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Multiple genomic regions homologous to nifH were found in the diazotroph Azotobacter vinelandii. The
nifHDK gene cluster, located on a 12.8-kilobase (kb) Xhol fragment and two additional Xhol fragments (7.4
and 8.4 kb) hybridized to a nifH-specific DNA template but the 7.4- and 8.4-kb fragments did not hybridize to
nifD- or nifK-specific DNA probes. In vivo transcription of the nifHDK gene cluster was ammonia-repressible
and required the presence of at least 50 nM molybdenum in the derepression medium. Three mRNA species
were transcribed from the nifHDK gene cluster, a 4.2-kb transcript homologous to nifH-, nifD-, and
nifK-specific DNA templates, a 2.6-kb transcript homologous to nifH- and nifD-specific DNA templates, and a
1.2-kb transcript homologous only to the nifH-specific DNA template. In strain CA1ll, a nifHDK deletion
mutant, the nifHDK-specific transcripts were not produced and the strain was unable to grow in N-free medium
in the presence of Na,MoO, at concentrations of 50 nM or higher. However, at concentrations of 25 nM Mo
or less, growth occurred in N-free medium. Under these conditions two rifHi-homologous (but not nifD- or
nifK-homologous) transcripts were observed (1.2 and 1.8 kb). Presumably these were transcribed from the
additional nifH-homologous sequences present in the genome. These results are consistent with the existence of

two N, fixation systems in A. vinelandii which are regulated by molybdenum at the level of transcription.

Biological reduction of dinitrogen to ammonia is catalyzed
by the enzyme complex nitrogenase, consisting of dinitro-
genase, a molybdenum-iron protein, and dinitrogenase
reductase, an iron protein. Dinitrogenase is a tetramer
composed of two pairs of nonidentical subunits, the a- and
B-subunits, which are encoded by the nifD and nifK genes,
respectively. Active dinitrogenase contdins four [4Fe-4S]
clusters and two molecules of FeMo cofactor (5).
Dinitrogenase reductase is a dimer composed of two identi-
cal subunits and is encoded by the nifH gene. A single
[4Fe-4S] cluster is bridged between the two subunits of
dinitrogenase reductase (5).

Biological N, fixation in all diazotrophic organisms is
influenced by a number of environmental parameters (for a
review, see references 26 and 27). As a general rule, both
NH,* and O, repress N, fixation. Since an Mo-containing
dinitrogenase has been observed in all known diazotrophs,
one might speculate that Mo also regulates nitrogenase
expression. This has led to a number of studies on the effect
of Mo deprivation on nitrogenase in a variety of organisms,
revealing no uniform response. In the cyanobacteria
Plectonema boryanum and Anabaena cylindrica (10, 20),
Mo itself appears to have no regulatory properties. In
Klebsiella pneumoniae the nitrogenase genes are expressed
in both the presence and the absence of molybdate (8, 11,
13); however, molybdate is required for maximal expression
(8). In Clostridium pasteurianum, Mo is an essential require-
ment for both the biosynthesis and activity of nitrogenase
(7). Nagatani and Brill (19) obtained evidence that molybdate
is an inducer of dinitrogenase in Azobacter vinelandii; they
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found only dinitrogenase reductase activity in cells dere-
pressed for nitrogen fixation under Mo deprivation condi-
tions.

Bishop et al. (1) provided evidence for the existence of an
alternative nitrogen fixation system in A. vinelandii. This
was based on the observation that Mo deprivation caused
Nif ™ mutants to undergo phenotypic reversal to Nif*. Since
then, the existence of two dinitrogenase reductases under
regulatory control by Mo in A. vinelandii has been reported
(23).

Multiple copies of nif genes have been observed in a
number of diazotrophs. In Rhodopseudomonas capsulata,
sequences homologous to the structural genes for nitroge-
nase components are present in multiple copies (29). In
Rhizobium phaseoli three identical nifH genes, located in
three different regions on a 250-kilobase (kb) plasmid, have
been identified (24). By using heterologous specific probes,
nifD and nifK sequences have been identified downstream
from two of these nifH regions. Multiple nifH-homologous
regions have also been identified in Anabaena spp. (25),
Calothrix spp. (14), and Azobacter chroococcum (12).

