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The nucleotide sequence (3,600 bp) of a second copy of nifENX-like genes in Azotobacter vinelandii has been
determined. These genes are located immediately downstream from vnfA and have been designated vnfENX.
The vnfENX genes appear to be organized as a single transcriptional unit that is preceded by a potential
RpoN-dependent promoter. While the nifEN genes are thought to be evolutionarily related to nifDK, the vnfEN
genes appear to be more closely related to nifEN than to either nifDK, vnfDK, or anfDK. Mutant strains (CA47
and CAd48) carrying insertions in vafE and vnfN, respectively, are able to grow diazotrophically in molybdenum
(Mo)-deficient medium containing vanadium (V) (Vnf*) and in medium lacking both Mo and V (Anf*).
However, a double mutant (strain DJ42.48) which contains a nifEN deletion and an insertion in vnfE is unable
to grow diazotrophically in Mo-sufficient medium or in Mo-deficient medium with or without V. This suggests
that NifE and NifN substitute for VnfE and VnfN when the vnfEN genes are mutationally inactivated. AnfA is
not required for the expression of a vnfN-lacZ transcriptional fusion, even though this fusion is expressed under

Mo- and V-deficient diazotrophic growth conditions.

Azotobacter vinelandii is able to grow diazotrophically
using any of three genetically distinct nitrogenases depend-
ing on the presence or absence of molybdenum (Mo) or
vanadium (V) in the growth medium. The well-characterized
Mo-containing nitrogenase (nitrogenase-1) is synthesized
under conditions of Mo sufficiency. Under conditions where
V replaces Mo, an alternative V-containing nitrogenase
(nitrogenase-2) is expressed, and in the absence of both Mo
and V, an alternative nitrogenase (nitrogenase-3) that does
not appear to contain either Mo or V is made (18, 23). Each
of these nitrogenase complexes is composed of two protein
components, dinitrogenase reductase and dinitrogenase. Di-
nitrogenase reductase-1 is a dimer of two identical subunits
with an M, of approximately 60,000 (10, 11). Dinitrogenase
reductase-2 and dinitrogenase reductase-3 are also dimers of
two identical subunits (13, 20). Dinitrogenase-1 is a tetramer
(M,, ~240,000) consisting of two pairs of nonidentical sub-
units (a,B,). Dinitrogenase-2 and dinitrogenase-3, on the
other hand, are probably hexamers, each containing three
pairs of nonidentical subunits (a,B,5,) (25, 39).

The structural genes encoding nitrogenase-1 and nitroge-
nase-3 are organized as single operons (nifHDK and anf
HDGKorflorf2, respectively), while those encoding nitroge-
nase-2 form two independently regulated operons, vafHorf
Fd and vnfDGK (8, 25, 26, 39). nifH, vnfH, and anfH encode
the subunits for dinitrogenase reductase-1, dinitrogenase
reductase-2, and dinitrogenase reductase-3, respectively.
The o and B subunits of dinitrogenase-1, dinitrogenase-2,
and dinitrogenase-3 are encoded by nifDK, vnfDK, and
anfDK, respectively. The & subunit of dinitrogenase-2 is
encoded by vnfG, and, in all probability, anfG encodes a
similar subunit for dinitrogenase-3 (25, 39).

Dinitrogenase-1 contains two types of metal centers: P
centers that might be organized as four unusual [4Fe-4S]
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clusters and two identical FeMo cofactors (FeMoco) which
are the sites for binding and reduction of N, (42, 46). Recent
evidence from X-ray crystallography, however, indicates
that the P centers may actually be organized as two eight-
iron centers (33). A cofactor (FeVaco) analogous to FeMoco
has been extracted from dinitrogenase-2 by using N-methyl-
formamide (47). The cofactor for dinitrogenase-3 has not yet
been isolated; it is likely, however, that the only metal in this
putative cofactor is iron, since dinitrogenase-3 does not
appear to contain significant quantities of other metals (13).
FeMoco is a complex entity composed of Mo, Fe, S, and
homocitrate (43). FeVaco is known to contain V, Fe, and S,
and it is likely that this cofactor contains homocitrate, since
deletion of nifV causes A. vinelandii to exhibit a Nif~ Vnf~
Anf~ phenotype (5, 51).

