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The genes from Azotobacter vinelandii, which are homologous to the iron-molybdenum cofactor biosynthetic
genes, nifE and nifN, from Kkebsiella pneumoniae, have been cloned and sequenced. These genes comprise a
single transcription unit and are located immediately downstream from the nitrogenase structural gene cluster
(nifHDK). DNA sequence analysis has revealed that the products of the nifE and nifN genes contain
considerable homology when compared with the nipD (MoFe protein a subunit) and the nijK (MoFe protein ,B
subunit) gene products, respectively. These striking sequence homologies indicate a st'uctural and functional
relationship between a proposed niJEN product complex and the pitrogenase MoFe protein as well as imply an
ancestral relationship between these gene clusters. The isolation and characterization of strains which contain
deletions within the ni:EN gene cluster demonstrate a role for these products in iron-molybdenum cofactor
biosynthesis in A. vinelandii.

The catalytic components of nitrogenase comprise two
separable protein species: the Fe protein, a dimer of identi-
cal subunits (native Mr, ca. 60,000; product of the nifH
gene), and the MoFe protein, a 2a-2p tetramer (native Mr,
ca. 220,000; products of the nifD and nifK genes, respec-
tively). During enzymatic turnover, these two component
proteins associate and dissociate (9) with the reduced Fe
protein serving as an ATP-binding, specific electron donor to
the MoFe protein, which coftain5 the sites for substrate
binding and reduction (10) (for a recent review, see reference
14). Because of its direct role in dinitrogen binding and
redyction, the structure and reactivity of the MoFe protein
species are of particular interest. The native MoFe protein
probably contains four [4Fe-4S] clusters (14), two iron-
molybdenum cofactor centers (FeMo cofactors) (14), and
probably two other Fe-containing centers, called S centers
(14). The FeMo cofactor centers are relatively small inor-
ganic clusters, composed of Mo, Fe, and S, and are likely to
occupy a pivotal role in substrate binding and reduction
because (i) Klebsiella pneumoniae strains lacking FeMo
cofactor (i.e., nifB, nifE, and nifN mutants) lack catalytic
activity (17, 20); (ii) cofactorless MoFe protein from such
mutant strains can be reactivated by addition of purified
FeMo cofactor (20); and (iii) mutation in another K. pneu-
moniae allele, nifV, gives rise to strains with a MoFe protein
which contains an altered form of FeMo cofactor, and this
MoFe protein species exhibits dramatic alterations in sub-
strate recognition and reactivity (11).
Other than the identification of genes whose products are

necessary for FeMo cofactor biosynthesis and maturation
(nifBNEV), little is known about the biochemical events
leading to FeMo cofactor biosynthesis, and information is
not available regarding the spatial arrangement of the FeMo
cofactor between or within the individual MoFe protein
subunits. In the case of Azotobacter vinelandii (18) and K.
pneumoniae (23), it has been shown that the MoFe protein
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subunits (nifD and nifK gene products) are not required for
FeMo cofactor biosynthesis. These results imply that the
FeMo cofactor is synthesized and inserted into an immature
form of the MoFe protein rather than being synthesized
stepwise into the MoFe protein. Thus, one or more of the
nifB, nifE, and nifN gene products appeared likely to share
with the MoFe protein the ability to bind a molybdenum
species. If so, we reasoned that a comparison of the primary
structure of FeMo cofactor biosynthetic gene products with
those of the MoFe protein subunits could provide informa-
tion on the function of the individual FeMo cofactor
biosynthetic gene products as well as reveal potential do-
mains for FeMo cofactor binding within the MoFe protein
(7). Towards this end, we have previously isolated the nifEN
gene cluster from A. vinelandii, sequenced the na gene,
and compared the nifE-encoded gene product with the
nifD-encoded gene product (MoFe protein a subunit) (7).
That study showed that the niJD gene and the nifE gene
products do indeed share striking primary-sequence homol-
ogy. In the present study, we extended our analysis of the
nifD-nifE gene product homologies, completed the nucleo-
tide sequence of the niJN gene, compared the nifK gene and
nifN gene products, and isolated and characterized strains
which contain deletions within the nifEN gene cluster.