In this study we describe the existence of multiple
genomic regions homologous to a cloned nifH fragment from
A. vinelandii. We also present data which demonstrate
regulation of the ‘‘conventional’’ nifHDK gene cluster and
an ‘‘alternative’’ nifH gene(s) by molybdenum at the level of
transcription.

MATERIALS AND METHODS

Bacterial strains and media. The strains used in this study
were A. vinelandii CA (6) and mutants derived from this
strain (see Fig. 1A). Cells were cultured in a modified Burk
medium (32). When fixed nitrogen was included in the
medium, ammonium acetate was added to a concentration of
400 pg of N per ml. Molybdenum-deficient medium was
prepared as previously described (1) with ultrapure chemi-
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FIG. 1. nifHDK gene cluster, nif-specific probes, and strains of A. vinelandii used in this study. (A) Genetic and restriction map of the
nifHDK gene cluster in A. vinelandii. The plasmid pDB2 (which consists of a 12.8-kb Xhol fragment containing the A. vinelandii nif HDK
region cloned into the plasmid pKT230) and the location of the restriction sites were obtained from D. Dean. (B) Location of the nif-specific
DNA templates used to probe both Southern and Northern blots. The plasmids pMJHS, pTMR18, and pTMR12 were used to isolate these
nif-specific templates. (C) A. vinelandii strains used in this study. The hatched bars indicate the extent of the deletions in strains CA13 and
CAll. Abbreviations: X, Xhol; S, Smal; P, Pvull; K, Kpnl; B, Bglll; R, EcoRl; H, HindIII.

cals. Precautions were taken to minimize contamination by
Mo. All glassware was base- and acid-washed.

Derepression of nitrogenase. Cultures grown in modified
Burk medium containing fixed nitrogen were harvested at a
density of 80 Klett units (2 x 10° CFU/Klett unit) by
centrifugation at 10,000 X g for 10 min. The cells were
suspended in nitrogen-free medium and shaken vigorously
for 60 min at 28°C. Molybdenum was added as indicated
prior to derepression.

Purification of DNA templates. Plasmid DNA was isolated
by the procedure of Norgard (21). DNA fragments to be used
as probes for hybridization were prepared as described by
Dretzen et al. (9).

Southern blot analysis. Total genomic DNA was isolated
from A. vinelandii and digested with the appropriate restric-
tion enzyme. The digested DNA was then fractionated by
agarose gel electrophoresis. Electrophoretic transfer to
GeneScreen (New England Nuclear Corp., Boston, Mass.)
hybridization transfer membranes was carried out as sug-
gested by the manufacturer. Hybridizations were performed
as described by the suppliers of GeneScreen in the presence
of 50% formamide at 42°C. The DNAs to be used as probes
were labeled with [a->2P]JdCTP with the nick translation
procedure of Maniatis et al. (17).

Northern blot analysis. Total RNA was isolated as de-

scribed by Krol et al. (16). Approximate 10-pg portions of
RNA samples were glyoxylated and electrophoresed on a
1.1% agarose gel as described by McMaster et al. (18).
Electrophoretic transfer of RNA onto GeneScreen hybrid-
ization transfer membranes was carried out as suggested by
the suppliers. Hybridizations were performed in the pres-
ence of 50% formamide at 42°C as described by the suppliers
of GeneScreen. The DNAS to be used as probes were labeled
with 3P as previously described.

RESULTS

Presence of multiple nifH-homologous regions in A.
vinelandii. Ruvkun and Ausubel (28) observed five EcoRI
fragments in digests of genomic DNA from A. vinelandii
UW10 which hybridized to the A fragment of plasmid pSA30
(which contains the nifHDK gene cluster of K. pneumoniae).
This observation would indicate either that there are more
restriction fragments present than would be expected if the
A. vinelandii nifHDK genes were contiguous or that there
are multiple regions homologous to the nif structural genes in
the genome of A. vinelandii. Bishop et al. (3) cloned two of
these five EcoRI fragments. They determined that these
fragments were contiguous and that the 1.4-kb insert of
plasmid pLB3 contained nifD homology while the 2.6-kb
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FIG. 2. Southern hybridization analysis of A. vinelandii genomic DNA probed with intragenic nif-specific DNA templates.

insert of pLLB1 contained rnifK homology. They also identi-
fied the 4.1-kb EcoRI fragment as a partial digestion product
which contained the 1.4- and 2.6-kb EcoRI fragments. Brigle
et al. (4) have shown that a nifHDK gene cluster is present in
A. vinelandii (Fig. 1A) similar to that previously observed in
K. pneumoniae. They confirmed that the cloned EcoRI
restriction fragments of pLB1 and pLB3 are contiguous and
also demonstrated that these are immediately preceded by a
nifH gene. This leaves two EcoRI fragments (9.2 and 15.1
kb) unaccounted for.