The genes required for FeMoco synthesis are nifE, nifN,
nifV, nifB, nifQ, and nifH (43). Since the nifDK gene
products are not required for FeMoco synthesis, apodinitro-
genase-1 apparently does not serve as a scaffold for synthe-
sis of this cofactor (38, 49). From the striking amino acid
sequence similarity between the nifDK and nifEN gene
products, Brigle et al. (9, 14) suggested that there may be an
important structural and evolutionary relationship between
these protein complexes and proposed that FeMoco may be
synthesized on the nifEN gene product complex prior to
incorporation into apodinitrogenase-1. Comparisons be-
tween the nifDK and nifEN gene products from Klebsiella
pneumoniae (2, 41), Rhodobacter capsulatus (32), and
Bradyrhizobium japonicum (1) have yielded similar results.

In A. vinelandii, the structural genes encoding nitroge-
nase-1 (nifHDK) are followed by the operon containing
nifENX (22). The role of nifX in A. vinelandii is unknown.
On the basis of DNA sequence comparisons of nifB and nifX
from R. capulatus, Moreno-Vivian et al. (32) suggested that
nifX is likely to participate in FeMoco biosynthesis, though
experimental confirmation has not yet been published. On
the other hand, Gosink et al. (19) have provided evidence
that nifX acts as a negative regulator of the nif regulon in K.
pneumoniae.
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TABLE 1. Bacterial strains, plasmids, and phages used in this study

Strain, plasmid,

Relevant characteristics or genotype

Reference or

or phage source
Strains
E. coli
HB101 F~ hsdS20 recAl3 ara-14 proA2 lacYl galK2 rpsL20 xyl-5 mtl-1 supE44 N~ 29
C600 F~ thi-1 thr-1 leuB6 lacY] tonA2] supE44 N\~ 29
S17-1 thi pro HsdR™ HsdM™ recA RP4 2-Tc::Mu-Km::Tn7 (integrated plasmid) 44
JC5466 trp his recA56 rplE C. Kennedy
K-12 71-18 A(lac-pro) F' lacl® lacZAM15 pro™* supE 30
A. vinelandii
CA Wild type 12
CAll AnifHDK 6
CA47 vnfN47::Tn5-B21 Tc" This study
CA48 vnfE705::kan This study
CA66 AanfA66::kan 24
CA66.47 AanfA66::kan vnfN47::Tn5-B21 Tc" This study
DJ42 AnifYorflor2ENXorf3orf4 9
DJ42.48 AnifEN“ vnfE705::kan This study
Plasmids
pLWE2 pUC9 containing the 1.4-kbp Smal fragment containing vnfE This study
pLWE2-1 pUC9 containing the 1.4-kbp Smal fragment containing vafE plus the Kan" This study
cartridge from pKISS at position 750
pLWNX2 pUC18 containing the C terminus of vafE and all of vafNX This study
pWWBI12 pLWNX2 containing Tn5-B21 insertion in vafENX region This study
pUC9 and pUC18 Amp" 50
pAU48 pUC9 containing a 4.3-kbp BamHI-Smal fragment which includes the vafEN genes 35
Phages
M13mpl8 and M13mp19 M13 cloning vectors 53
ATn5-B21 Ab221 cI857P am80 containing TnS5-B21 45

“ See genotype of DJ42 for complete description of DJ42 mutation.

In this article, we present the complete nucleotide se-
quence of a second copy of nifENX-like genes cloned from
A. vinelandii. These genes are designated vnfE, vafN, and
vnfX and are located immediately downstream from the
regulatory gene vnfA (24).

(A preliminary report of this study has been presented
elsewhere [52].)

MATERIALS AND METHODS

Plasmid and bacterial strains. The bacterial strains and
plasmids used in this study are listed in Table 1. The A.
vinelandii strains were grown at 30°C in modified Burk
medium (48). For growth studies under Mo-deficient condi-
tions and in the presence of V, precautions were taken to
minimize contamination by metals as previously described
(4). Na,MoO, and V,05 were each added to a final concen-
tration of 1 pM. Fixed N was added as ammonium acetate
(2.2-mg/ml final concentration). When required, kanamycin
and tetracycline were added to a final concentration of 10
pg/ml. The concentration of ampicillin was 50 pg/ml. Esch-
erichia coli K-12 71-18 was maintained on M9 minimal
medium and grown in tryptone-yeast extract (TYE) or
Luria-Bertani (LB) medium for transformation or infection.
E. coli S17-1 and JC5466 were cultured and maintained in
TYE or LB medium.