MATERIALS AND METHODS
Cell growth and nitrogenase derepression. The wild-type

and mutant strains of A. vinelandii were cultured in a
modified Burk medium (21). This medium was supplemented
to a final concentration of 10 mM with filter-sterilized urea
when a fixed source of nitrogen was included in the medium.
For derepression of nitrogenase synthesis, all cultures were
initially grown in Burk urea-supplemented medium' to the
mid-logarithmic phase and were harvested by centrifugation.
Harvested cells were washed once with Burk medium,
suspended in the original volume of Burk nitrogen-free
medium, and incubated for an additional 3 h. All cultures
were grown by shaking vigorously at 30°C. Culture volumes
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FIG. 1. Physical map of the A. vinelandii genome surrounding
the nif structural gene cluster and plasmids used for deletion strain
constructions. Plasmid pDB37 is a nif-pKT230 (1) hybrid. The
horizontal arrows above the nipHDK and nifEN gene clusters
indicate the direction of transcription. The indicated nif-HindIII
fragment was cloned into the HindIII site of pKT230. pDB67 is a
deletion derivative of pDB37. The internal BglII fragments con-
tained within pDB37 are deleted in pDB67. pDB6 contains a SmaI
fragment cloned into the SmaI site of pUC8 (12). For the construc-
tion of pDB35, an internal Sall fragment was deleted from pDB7.
pDB58 contains an EcoRI fragment cloned into the EcoRI site of
pBR322. For the construction of pDB62, the internal SmaI frag-
ments were deleted from pDB58. The open regions indicate cloned
A. vinelandii genomic DNA, and the cross-hatched areas indicate
deletions. The names of the deletion strains that were constructed
with the deletion plasmid DNAs are indicated in parentheses adja-
cent to the individual plasmid designations. kb, Kilobases.

were 500 ml dispensed into 2-liter flasks. Derepressed cells
were harvested by centrifugation, washed once with 0.05 M
Tris (pH 8.0), repelleted by centrifugation at 10,000 x g for
10 min, and stored at -80°C until used for extract prepara-
tion.

Escherichia coli growth and plasmid preparation. Growth
of E. coli strains carrying hybrid nif-containing plasmids and
the preparation, restriction enzyme digestion, and ligation of
hybrid plasmid DNAs were all performed as described
previously (4). Details of plasmid constructions are de-
scribed in the legend to Fig. 1.
A. vinelandii transformations and construction of nif-

deletion strains. Transformations of A. vinelandii wild-type
cells with purified A. vinelandii chromosomal DNA which
carries an uncharacterized Rif' marker and hybrid nif-
containing plasmid DNA were performed in liquid cultures,
as described by Page and von Tigerstrom (15). Specific nif
deletions contained within various hybrid plasmids (Fig. 1)
were transferred to the A. vinelandii chromosome by using
corigression (coincident transfer of unlinked genetic mark-
ers). In this case, rifampin resistance was the selected
character. This procedure was followed exactly as described
in detail previously (18).
DNA sequence analysis. DNA sequence analysis was per-

formed by the dideoxy chain termination procedure (19) with
hybrids of the filamentous M13 bacteriophage vectors de-
scribed by Messing and Vieira (12). DNA fragments were
prepared from the nifEN gene cluster by digestion with
individual restriction enzymes, RsaI, HaeIII, Sau3A,
EcoRI, SmaI, XhoI, PstI, Satl, and HincII, or some combi-
nation of these restriction enzymes and ligated into the
appropriately digested replicative form of the filamentous
M13 phage vector DNA. Approximately 200 base pairs was
determined from each sequencing experiment. The se-
quences were determined in an overlapping fashion in both

directions and in all cases by more than one sequencing run
(Fig. 2).
Enzyme assays and reconstitutions. Crude extracts (ap-