To further characterize these restriction fragments, hy-
bridization experiments were conducted with nifH-, nifD-,
and nifK-specific DNA probes (Fig. 1B) on genomic DNA
digests of the wild type and a nifHDK deletion strain, CA11
(2) (Fig. 1C). Hybridization of the 0.5-kb Bg/II-EcoRI insert
of pMJHS (Fig. 1B), which contains internal nifH sequences
from A. vinelandiii, to digests of A. vinelandii genomic DNA
revealed multiple hybridizing bands in each digest (Fig. 2).
Three bands were observed in an Xhol digest of the wild-
type strain CA; an intense band of 12.8 kb, which corre-
sponds to the cloned Xhol fragment of pDB2 (5) (Fig. 1A),
and two additional bands of lesser intensity with sizes of 8.4
and 7.4 kb. Only two bands (8.4 and 7.4 kb) were observed
in Xhol digests of genomic DNA from the nifHDK deletion
strain CAl1l. Three bands (14.0, 9.0, and 3.8 kb) were also
observed in EcoRI digests of genomic DNA from strain CA.
The 9.0-kb band must correspond to the nifH-containing
EcoRI fragment associated with the nifHDK gene cluster,
since only the 14.0- and 3.8-kb bands were observed in
EcoRI-digested DNA isolated from strain CAll. Smal di-
gests of DNA isolated from both strains CA and CAll
contained two bands (8.6 and 6.2 kb) which hybridized to the
nifH-specific DNA template. However, the intensity of the
6.2-kb Smal band in DNA from strain CA1l was signifi-
cantly reduced. Based on the restriction map of the nifHDK
region (4) (Fig. 1A) and the EcoRI and Xhol hybridization
data, it appears that the 6.2-kb nifHDK-containing Smal
fragment comigrates with another nifH-homologous Smal
fragment which can only be observed in DNA from a strain
carrying a deletion in the nifHDK region.

Hybridization of either the intragenic nifD- or the
intragenic nifK-specific DNA template (Fig. 1A) to digests of
genomic DNA from the wild-type strain CA (Fig. 2) revealed

only those bands which would be expected based on the
restriction map of the nifHDK region shown in Fig. 1A. No
hybridization was observed with these probes on DNA
isolated from strain CA11 (Fig. 1C). These data demonstrate
the presence of multiple regions containing nifH homology in
the A. vinelandii genome. However, under our hybridization
conditions, multiple regions homologous to nifD or nifK do
not appear to be present in the genome of A. vinelandii.

Transcriptional regulation of nif genes by molybdenum.
The presence of a second dinitrogenase reductase (23) which
functions in the alternative nitrogen fixation system suggests
that these additional nifH-homologous regions might serve
as coding sequences for the alternative dinitrogenase
reductase. It was therefore of interest to determine whether
these sequences are transcribed and, if so, under what
conditions. Total RNA was isolated from A. vinelandii and
analyzed as described in Materials and Methods. Three
nifH-homologous mRNA species were observed in strains
CA and CA13 (3) (Fig. 3; see also Fig. 1C) derepressed for
N, fixation in the presence of 1 uM Na,MoO,. In RNA
isolated from strain CA, a 4.2-kb transcript homologous to
nifH-, nifD-, and nifK-specific DNA templates, a 2.6-kb
transcript homologous to nifH- and nifD-specific DNA tem-
plates, and a 1.2-kb transcript homologous to only the
nifH-specific DNA template were observed. All three of the
transcripts were present in RNA isolated from strain CA13;
however, the large transcript (4.2 kb) was reduced in size by
approximately 0.5 kb, which corresponds to the size of the
deletion in the nifK gene in strain CA13 (3). No nifH-
homologous transcripts were detected in RNA isolated from
the nifHDK deletion strain CAll when this strain was
derepressed for N, fixation in the presence of 1 pM
Na,Mo0Q,. Also, no nif-homologous transcripts were de-
tected in RNA isolated from any of these strains when they
were derepressed in the presence of 29 mM ammonia acetate
(data not shown).