ATnS5-B21 (45) was propagated on E. coli C600. This strain
was grown in Y broth (10 g of Bacto Tryptone per liter, 2.5
g of NaCl per liter, and 0.1 g of yeast extract per liter).
Maltose was added to a concentration of 0.2%. When

necessary, kanamycin and tetracycline were added to con-
centrations of 50 and 20 pg/ml, respectively.

DNA manipulations. DNA isolation procedures, ligations,
restriction analysis, and transformations were carried out
essentially as described by Maniatis et al. (29). A. vinelandii
cells were made competent and transformed with DNA as
described by Page and von Tigerstrom (34).

DNA sequencing and sequence analysis. A 4.5-kbp Kpnl
fragment contiguous with the 9-kbp EcoRI-Kpnl fragment
containing vafA and the N terminus of the vafE gene (24) was
isolated, and the nucleotide sequence was determined by the
method of Sanger et al. (40). The sequencing strategy
involved the sequence determination of overlapping cloned
fragments generated with Alul, Haelll, Rsal, Sau3A, or
Thal. In addition, a 1.4-kbp Smal fragment spanning the
Kpnl junction was cloned into M13mpl8, and a primer
consisting of a 15-bp sequence (AATGCGCAGGCCGAG)
located near the juncture was used to confirm contiguity at
this site. Individual sequences were aligned and organized
into a contiguous sequence with the aid of a sequence
alignment program (27). Restriction sites, base and codon
preference analyses, and amino acid sequence alignments
(GAP program) were performed on a VAX computer using
the Genetics Computer Group (GCG) programs (17).

Construction of A. vinelandii mutants carrying an interpo-
son insertion in vafE. Plasmid pLWE2, which contains a
1.4-kbp Smal fragment (isolated from pAU48 [35]) spanning
the Kpnl site (position 750 in Fig. 1), was cleaved with Kpnl,
resulting in linearization of the plasmid. The linearized
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plasmid was combined with a kanamycin resistance (Kan")
cartridge (released from pKISS by Kpnl digestion). After
ligation and transformation into E. coli K-12 71-18, plasmid
DNA was purified from Kan®™ Amp" (ampicillin-resistant)
colonies. A. vinelandii CA was transformed with plasmid
DNA (pLWE2-1) from one of these transformants. After
selection for Kan" and screening for Amp®, one of the A.
vinelandii transformants was selected for further study and
designated strain CA48. Strain DJ42 (AnifEN) was also
transformed with pLWE2-1 plasmid DNA. This double
mutant was designated strain DJ42.48. The presence of the
interposon insertions in vafE was confirmed by Southern
hybridization.

Construction of A. vinelandii mutants carrying Tn5-B21
insertions. Plasmid pLWNX2 was transformed into E. coli
S17-1 (suppressor negative). The transformed strain was
grown to a cell density of approximately 10° cells per ml
(Agoo = 0.8). The celis were harvested and resuspended in
0.01 M MgSO, solution. Four hundred microliters of ATnS-
B21 (45) phage suspension (titer, 10° PFU/ml) was added to
200 pl of the transformed cell suspension, and the resulting
mixture was incubated at 37°C for 2 h. The infected cells
were plated onto LB medium containing tetracycline (20
pg/ml). After an overnight incubation, tetracycline-resistant
(Tet") cells were harvested from the plate cultures, and
plasmid DNA was then isolated from these cells. E. coli
JC5466 was transformed with this plasmid DNA preparation,
and Tet" transformants were selected. Plasmid DNA was
isolated from individual colonies. The approximate location
and orientation of Tn5-B21 insertions in the individual plas-
mids were determined by restriction enzyme analysis. A.
vinelandii CA was transformed with one of these plasmids
(pWWBI12), and Tet" Amp® colonies were selected. One of
the transformants (strain CA47), which contained Tn5-B21
inserted in vnfN, was selected for further study. A. vinelan-
dii CA66 was transformed with CA47 DNA, and the result-
ing transformant was designated strain CA66.47.

Nucleotide sequence accession number. The GenBank ac-
cession number of the nucleotide sequence of the vafENX
region presented in this article is M74768.

