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In the facultative anaerobe Klebsiella pneumoniae 17 nitrogen fixation-specific genes (nif genes) have been
identified. Homologs to 12 of these genes have now been isolated from the aerobic diazotroph Azotobacter
vinelandii. Comparative studies have indicated that thiese diverse microorganisnis share striking similarities in
the genetic organization of their nif genes and in the primary structure of their individual nif gene products.
In this study the coniplete nucleotide sequences of the nifUSV gene chisters from both K. pneumoniae and A.
vinelandii were determined. These genes are identically organized on their respective genomes, and the
individual genes and their products exhibit a high degree of interspecies sequence homology.

Nitrogen fixation is catalyzed by the enzyme nitrogenase,
a complex two-component metalloenzyme. In the facultative
anaerobe Klebsiella pneumoniae there are at least 17 genes
whose products are likely to be required for the synthesis
and assembly of a fully active nitrogen-fixing system. These
genes include nifHDK (nitrogenase structural components);
nifF and nifJ (electron transport components); nifQ, nifB,
nifE, nifN, and nifV (FeMo-cofactor biosynthetic compo-
nents); nifA and nifL (positive and negative regulatory
elements); nifM (Fe protein maturation component); and
nifY, nifX, nifU, and nifS (functions not known). For a
recent review, see reference 7. The nif genes are clustered
on the' K. pneumoniae chromosome and are organized into
eight transcriptional units (1). A gene-product relationship
has been established for many of the K. pneumoniae nif-
specific components (9, 18), yet only those products encoded
by the nitrogenase structural genes and those encoded by the
electron transport-specific genes (16, 24) have been purified
in their native form. Since the function of a number of the
uncharacterized nif gene products is likely to involve a
catalytic action upon a nitrogenase structural component,
for example, metallocenter assembly, it is probable that
some of these gene products are present in nitrogen-fixing
cells in only low amounts. This possibility and the prospect
that many of the ancillary nif gene products will share with
the structural components an extreme sensitivity to oxygen
potentially present & formidable challenge for nif gene prod-
uct isolation and biochemical characterization.

One approach for initiating the characterization of nif gene
products is the determination of their polypeptide sequences
deduced from DNA sequence analysis. Such an approach
can provide (i) insights into the structural features of the
encoded polypeptides, (ii) DNA sequence information nec-
essary for the construction of hybrid plasmids that can be
used to enhance the production of the individual nif poly-
peptides, and (iii) the information and materials needed for
the directed mutagenesis of the individual nif genes. In this
regatd, comparative studies of the primary sequences of
individual nif-specific components from diverse diazotrophic
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species are of particular relevance because conserved se-
quences among homologous proteins are likely to indicate
their important structural features.

In the case of the nitrogenase structural components, a
high degree of interspecies sequence homology has permit-
ted the isolation of nitrogenase structural genes from numer-
ous diazotrophic species (20). Similarly, the demonstration
of interspecies homologies among other individual nif genes
should also permit the identification and isolation of such
genes from a variety of diazotrophs. Summarized here are
results obtained by using this approach for the isolation and
mapping of nif genes from the aerobic diazotroph Azotobac-
ter vinelandii. A comparison of the physical organization of
nif genes established for K. pneumoniae with that currently
developed for A. vinelandii is presented. In addition, we
have determined and compared the nucleotide sequences of
the nifUSV gene clusters from both K. pneumoniae and A.
vinelandii and compared their respective encoded polypep-
tides.

MATERIALS AND METHODS

The results of physical and genetic mapping procedures
used to define the K. pneumoniae nifUSV gene cluster are
summarized in reference 1. The identification of the A.
vinelandii nifUSV gene cluster was based on its homology to
the K. pneumoniae nifUSV gene cluster (see Results). The
DNA sequences of the A. vinelandii and K. pneumoniae
nifUSV gene clusters were deétermined by the dideoxy chain
termination procedure (21) by using hybrids of filamentous
phage vectors described by Messing (15). For A. vinelandii
sequencing experiments, the hybrid plasmids used as DNA
sources are shown in Fig. 1A. For these experiments purified
DNA fragments were digested with the individual restriction
enzymes Sau3A, EcoRl, Smal, Xhol, Pstl, Sall, Hincll,
HinPl, and Mspl or some combination of these restriction
enzymes and ligated into the appropriately digested replica-
tive form of the filamentous phage vector DNA. Approxi-
mately 200 base pairs were determined in each sequencing
experiment. All sequences were determined in an overlap-
ping fashion and in both directions. For K. pneumoniae
sequencing experiments, the hybrid plasmid pWK25 (17)