proximately 25 mg of protein per ml) were prepared from
derepressed cells in 0.05 M Tris (pH 8.0) by passage through
a chilled, argon-flushed French pressure cell at 12,000 lb/in2,
followed by centrifugation at 14,000 x g for 20 min at 4°C.
They were then degassed, and their Fe protein and MoFe
protein activities were measured by the acetylene reduction
assay in the presence of saturating amounts of the comple-
mentary protein. These assay procedures are essentially as
described previously (18). Fe protein and MoFe protein were
purified from A. vinelandii (strain OP), as described previ-
ously (5). The purified Fe protein and MoFe protein used in
this study had specific activities of 850 and 2,020 nmol of
C2H2 reduced per min per mg of protein, respectively.
Reconstitution of MoFe protein activity of mutant strains
involved the titration of 0.25-ml portions of each extract with
purified FeMo cofactor to constant C2H2 reduction activity,
which was measured after allowing reconstitution to proceed
at 30°C for 60 min. The isolated FeMo cofactor used was 2.9
mM in Mo and had a specific activity of 230 nmol of C2H2
reduced per min per ng-atom of Mo. Protein concentrations
were determined by the biuret method (8).

RESULTS AND DISCUSSION

nijN sequence analysis. The isolation of the nifEN gene
cluster from A. vinelandii and determination of the complete
nucleotide sequence of the nifE gene was previously de-
scribed (7). The genetic and physical organization of the
nifHDK and nifEN gene clusters is shown in Fig. 1. Both the
nifH (4) and the nifE (7) genes from A. vinelandii are
preceded by excellent consensus nif promoter sequences,
suggesting that the nifHDK and the nifEN gene clusters each
represent independently regulated transcription units as
found for the analogous gene clusters from K. pneumoniae
(3). In Fig. 2, the complete nucleotide sequence for nijN is
shown. The nifN gene product is an acidic 458-residue
polypeptide and has a molecular weight of 49,186 if the
amino-terminal methionine residue is considered in the cal-
culation. Because there is no DNA or amino acid sequence
information available regarding the nifEN genes or their
products from any other organism, their identification in A.
vinelandii is based on their proximity to the nifHDK cluster,
their hybridization with K. pneumoniae nifEN genes, and
their function in FeMo cofactor biosynthesis (discussed
later). Only 12 nucleotides separate the nifE and nifN genes,
and the apparent ribosome binding site for nifN is partially
overlapped by the termination signal for the nifE gene
product (Fig. 2). Such overlapping translational stop and
start signals often indicate translational coupling (13), and
such coupling is frequently found for genes whose products
form macromolecular complexes in equimolar amounts, for
example, ribosomal proteins (2). In the region just distal to
the end of nifN, there is another potential open reading
frame. Whether this sequence actually represents a nif-
specific gene which is transcribed and translated is not
known. In the case of K. pneumoniae, there is a proposed
gene, called nijX, which is reported to be cotranscribed with
and located just distal to nifN (16). The function of the
product of this putative K. pneumoniae gene remains ob-
scure.
Sequence homologies. Several factors have led us to pro-

pose recently that the nifEN gene products form a FeMo
cofactor binding complex structurally analogous to that
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GAA TTC GGC TAT GGC GGC TAC GAC CGC ATG CTG GAA CTG GTG CGT
GLU PHE GLY TYR GLY GLY TYR ASP ARG MET LEU GLU LEU VAL ARG

CAC GTC TGC ATC ACC CTG GAA TGC CCG GTG TGG GAG GCG GTG CGC
HIS VAL CYS ILE THR LEU GLU CYS PRO VAL TRP GLU ALA VAL ARG

CGC CCC GCG CCO TGG GAC ATC CCC GCC AGC CAG GAC GCC CGC CCG
ARG PRO ALA PRO TRP ASP ILE PRO ALA SER GLN ASP ALA ARG PRO

AGC GGC GGC CCG TTC GGC GAA TGA GGAGAACGC ATG GCC GAG ATC
SER GLY GLY PRO PHE GLY GLU END MET ALA GLU ILE

10
ATC AAT CGC AAC AAG GCC CTG GCC GTC AGC CCG CTG AAG GCC AGT
ILE ASN ARG ASN LYS ALA LEU ALA VAL SER PRO LEU LYS ALA SER
20 30

CAG ACC ATG GGC GCC GCG CTG GCC ATC CTC GGC CTG GCT CTC AGC
GLN THR MET GLY ALA ALA LEU ALA ILE LEU GLY LEU ALA LEU SER

40
ATG CCG CTG TTT CAC GGC TCG CAG GGT TGC ACC GCG TTC GCC AAG
MET PRO LEU PHE HIS GLY SER GLN GLY CYS THR ALA PHE ALA LYS
50 60

