelandii

BG54 nitrogenase genes was different from that of A. vinelan-

dii DJ54. To further verify whether the transcription of the vnf

system is activated in A. vinelandii BG54, cells were grown in

nitrogen-free medium containing Mo and we examined
whether the promoter of vnfH is activated in these cells. To

do this, transcriptional fusions of the vnfH promoter and a

promoterless lacZ gene in the A. vinelandii BG54 genetic

background (A4. vinelandii BG81) and the wild type genetic
background (4. vinelandii CA81) were generated as described
previously. The expression of lacZ by these strains when
grown in the nitrogen-free medium supplemented with Mo
was monitored. The results of these analyses are presented
in Table 2. It was observed that the 4. vinelandii CA81 that
harbors the vufH::lacZ fusion in the wild type genetic back-
ground expressed only the basal level of B-galactosidase. In
contrast, A. vinelandii BG81, which harbors the vufH::lacZ
fusion in the BG54 genetic background, expressed elevated
levels of B-galactosidase. This result clearly implies that in

A. vinelandii BG54 cells grown in nitrogen-free medium sup-

plemented with molybdenum, the vnf system is transcription-

ally active. This observation, combined with the fact that
impairing the expression of nifHDK genes does not alter the

nitrogen fixation ability of A. vinelandii BG54, suggests that V

nitrogenase is functional in these cells when grown in nitro-

gen-free medium supplemented with Mo. Therefore, A. vine-
landii BG54 cells must have accumulated V nitrogenase with

FeMo cofactor inserted in the presence of molybdenum. A

hybrid A. vinelandii VFe protein containing FeMo cofactor

has been reconstituted in vitro [31]. This VFe (FeMo co)

B-Galactosidase activity measurements of lacZ reporter gene fusions to nifH, vufH and anfH genes

Strain Growth on BN™ medium  Genotype/LacZ fusion B-Galactosidase  Percentage of
with molybdenum activity® activity

A. vinelandii DJ15 — Wild type background and Tn5-B21 insertion in  129.15 100
nifH gene; nifH::lacZ

A. vinelandii CA81 + Wild type background and Tn5-B21 insertion in  14.28 11.05
vnfH gene; vnfH::lacZ

A. vinelandii CA73 + Wild type background and Tn5-B21 insertion in ND -
anfH gene; anfH::lacZ

A. vinelandii BG15 + A. vinelandii DJ54 revertant background and 122.85 95.12
Tn5-B21 insertion in nifH gene; nifH::lacZ

A. vinelandii BG81 — A. vinelandii DJ54 revertant background and 69.82 54.06

Tn5-B21 insertion in vufH gene; vufH::lacZ

A. vinelandii BG73 +

A. vinelandii DJ54 revertant background and ND -

Tn5-B21 insertion in anfH gene; anfH::lacZ

ND: No detectable activity was found.

2Cells from 1.5 ml of derepressed culture were collected by centrifugation and resuspended in 300 pl of Z buffer. A 100-ul aliquot of the resus-
pended cells was lysed using quick freeze-thaw (treatment with liquid nitrogen followed by thawing at 37°C). To measure the P-galactosidase
activity in the cell lysate, 0.7 ml of the Z buffer/B-mercaptoethanol solution was added to each tube followed by 0.16 ml of Z buffer/ONPG
(4 mg of ONPG per ml of Z buffer). The time of ONPG addition was recorded and the tubes were incubated at 30°C with shaking. When yel-
low color was visible, 400 ul of 1 M NaCOj; was added to each tube to terminate the reaction and the time was recorded. The tubes were then
centrifuged for 10 min at 10000X g to remove cellular debris, and the ODy4yy was recorded. The B-galactosidase units were defined as the
amount of enzyme which hydrolyzes 1 pmol of ONPG to o-nitrophenol and p-galactose per minute.
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protein had a mixed EPR signal, which combined both MoFe
protein and VFe protein signals and had similar electron al-
location to the MoFe protein in nitrogen reduction and to the
VFe protein in CoH; reduction [31]. However, this V nitro-
genase containing FeMo cofactor was not as efficient in nitro-
gen fixation as the Mo nitrogenase in vitro. Since the growth
rate of A. vinelandii BG54 was much slower than that of 4.
vinelandii OP in ammonia-free medium in the presence of
molybdenum, our results imply that the nitrogenase expressed
by A. vinelandii BG54 is more similar to the V nitrogenase
with the FeMo cofactor, rather than the Mo nitrogenase.
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