VoL. 169, 1987 K. PNEUMONIAE AND A. VINELANDII nifUSV GENE SEQUENCES 4025
A U S v Kp nifH CACGGICTGGITATGTTCC|ICTGCA|CTTCT
- T T} Avnifi GGGTG|CTGGI|CACAGACG|CTGCA|TTACC
| KpnifE CGCTT|CTGG/AGCGCGAA|TTGCA|TCTTC
'E"LMR"II ! | | AnifE GCCTT|CTGGITACAGGCA[TTGCAJATGAT
s,fl ! ] | | KpnifU ATTCT|CTGGITATCGCAA|TTGCTAGTTC
Avnify TGGTT|GTGG/CAAGTCTT|TTGCT|ITGTTG
pDB42 M— - KpniffF GCAAC|[CTGG/|CACAGCCT|ITCGCA[ATACC
pDB47 - Avniff GGGGA|[GTGG|ITCTGCTTC|ITTGCT|IGTTAC
9 »—
;gg:m - - K
‘ FIG. 3. Comparison of identified nif promoters from K. pneumo-
niae (Kp) and regions containing proposed nif promoters from A.
B U s Vv vinelandii (Av). Consensus nif promoter sequences are boxed.
— 1T — 71 %
gco?ln : I 1 | : Mutant A. vinelandii strains that have a NifB-like pheno-
Fatl ! ! type (23) and a NifA-like phenotype (22) have been de-
PWK25 p—1 = scribed; however, no linkage has yet been established be-

FIG. 1. Partial restriction map ana hybrid plasmids used as a
DNA source for sequencing experiments. (A) A. vinelandii; (B) K.
pneumoniae. Hybrid plasmids containing A. vinelandii DNA were
derived from pUCS (15). Hybrid plasmid pWK25 was abtained from
W. Klipp and A. Puhler (17).

served as the ultimate source of DNA (Fig. 1B). The
individual Sall and PsiI restriction enzyme fragments (Fig.
1B) were sonicated by the procedure of Messing (15), cloned
into M13 sequencing vector DNA, and sequenced. Sufficient
clones were sequenced to provide overlapping sequences
from both strands.

RESULTS AND DISCUSSION

Comparative organization of nif genes from K. pneumoniae
and A. vinelandii. The current status of A. vinelandii nif gene
mapping experiments is shown in Fig. 2, and the results are
compared with the physical map established for K. pneumo-
niae (1). The isolation and physical mapping of the nifHDK
2, 8, 19), nifEN (3, 5, 13), and nifM (13) genes from A.
vinelandii have been previously described. The assignment
of the A. vinelandii nifF gene was based on the location of a
flavodoxin-specific gene sequence within the nif cluster and
a high degree of sequence homology between this gene and
the K. pneumoniae nifF gene (6; unpublished results). The
nifY and nifX gene assignments were based on homologies
between the respective genes from K. pneumoniae and A.
vinelandii indicated by DNA sequence analysis (unpublished
results). However, the assignment of nifY and nifX as nif
genes must be considered tentative even for K. pneumoniae
because neither a gene-product relationship nor a physiolog-
ical function has been established for these genes and their
products. The identification of the A. vinelandii nifUSV
genes was determined by comparison of the complete nucle-
otide sequence of this region with that of the corresponding
region of K. pneumoniae (this study).

T

tween these genes and the major nif cluster in A. vinelandii.
Two factor crosses and marker rescue experiments per-
formed in our laboratory indicated that the nifB-like and
nifA-like alleles were not located within 5 kilobases of the
nifF gene in A. vinelandii. At present there is no information
available concerning the presence or absence of a nifJ-like
gene in A. vinelandii.