GTG TTC TTC GTT CGC CAT TTC CGC GAG CCG GTC CCG CTG CAG ACC
VAL PHE PHE VAL ARG HIS PHE ARG GLU PRO VAL PRO LEU GLN THR

70
ACC GCC ATG GAC CAG GTC AGT TCG GTG ATG GGC GCO GAC GAG AAC
THR ALA MET ASP GLN VAL SER SER VAL MET GLY ALA ASP GLU ASN
80 90

GTC GTC GAG GCG CTG AAG ACC ATC TGC GAA CGG CAG AAT CCC TOG
VAL VAL GLU ALA LEU LYS THR ILE CYS GLU ARG GLN ASN PRO SER

100
GTC ATC GGC CTG CTC ACC ACC GGC CTG TCG GAA ACC CAG GGC TGC
VAL ILE GLY LEU LEU THR THR GLY LEU SER GLU THR GLN GLY CYS
110 120
GAC CTG CAC ACC GCC CTG CAC GAG TTC CGT ACC CAG TAC GAG GAG
ASP LEU HIS THR ALA LEU HIS GLU PHE ARG THR GLN TYR GLU GLU

130
TAC AAG GAC GTG CCG ATC GTT 0CG GTG AAC ACG CCG GAC TTC AGO
TYR LYS ASP VAL PRO ILE VAL PRO VAL ASN THR PRO ASP PHE SER
140 150
GGC TGC TTC GAG AGC GGC TTC GCC GCG GCG GTC AAG GCG ATC GTC
GLY CYS PHE GLU SER GLY PHE ALA ALA ALA VAL LYS ALA ILE VAL

160
GAG ACG CTG GTG CCC GAA C0G CGC GAT CAG GTG GGC AAG CGT CCG
GLU THR LEU VAL PRO GLU ARG ARG ASP GLN VAL GLY LYS ARG PRO
170 180
CGC CAG GTC AAC GTG CTG TGC TCG GCC AAT CTC ACC CCG G0C GAT
ARG GLN VAL ASN VAL LEU CYS SER ALA ASN LEU THR PRO GLY ASP

190
CTG GAG TAC ATC GCC GAA AGC ATC GAG AGC TTC GGT CTG CGC CCC
LEU GLU TYR ILE ALA GLU SER ILE GLU SER PHE GLY LEU ARO PRO
200 210
TTG CTG ATC CCC GAC CTG TCC GGC TCG CTC GAC GGC CAC CTG GAC
LEU LEU ILE PRO ASP LEU SER GLY SER LEU ASP GLY HIS LEU ASP

220
GAG AAC CGT TTC AAT GCC CTG ACC ACC GGC GGA CEG AGC GTG GCC
GLU ASN ARG PHE ASN ALA LEU THR THR GLY GLY LEU SER VAL ALA
230 240
GAA CTG GCC ACC GCC GGA CAG AGOC GTC GCC ACT CTG GTG GTC GGG
GLU LEU ALA THR ALA GLY GLN SER VAL ALA THR LEU VAL VAL GLY

250
CAG AGC CTG GCG GGT GCG GCC GAC GCC CTG GCC GAG CGC ACC GGC
GLN SER LEU ALA GLY ALA ALA ASP ALA LEU ALA GLU ARG THR GLY
260 270
GT0 CCC GAC CGG CGC TTC GGC ATG CTC TAC GGT CTG GAT GCG GTC
VAL PRO ASP ARG ARG PHE GLY MET LEU TYR GLY LEU ASP ALA VAL

280
GAT GCC TGG CTG ATG GCG CTG GCC GAG ATC AGC GGO AAT CCG GTG
ASP ALA TRP LEU MET ALA LEU ALA GLU ILE SER GLY ASN PRO VAL
290 300
C0C GAC CGC TAC AAG CGC CAG CGT G0C CAA TTG CAG GAC GCC ATG
PRO ASP ARG TYR LYS ARG GLN ARG ALA GLN LEU GLN ASP ALA MET

310
CTC GAC ACC CAC TTC ATG CTC AGT TCC GCA CGC ACG GCC ATC GCC
LEU ASP THR HIS PRE MET LEU SER SER ALA ARG THR ALA ILE ALA
320 330
GCC GAT C0C GAT CTG CTG CTC GGT TTC GAT GCC CTG CTG CGC AGC
ALA ASP PRO ASP LEU LEU LEU GLY PHE ASP ALA LEU LEU ARG SER