A similar analysis of RNA isolated from strains CA,
CA13, and CAll derepressed for N, fixation under Mo
deprivation conditions revealed two transcripts (1.8 and 1.2
kb) homologous to the nifH-specific DNA template (Fig. 4)
which were also ammonia-repressible (data not shown). In
addition, no transcripts homologous to nifD- or nifK-specific
DNA templates could be detected in RNA isolated from
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FIG. 3. Identification of nif-homologous transcripts from strains CA, CA13, and CA11 derepressed for nitrogen fixation in the presence

of 1 pM Na,MoO,.

these strains under these conditions (data not shown). Pre-
sumably these nifH-homologous transcripts (1.8 and 1.2 kb)
result from transcription of the additional nifH-homologous
sequences present outside the nifHDK gene cluster.

Effect of molybdenum concentration on transcription of
nif-homologous sequences. The data shown in Fig. 4 demon-
strate that the presence or absence of Na,MoO, regulates the
expression of the nifHDK gene cluster and some other
nifH-homologous region(s). We therefore examined the ef-
fect of different concentrations of molybdate on the expres-
sion of these two transcript patterns. The results of one such
experiment are shown in Fig. 5. When no Na,MoQ4 was
added to the derepression medium, the two nifH-
homologous transcripts (1.2 and 1.8 kb) were observed in
RNA isolated from both strains CA and CAll. As the initial

CA CA13 CAn CA CaA13 CAN

kb

1000 nM Mo 0 nM Mo
added added
(+Mo) (-Mo)

FIG. 4. Comparison of nif-homologous transcripts from cells
derepressed for nitrogen fixation in either the presence (1 uM
Na,MoO;,) or absence of molybdenum.

concentration of Na,MoQO, was increased to between 25 and
50 nM, a change in the nifH-homologous transcript pattern
was observed. In strain CA, repression of the two-transcript
pattern occurred with Mo concentrations above 25 nM,
while derepression of the three-transcript pattern (1.2, 2.6,
and 4.2 kb) was observed. For strain CA11, repression of the
two-transcript pattern was observed with Na,MoO, concen-
trations above 50 nM.

The two-transcript pattern which has homology to the
nifH-specific DNA template and is expressed at Mo concen-
trations below 50 nM is indicative of the alternative N,
fixation system since it is expressed in both the nifHDK
deletion strain CAll and the wild-type strain CA. The
three-transcript pattern which has transcripts homologous to
nifH, nifD, and nifK is indicative of the conventional N,
fixation system and is expressed at Mo concentrations above
50 nM.

Identification of sequences homologous to an Fd-like gene in
A. vinelandii. R. Robson (personal communication) has iden-
tified an open reading frame which appears to be within the
same transcriptional unit as a second copy of nifH (nifH*) in
A. chroococcum (Fig. 6). The primary amino acid sequence
predicted from the nucleic acid sequence of this gene is very
similar to that of known ferredoxin (Fd) genes (R. Robson,
personal communication). A comparison of Southern hy-
bridizations of digests of genomic DNA isolated from strains
CA and CA1ll probed with the nifH-specific DNA probe
(Fig. 1B) and a DNA template which encodes this Fd-like
gene (Fig. 6) is presented in Fig. 7.

A 7.4-kb Xhol fragment and an 8.6-kb Smal fragment were
found to be homologous to the Fd probe in DNA isolated
from both strains CA and CA1ll. These bands comigrated
with nifH-homologous fragments found in DNA isolated
from these strains. A 2.6-kb EcoRI fragment also hybridized
to the Fd probe. This EcoRI fragment did not hybridize to
the nifH-specific DNA template.