The overall organization of nif genes in K. pneumoniae
and A. vinelandii is remarkably similar. The only striking
differences are the large gaps between nif gene clusters in A.
vinelandii (Fig. 2). Whether there are other genes that are
specific for nitrogen fixation in A. vinelandii encoded within
these gaps is not yet known. The regions between the
identified nif gene clusters in A. vinelandii do not, however,
include any genes that encode an essential cellular function,
since mutant strains with large deletions that spanned the
entire region between the nifH gene and the nifF gene were
viable, provided a fixed nitrogen source was added to the
culture medium.

Promoters. Promoter sequences have been identified in K.
pneumoniae in regions preceding the nifH, nifE, nifU, nifB,
nifM, nifF, and nifL genes (1). These nif promoters have an
unusual and characteristic structure consisting of two re-
gions of conserved sequence homology. DNA sequences
preceding the nifH, nifE, nifU, and nifF genes in A. vine-
landii are compared with the homologous regions in K.
pneumoniae in Fig. 3. This comparison indicated that A.
vinelandii nif promoters share a striking structural homology
with their K. pneumoniae counterparts. In addition, a pro-
posed activator sequence located upstream from nif promot-
ers has been identified in the available K. pneumoniae and A.
vinelandii nif promoter-proximal sequences (4). These fea-
tures and the demonstration that the K. pneumoniae nifA
gene product can stimulate A. vinelandii nif gene expression
(14) suggest that the regulation of nif gene expression in both
organisms is likely to be similar. However, there must also
be some differences, because the K. pneumoniae nifH pro-

K. pneumoniae

» »
H D K Y E N X

10 kb i

1 aa——" 3 |

FIG. 2. Comparative organization of nif genes from K. pneumoniae and A. vinelandii. Arrows indicate the location of promoters and their
direction of transcription. A promoter and direction of transcription have not been determined for A. vinelandii nifM. kb, Kilobases.
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TABLE 1. Comparison of the A. vinelandii and K. pneumoniae
nifUSV genes and their products?

% Homology at:

Gene Bacterium l:gfl‘ilc: Pro:luct DNA Protein
level level
nifu A. vinelandii 33,274 4.93 64.5 s4.5
nifU K. pneumoniae 29,498 4.80 : :
nifs A. vinelandii 43,587 5.79 65.0 59.0
nifs K. pneumoniae 43,259 7.76 : :
nifVv A. vinelandii 41,658 571 56.5 44.4
nifV K. pneumoniae 41,194 6.11 : :

4 Calculation of the gene product molecular weights and isoelectric points
and the percentage of DNA and protein sequence homologies was done by
using the sequencing program from DNASTAR, Inc., Madison, Wis.

moter is not expressed when introduced into A. vinelandii
(12) and because A. vinelandii nif structural gene mRNA
does not accumulate under conditions of Mo deprivation
(11), while K. pneumoniae nif structural gene mRNA accu-
mulation is apparently insensitive to cellular Mo levels (10).

DNA sequences of the nifUSV gene clusters. The identifica-
tion of the A. vinelandii nifUSV gene cluster was accom-
plished by performing random sequence analysis of DNA
fragments isolated from the genomic region between the
nifN gene and the nifF gene and comparing the sequences
with preliminary DNA sequence data obtained for the
nifUSV gene cluster from K. pneumoniae. A complete
sequence determination and comparison of approximately 3

A B

10
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kilobases of DNA from the nifUSV regions of both orga-
nisms revealed three open reading frames which corre-
sponded to the encoded nifU, nifS, and nifV gene products
(Fig. 4A and B). A comparison of the region preceding the
nifU gene from both organisms revealed consensus nif
promoter sequences at approximately the same distance
from the nifU translation initiation site (Fig. 4A and B). In A.
vinelandii only a single nucleotide separated the termination
signal for the nifU gene product and the initiation codon for
the nifS gene product. There was also a relatively short
space (30 base pairs) separating nifU and nifS in K. pneu-
moniae. Only 14 base pairs separated nifS and nifV in K.
pneumoniae, while a much larger gap (72 base pairs) sepa-
rated nifS and nifV in A. vinelandii. A region of dyad
symmetry was located in the A. vinelandii nifS-nifV intercis-
tronic space. Similar structures have been recognized in
nifH-nifD and nifD-nifK intercistronic regions in A. vine-
landii (2), but their physiological function is not yet known.
No obvious rho-independent transcription termination signal
structures were apparent in the regions immediately follow-
ing the respective ends of the nifV genes, although there was
a pyrimidine-rich region located just past the K. pneumoniae
nifV gene. A strong transcription termination signal was not
expected past nifV in K. pneumoniae, since transcription
readthrough between nifV and nifM has been demonstrated
).