340
ATG GGC GCG CAC ACG GTA GCC GCC GTG GTG CCG GCC CGG GCC GCC
MET GLY ALA HIS THR VAL ALA ALA VAL VAL PRO ALA ARG ALA ALA
350
GCG CTG GTC GAT TCG CCT
ALA LEU VAL ASP SER PRO

370
GAG GAC CTC GAG CAT GCC
GLU ASP LEU GLU HIS ALA
380
ATC GGC AAC AGC CAC GCC
ILE GLY ASN SER HIS ALA

400
CCA CTG TTG CGT GCC GGC
PRO LEU LEU ARG ALA GLY
410
TT1 CAA CG0 TGC TGG TCC
PHE GLN ARG CYS TRP SER

430

360
CTG CCC TCC GTG CGG GTC GGC GAC CTG
LEU PRO SER VAL ARG VAL GLY ASP LEU

GCC CGC GCC GGC CAG GCC CAA CTG GTG
ALA ARG ALA GLY GLN ALA GLN LEU VAL

390
CTG GCC AGC GCC CGT CGC CTC GGT GTG
LEU ALA SER ALA ARG ARG LEU GLY VAL

TTC CCG CAG TAC GAT CTG CTG GGC GGT
PHE PRO GLN TYR ASP LEU LEU GLY GLY

420
GGC TAC CGC GGC AGC AGT CAG GTG CTG
GLY TYR ARG GLY SER SER GLN VAL LEU

TTC GAT CTG GCC AAC CTG CTG GTC GAA CAC CAC CAG GOT ATC CAG
PHE ASP LEU ALA ASN LEU LEU VAL GLU HIS HIS GLN GLY ILE GLN
440 450
CCC TAT CAT TCG ATC TAT GCG CAA AAA CCG GCA ACC GAA CAG CCG
PRO TYR HIS SER ILE TYR ALA GLN LYS PRO ALA THR GLU GLN PRO

CAA TGG AGG CAC TGAGCGATGTCCAGCCCGACCCGACAATTGCAGGTATTGGATA
GLN TRP ARG HIS END

GCGACCACGACGGCACCCTGCTGAAGGTCGCCTTCGCCTCGTCCGACCGCGAACTGGTC

GAC

FIG. 2. Complete nucleotide sequence of the A. vinelandii nifNl gene. Only one strand, that with the polarity of the mRNA, is shown. The
deduced amino acids are shown below the coding sequence. The numbered sequences represent the nijN gene. The translated upstream
sequences represent nifE gene coding sequences. The complete nucleotide sequence of nifE can be found in reference 7. The probable
ribosome binding site, GAGGAG, for the n4N gene overlaps with the termination signal, TGA, for the nifE gene. Another potential ribosome
binding site, GAGG, is found in the end of the nifN coding sequence, and a potential initiation codon and open reading frame are located three
nucleotides past the nifN termination codon.

found in the MoFe protein (nifDK gene products) (7). These
factors include (i) a similar relationship in molecular size and
charge when K. pneumoniae nifD- and nifY-fencoded
polypeptides are compared with the nifE- and nijN-encoded
polypeptides, respectively (17); (ii) a mutual stability rela-
tionship between nifE- and niJN-encoded polypeptides in K.
pneumoniae, indicating that these gene products could form
a macromolecular complex (17); and (iii) the likely FeMo
cofactor binding properties of the nifEN gene products
indicated by their role in FeMo cofactor biosynthesis. Strik-
ing sequence homology between the nifD gene product and
the nijE gene product strongly supported that notion (7).