These results suggest that the Fd-like gene comigrates
with one of the additional (‘‘alternative’’) nifH-homologous
regions on Xhol and Smal restriction fragments. These
results also indicate that there is an EcoRI restriction site
between this Fd-like and the nifH-homologous regions,
similar to that observed in A. chroococcum (R. Robson,
personal communication; see Fig. 6). Restriction analysis of
the cloned 8.6-kb nifH-homologous Smal fragment (Fig. 2)
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FIG. 5. Effect of Na,MoO, concentration on the transcription of nifH-homologous sequences.

confirmed the existence of this EcoRI site between the
nifH-homologous region and the Fd-like sequences in A.
vinelandii (data not shown).

Transcriptional regulation of Fd-like sequences by molyb-
denum in A. vinelandii. Since this Fd-like gene appeared to
be linked to a nifH-homologous gene which is transcribed
under conditions of Mo deprivation, we examined transcrip-
tion of the Fd gene in the presence and absence of molyb-
denum. Hybridization of the nifH-specific DNA template or
the Fd probe to RN As isolated from cultures derepressed for
N, fixation in either the presence or absence of 1 uM
Na,MoO, is shown in Fig. 8. No hybridization of the Fd
probe to RNA isolated from either strain CA or strain CA11
was observed when these strains were grown in medium
containing ammonia (data not shown) or derepressed for N,
fixation in the presence of 1 uM Na,MoO,4. However, the FD
probe hybridized to a 1.8-kb band in RNA isolated from
these strains when they were derepressed for N, fixation
under Mo deprivation conditions. This Fd-homologous tran-
script comigrated with the 1.8-kb nifH-homologous tran-
script which is expressed under conditions of Mo depriva-
tion. These data suggest that the A. vinelandii Fd-like gene is
cotranscribed with one copy of the alternative nifH gene(s)
and that its transcription is regulated by molybdenum.

DISCUSSION

In this study we have demonstrated the presence of
multiple genomic regions in the diazotroph A. vinelandii

which are homologous to nifH and that transcription of these
sequences is regulated by molybdenum. This regulation of
the two N, fixation systems in A. vinelandii by Mo at the
level of transcription is different from the situation observed
in K. pneumoniae, in which transcription of the nifHDK
gene cluster occurs in both the presence and absence of Mo
(8, 11, 13, 15). This role of Mo in the regulation of nif
transcripts also appears to be in contrast to the regulatory
role that has been assigned to other metals which act as
cofactors (Mn, Fe, Mg, Ca, etc.). These metals act by
derepressing very efficient scavenging systems in response
to nutritional limitation (30, 31).

The nifHDK gene cluster is located on a 12.8-kb Xhol
fragment (4) (Fig. 1A). Two additional Xhol fragments (7.4
and 8.4 kb) were also found to hybridize to nifH but not to
nifD or nifK (Fig. 4). In vivo transcription of the nifHDK
gene cluster is ammonia repressible and requires the pres-
ence of at least 50 nM Mo in the derepression medium (Fig.
5). Three mRNA species are transcribed from the nifHDK
gene cluster, a 4.2-kb transcript homologous to nifH-, nifD-,
and nifK-specific DNA templates, a 2.6-kb transcript homol-
ogous to nifH- and nifD-specific DNA templates, and a
1.2-kb transcript homologous only to the nifH-specific DNA
template (Fig. 3).

Strain CAll, which is a nifHDK deletion mutant (2), is
unable to grow in N-free medium in the presence of Mo at
concentrations of 50 nM or greater. The nifHDK-specific
transcripts were not produced when this strain was dere-
pressed for N, fixation in medium containing S0 nM Mo or

—{ Ac nifH*

— Fd ——— pWRE4

—eeo op1 | H Fd Probe
EcoR1

EcoR1

FIG. 6. Genetic map of the A. chroococcum (Ac) nifH*-Fd region. The plasmid pWRE14, which contains a second copy of nifH (nifH*)
linked to an Fd-like gene, was obtained from R. Robson. The 460-base-pair (bp) Fd-containing EcoRI fragment was isolated and used as a

probe in both Southern and Northern blot hybridization analysis.
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FIG. 7. Identification of sequences to an Fd-like gene in A. vinelandii.

greater (Fig. 5). However, at concentrations of 25 nM or
less, strain CA1l was capable of diazotrophic growth, and
two ammonia-repressible nifH-homologous (but not nifD- or
nifK-homologous) transcripts were observed (1.2 and
1.8-kb). Thus, these transcripts probably result from tran-
scription of the additional nifH-homologous sequences pre-
sent in the genome of A. vinelandii.