nifUSV gene product comparisons. The complete se-
quences of the nifUSV gene clusters from K. pneumoniae
and A. vinelandii permitted the calculation of the pI and

30
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FIG. 5. Comparison of the A. vinelandii and K. pneumoniae nifU (A), nifS (B), and nifV (C) gene products. For each comparison the upper
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to the A. vinelandii sequences in Fig. 4A. The entire sequence of each polypeptide is shown. In panel A conserved cysteinyl residues are

indicated by arrowheads.
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molecular weight of the encoded proteins by using DNA
sequence data (Table 1). The values for K. pneumoniae were
in good agreement with estimations for the nifUSV-encoded
polypeptides based on two-dimensional gel analyses (9, 18).

Primary sequence comparisons of nitrogenase compo-
nents from a wide variety of diazotrophs have been used in
attempts to identify structurally important regions of these
polypeptides. As in the case of interspecies nitrogenase
comparisons (20), the respective nifU, nifS, and nifV gene
products from A. vinelandii and K. pneumoniae showed a
high degree of homology at both the DNA and protein
sequence levels (Fig. 4 and 5 and Table 1). Interspecies
nitrogenase structural component homologies were greatest
in the amino-terminal halves of the polypeptides and were
largely centered around cysteinyl residues (see the Discus-
sion in reference 2). A comparison of nifU-encoded polypep-
tides from A. vinelandii and K. pneumoniae also revealed
this pattern. There were nine conserved nifU gene product
cysteinyl residues, and seven of these were found in highly
conserved regions. The nitrogenase structural components
are known to be Fe- and S-containing proteins, and as such
they are expected to share functional domains in regions
surrounding cysteinyl ligands. The pattern of cysteinyl res-
idue conservation in the nifU gene products raises the
possibility that the nifU-encoded polypeptides could be
metalloproteins. However, the function of nifU is not yet
known, nor is there any biochemical information available
regarding its potential metallocenter composition.

In the cases of interspecies nifS and nifV comparisons,
there were regions of relatively high sequence homology
throughout the polypeptides (Fig. SB and C). The nifS gene
products showed very high levels of sequence homology in
their carboxy-terminal halves, while the nifV gene products
exhibited much less compact homology than did the nifU
and nifS gene products. The nifUSV gene products did not
share any striking regions of sequence homology among
themselves, nor did they share sequence homology with
other available nif gene products.

Summary. Extensive genetic and biochemical studies on
the facultative anaerobe K. pneumoniae have indicated that
there are at least 17 genes whose products are involved in the
process of nitrogen fixation. Homologs to 12 of these genes
have now been identified in the aerobic diazotroph A.
vinelandii. The high degree of conservation in nif gene
organization and in the primary sequences of the individual
nif genes between these diverse microorganisms indicates
that the nif regulons from both species arose from a common
ancestral origin.

Interspecies nif structural gene sequence homologies (20)
have been used for the isolation of nitrogenase structural
components from a wide variety of diazotrophs by heterol-
ogous DNA-DNA hybridizations. The high degree of se-
quence homology demonstrated here for the nifUSV gene
clusters from A. vinelandii and K. pneumoniae indicates that
a similar approach is likely to be successful for the isolation
of nif genes from other organisms. Such strong conservation
of sequence homology among the various nif-specific com-
ponents also indicates to us that nif gene product structure-
function studies on the more biochemically amenable free-
living diazotrophs A. vinelandii and K. pneumoniae will
have application towards efforts to understand and manipu-
late the nitrogen-fixing capacity of agronomically important
symbiotic diazotrophs such as the rhizobia. Finally, the
DNA sequence information provided here on the rifUSV
genes should substantially aid efforts to overproduce and
specifically alter the gene products for the purpose of eluci-
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dating their respective functions in relation to nitrogen
fixation.
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