In Fig. 3, we present a more complete niJD-nifE product
sequence homology comparison than that previously pub-
lished and also compare nifK and nifN gene product se-

quences. These comparisons reveal not only that the nifD
and nifE gene products are structurally homologous but that
the nifK and nifN gene products are also structurally homol-
ogous. The nifE and nifN gene products show only very
weak homology when compated with each other. Although
there is no biochemical information on the potential subunit
comnposition of a proposed nifEN product complex, all of the
above data provide evidence that such a complex does exist.
The considerable sequence homologies apparent in Fig. 3

potentially reflect a number of irmportant structural features,
which could have functions shared by both the MoFe protein
and the proposed nifEN product complex. For example,
these two species could share primary protein sequence
homology in regions surrounding FeMo cofactor binding
domains, subunit-subunit interface sites, and possibly Fe-S
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FIG. 3. Comparison of the nifD- and niJE-encoded (A) and the nifj- and nif-encoded (B) polypeptides. The upper sequences represent

the nifD- or the nifK-encoded polypeptides, and lower sequences represent the nifE- or nifN-encoded polypeptides. Perfect homologies are

boxed. Alignment adjustments were made to provide the best fit, and these adjustments are indicated by hyphens. The entire sequence of each

polypeptide is shown. Cysteine residues which are conserved among those species whose nifD product and nifX product sequences have been
determined are indicated by arrowheads.

cluster binding sites. The existence of FeMo cofactor bind-
ing or assembly site(s) within the proposed nifEN product
complex must, however, be the paramount structural feature
to be considered in any analysis because of the essential role
that the niJEN-encoded proteins occupy in the biogenesis of
native FeMo cofactor.
Of all the conserved sequences observed in Fig. 3, it is

interesting that the region from amino acids 220 to 379 in the
nifj-nifE product homnologies is clearly the most striking.
We have previously suggested that the region surrounding
Cys residue 275 in the ot subunit of the MoFe protein is a

likely candidate for FeMo cofactor binding (4). This sugges-

tion was based on the observation that there is possibly only
a single thiol ligand in the FeMo cofactor (6) (potentially

contributed by Cys residue 275; also see below), and the
suggestion was made because of the concentration of
interspecies nifD gene product conservation of amino acids
containing amide functional groups in the region immedi-
ately surrounding Cys residue 275. Such amino acids can be
considered to have functional groups which most closely
duplicate N-methylformamide, the agent most frequently
used to extrude FeMo cofactor from native MoFe protein
(24). It is, therefore, probably significant that the homolo-
gous region within the nifE product contains a Cys residue
homologous to the nif1-encoded Cys residue 275 as well as
strong nifD product sequence homology upstream and
downstream from this residue (Fig. 3A). However, such nifD
product-nijE product sequence conservation provides only
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an indication of one potential FeMo cofactor binding region.
The possibility of the contribution of distantly located amino
acids within or among the individual subunits as ligands to a
single FeMo cofactor molecule must also be considered. It
should be kept in mind that, whatever the form of FeMo
cofactor bound to the proposed nifEN gene products com-
plex, it must ultimately escape from that species during the
maturation of the MoFe protein. Consequently, the specific
amino acid ligands, which actually bind a form of FeMo
cofactor to the proposed niJEN gene products complex,
could be quite different from those ligands which bind the
mature FeMo cofactor to the MoFe protein. The potential
involvement of the peptide backbone itself in FeMo cofactor
binding remains yet another possibility (24).
Sequence comparisons of MoFe protein subunits from a

wide variety of diazotrophic species have been used in
attempts to identify structurally important regions of these
polypeptides. Such comparisons have largely centered on
sequence homologies surrounding cysteinyl residues be-
cause of the well-known role of Cys-thiol ligation to iron-
containing prosthetic groups within a wide variety of metal-
loproteins (see references 4 and 22 for further discussion).
These sequence comparisons have revealed five conserved
Cys residues in all available a-subunit sequences (residues
62, 88, 154, 183, and 275, by the numbering system in Fig. 3)
and three conserved Cys residues in all available ,B-subunit
sequences (residues 70, 95, and 153, by the numbering
system in Fig. 3). All of the conserved Cys residues are
located in regions of generally high sequence homology
when interspecies MoFe protein sequence comparisons are
made. It is unlikely that these conserved Cys residues
compose all of the metallocluster ligands to be found in the
MoFe protein (see discussions in references 4 and 22), yet it
is reasonable to expect that all or most of these conserved
Cys residues participate in the binding of metallocenters
within the MoFe protein complex.
Comparison of the nifD product with the nifE product