The absence of nifD- and nifK-homologous DNA in the
deletion strain CA1l suggests that the alternative dinitro-
genase (nifDK homolog) may not be evolutionarily related to
the conventional dinitrogenase. This suggestion is strength-
ened by our observations that crude extracts of Nif ~ mutant
strains of A. vinelandii, derepressed for nitrogenase under
conditions of Mo deprivation, do not contain cross-reacting
material to antisera raised against the A. vinelandii conven-
tional dinitrogenase (unpublished results). However, cross-
reacting material to antisera raised against the A. vinelandii

CA CAM CA CA CANl
(+Mo) (-Mo) (+*Mo) (-Mo) (-Mo)

kb

Q - 42 -
, - 26 —

. w12~

pPMJHS5 Fd
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FIG. 8. Transcriptional regulation of sequences homologous to
an Fd-like gene in A. vinelandii by molybdenum.

Probe:

conventional dinitrogenase reductase was observed in these
extracts. :

Sequences homologous to an Fd-like gene (cloried from A.
chroococcum) have also been identified in A. vinelandii (Fig.
7). These Fd-like sequences appeared to comigrate on the
same Xhol and Smal restriction fragments with one of the
additional nifH-homologous regions. The A. vinelandii Fd-
like sequences are located on a 1.8-kb transcript, and tran-
scription of these sequences is répressed by both ammonia
and molybdenum. Since this 1.8-kb Fd-like transcript is the
same size as one of the nifH-homologous transcripts which is
expressed under the same conditions, these nifH- and Fd-
homologous regions are probably in the same transcriptional
unit. ,

The presence of multiple copies of nif structural genes has
been observed in a number of diazotrophs (12, 14, 24, 25,
29). However, the function of these additional copies of nifH
has not yet been identified. In contrast to this situation, we
have demonstrated that in A. vinelandii, at least one of the
additional nifH genes and an Fd-like gene are transcribed
under conditions of Mo deprivation.

Dinitrogenase reductase (the nifH gene product) activity
has been observed in whole cells and in extracts of A.
vinelandii strains derepressed for nitrogen fixation under Mo
deprivation conditions (19, 22, 23). This activity has recently
been attributed to an alternative dinitrogenase reductase
which is expressed only under Mo deprivation conditions
(22, 23). The data presented here support these findings and
demonstrate that under our conditions of derepression,
transcription of this alternative nifH gene(s) can occur even
in the presence of up to 25 nM Na,MoO,. Page and Collinson
(22) observed that vanadium enhanced the acetylene reduc-
tion activity of cells derepressed in Mo-limited nitrogen-free
medium. We examined the effect of vanadium on transcrip-
tion of the nif genes and found no differences between
transcripts from cells derepressed for nitrogen fixation under
Mo deprivation conditions with and without added vanadium
(unpublished results). These findings are in agreement with
the biochemical observations of Premakumar et al. (23).

Recently, Chisnell and Bishop (Proceedings of the 6th
International Symposium on Nitrogen Fixation, Corvallis,
Oreg., 1985, p. 623) partially purified yet another
dinitrogenase reductase activity which appears to be dif-



486  JACOBSON ET AL.

ferent from the conventional dinitrogenase reductase and the
alternative dinitrogenase reductase described by Prema-
kumar et al. (23). The presence of two different alternative
dinitrogenase reductase activities and a conventional
dinitrogenase reductase might explain the three regions of
homology to nifH observed in A. vinelandii (Fig. 2 and 7).
This might also explain the presence of two nifH-
homologous transcripts (1.2 and 1.8 kb) which are expressed
under Mo deprivation conditions (Fig. 4 and 8). However,
the 1.2-kb transcript might also result either from attenuation
or by processing of the 1.8-kb transcript (which contains a
second copy of nifH linked to an Fd-like gene).

In summary, our findings suggest a role for molybdenum
in the regulation of nitrogen fixation at the level of transcrip-
tion in A. vinelandii. These findings are also consistent with
the model originally proposed by Bishop et al. (1980) for
regulation of the conventional and alternative nitrogen fixa-
tion systems by molybdenum.
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