reveals that four of the five conserved interspecies MoFe
protein a-subunit Cys residues can also be considered as
conserved within the nifE product. Among these is Cys
residue 275, discussed above. Comparison of the nifK prod-
uct with the nifN product reveals that only one of three
conserved interspecies Cys residues within the MoFe pro-
tein 13 subunit can be considered conserved within the nifN
gene product. However, one of those unconserved residues
(Cys residue 70) is replaced by Ser in a highly homologous
portion of the nifN product. In the absence of a source of
purified nifEN gene product complex, which could be sub-
jected to spectroscopic as well as other biophysical tech-
niques already used to study the MoFe protein, it is not
possible to assign a functional significance to these Cys
residues conserved within both the MoFe protein subunits
and the nifEN-encoded products. However, the results do
suggest that it is highly possible that there are other metal-
containing centers within the proposed nifEN products com-
plex in addition to a form of the FeMo cofactor.

Evolutionary relationship between the MoFe protein and the
EN protein. The strong sequence homology for the nipD and
nifE gene products as well as for the nifK and nifN gene
products suggests that the nifEN genes and the niJDK genes
could have evolved from a common ancestral origin. This
possibility finds additional support from comparison of the
molecular size and charge of the individual gene products (4,
7, 17) as well as the genetic organization of nifDK and nifEN
within their respective gene clusters (3, 7). The physical
location of the nifEN gene cluster immediately downstream

from the nifHlDK cluster also indicates that one gene cluster
could have easily originated from the tandem duplication of
the other. Comparison of the DNA sequences immediately
preceding and distal to the nifDK and nifEN gene sequences
does not, however, reveal an obvious site for such a recom-
bination event. The strong primary sequence homologies
between the MoFe protein and the proposed nifEN gene
products complex also raise the possibility that one protein
species might functionally replace the other (7). However,
we have found that A. vinelandii mutant strains, which are
deleted for the nifDK genes (18), as well as mutant strains
deleted for the nifEN genes (this study) are Nif- when
cultured in a normal Burk medium lacking a source of fixed
nitrogen.

Genetic analysis. Formal proof that the A. vinelandii genes
we have isolated and sequenced are indeed homologs to the
previously identified K. pneumoniae nifEN genes requires
that a functional role in FeMo cofactor biosynthesis be
demonstrated for the A. vinelandii gene products. Such
proof requires the demonstration that mutant strains altered
in nifE and niJN are deficient in FeMo cofactor biosynthesis.
In Fig. 1, the physical maps of the nifEN coding region from
three A. vinelandii mutant strains, which carry deletions in
portions or all of the nifEN gene cluster, are shown. These
strains were constructed by using hybrid plasmid DNAs,
'which contain various defined deletions within the cloned
regions of nif-specific A. vinelandii DNA (Fig. 1). The exact
procedures for such constructions are described elsewhere
(18). Strain DJ42 (AnifEN) is deleted for the entire nifEN
cluster as well as for sequences extending shortly upstream
and downstream from nifE and nijN (Fig. 1). Strain DJ35
(AniTE) contains an in-frame deletion located entirely within
the nijE coding sequences, and strain DJ39 (AnifN) contains
a deletion beginning from the first SmaI restriction enzyme
site located within the nifNV gene and ending shortly down-
stream from nifN coding sequences (Fig. 1). Each of these
mutant strains exhibits a Nif- phenotype when cultured in a
Burk minimal medium lacking a fixed nitrogen source, and
each mutant strain grows at rates comparable to the wild-
type strain when a fixed source of nitrogen is added to that
medium. It is highly unlikely that the deleted regions located
upstream or downstream from the nifEN coding sequences
are responsible for the Nif- character in strains DJ42 and
DJ39. This conclusion is based on the observed Nif+ pheno-
type of other strains which we have constructed that carry a
deletion or an insertion (or both a deletion and an insertion)
in these regions but which does not extend into the nifEN
coding sequences. However, strains with such mutations
located immediately downstream from the nifN coding se-
quences do have decreased Fe protein activity in crude
extracts (D. R. Dean and W. E. Newton, unpublished data).
Various purified DNA fragments which include all (or por-
tions) of the nifEN cluster were used for transformations in
marker rescue experiments and permitted the confirmation
of the size and the location of the deletions shown in Fig. 1
(data not shown).

Assays and reconstitutions. In Table 1, the specific activi-
ties for the Fe protein and MoFe protein in crude extracts
prepared from the parental wild-type strain and the individ-
ual mutant strains are shown. Each of the mutant strains
almost completely lacked MoFe protein activity, yet each
strain retained significant amounts of Fe protein activity. For
strain DJ35 (AnifE), about 75% of wild-type Fe protein was
observable, while for strains DJ39 and DJ42, where the
deleted regions extend beyond the nifEN coding sequences,
a much lower (about 25%) Fe protein activity was observed.
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TABLE 1. Component protein activities in mutant and
wild-type strains

Sp act of:
Strain

Fe proteina MoFe proteinb

Wild type 48.0 57.4
DJ35 (AnifE) 30.4 0.7
DJ39 (AnifN)c 9.7 0.7
DJ42 (AnifEN)c 10.3 0.9

a Nanomoles of ethylene formed per minute per milligram of crude extract
of protein in the presence of saturation levels of purified A. vinelandii MoFe
protein. All values represent the average of three determinations.

b Nanomoles of ethylene formed per minute per milligram of crude extract
of protein in the presence of saturation levels of purified A. vinelandii Fe
protein.

c Genotypic designations are added only for clarity and do not strictly
indicate the complete nif genotype of the organism.

In these latter strains, this effect is likely a result of se-
quences deleted downstream from nifN and not the conse-
quence of alterations in nifEN gene products (see above).
However, the mutant strains needed to resolve this issue
completely are not yet available.
The results of MoFe protein reconstitution experiments

performed by the incubation of crude extracts prepared from
the individual mutant strains in the presence of extracted
FeMo cofactor are shown in Table 2. A significant amount of
MoFe protein activity was restored by this treatment; for
DJ35, reconstituted activity was comparable to the activities
of UW45 (a previously described FeMo cofactorless A.
vinelandii strain) extracts (17). Extracts of DJ39 and DJ42
consistently had lower activities, a phenomenon that ap-
pears to parallel their lowered Fe protein activity. These
results confirm that the physiological defect of these mutant
strains resides in their inability to accumulate FeMo cofactor
containing MoFe protein.
Summary. The data presented in this study show that the

functional nifE and nifN genes, which have now been
isolated and sequenced from the diazotroph A. vinelandii,
encode products which bear striking sequence homology
when compared with the nifD- and nifK-encoded
polypeptides, respectively. Such sequence homology is an
indication that the nifEN-encoded products could form a
complex structurally analogous to the MoFe protein and that
the nijEN and nifDK genes are themselves ancestrally re-
lated. It is likely that FeMo cofactor or an intermediate in
FeMo cofactor biosynthesis resides upon the proposed

TABLE 2. Complementation of extracts of A. vinelandii mutant
strains with isolated FeMo cofactor

Strain Addition Sp acta

DJ35 (AnijE) None 0.1
FeMo cofactor 15.1

DJ39 (AnifN)b None 0.2
FeMo cofactor 3.7

DJ42 (AniEN)b None 0.2
FeMo cofactor 7.1

a Nanomoles of ethylene formed per minute per milligram of crude extract
protein in the presence or the absence of added FeMo cofactor. All values
represent the average of three determinations. All activity measurements
were performed in the presence of saturation levels of purified A. vinelandii
Fe protein.

b Genotypic designations are added only for clarity and do not strictly
indicate the complete nif genotype of the organism.

nifEN product complex sometime before cofactor donation
to the MoFe protein. Whether the assembly of FeMo cofac-
tor takes place wholly or partially on the proposed nifEN
product complex remains to be determined. Biochemical
efforts aimed at purifying a native form of the proposed
nifEN product complex should be substantially aided by
information provided here and elsewhere (7) on the primary
structure and likely composition of this species. Moreover,
the availability of A. vinelandii mutant strains containing
defined deletions within the nifEN cluster should prove to
have a practical application towards the elucidation of the
biochemical sequence of events during FeMo cofactor
biogenesis. Finally, the nifDK-niJEN product homologies
described here are being used in our laboratory to provide
insights for strategies in site-directed mutagenesis experi-
ments aimed at identifying specific amino acid ligands that
participate in the binding of the FeMo cofactor to the MoFe
protein.
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