RESULTS AND DISCUSSION

Nucleotide sequence analysis. We previously reported the
nucleotide sequence of the genomic region encoding the
putative regulatory protein VnfA (24). A partial sequence of
an open reading frame (ORF) which appeared to be a
nifE-like gene was found to be located immediately down-
stream from the vnfA gene (Fig. 1). The complete nucleotide
sequence of this ORF (vnfE) along with those of two
additional ORFs (vnfN and vnfX) is shown in Fig. 2. These
three genes appear to be part of an operon with the order
promoter-vafENX. The identification and designation of
these ORFs as vafENX is based on mutant phenotypes and
the similarity of these ORFs and their predicted products
with those of the nifENX genes from A. vinelandii. Compar-
isons of the nif and vnf genes at the nucleotide level are as
follows: nifE (1,416 bp) and vnfE (1,410 bp) are 75% identi-
cal, nifN (1,400 bp) and vafN (1,383 bp) are 65% identical,
and nifX (478 bp) and vnfX (541 bp) are 44% identical. Base
and codon preference analyses of the region following vnfX
indicate the possible presence of another ORF following
vnfENX which may or may not be a part of the vafENX
cluster (data not shown).

Although the gene order of the vafENX operon is the same
as that of the nifENX operon, these gene clusters differ as to
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CA

ORF1 ORF2 vnfA vnfE vntN vnfX
— > >

M K K
CA48
K K
i 1 1
M K K
1kb

FIG. 1. The vafENX region. The heavier line indicates the region
whose nucleotide sequence is given in Fig. 2. Restriction sites: M,
Smal; K, Kpnl. The triangle in the CA48 map indicates the location
of a Kan" cartridge inserted into the Kpnl restriction site; arrows
indicate the direction of transcription of the neomycin phospho-
transferase gene.

location within their respective regulons. The nifENX genes
are just downstream of the gene cluster nifHDKTY, while
the vnfENX genes are located about 8 kb upstream from the
vafHorfFd operon (35). The vafENX cluster is preceded by
a sequence (TTGGNZTTGCT) that conforms to an RpoN-
dependent promoter (3), and each gene in the cluster is
preceded by a potential ribosome-binding site (Fig. 1). The
vnfE and vnfN genes are separated by one nucleotide, while
the stop codon of vafN and start codon of vnfX overlap;
therefore, translation of mRNA from these genes may be
coupled (9). The nifEN genes also appear to be translation-
ally coupled (9, 14).

Comparison of predicted amino acid sequences with those of
other gene products. The amino acid sequences of the
presumed products of vafE, vafN, and vafX show significant
identity with those of the nifE, nifN, and nifX gene products,
respectively (Fig. 3). The predicted molecular weights and
pls of the vnf and nif gene products, as calculated by the
GCG PeptideMap program, are shown in Table 2. The amino
acid sequences of NifE and VnfE are 66% identical, while
those of NifN and VnfN are 52% identical. This identity is
much less than that observed between NifH and VnfH (91%)
but is more than those between NifD and VnfD (33%) and
NifK and VnfK (31.1%).

On the basis of the identity between the nifD and nifE gene
products as well as the identity between the nifK and nifN
gene products, it has been suggested that the nifE and nifN
genes share an ancestral relationship with the rifD and nifK
genes (1, 2, 9, 14, 32, 41). When VnfE is compared with
NifD, VnfD, and AnfD (30, 27, and 26% identities, respec-
tively), it is found to have slightly more identity with NifD
than with the other two products. Comparison of VnfN with
NifK, VnfK, and AnfK (27, 28, and 27% identities, respec-
tively) shows that VnfN has slightly more identity with VnfK
than with NifK or AnfK. This identity, however, is substan-
tially less than the identity between NifEN and VnfEN. It
therefore appears that vafE and vnfN are most closely
related to nifE and nifN in an evolutionary sense. The NifE
and NifN proteins could share a functional relationship with
the NifD and NifK proteins, since it is thought that the
NifE-NifN protein complex may be required to bind FeM-
oco before it is donated to apodinitrogenase-1 (9, 14, 36, 37).
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1 CGTACCGCCCGCGTGAAAGTACCACCGCGTACAGGGATCGTTCGCCACGG 50 1051 TCGCCGATACCTCCCAGGCCCTGCGCGACTTCGCCAAGGCGATCGGCGAC 1100
. . . . . A DTS QALTZRUDTFA ATEKA ATIGD
51 TACGTCCCCTCCGAAAAAACCCGCCGGAACCCTTCAGGGACGCGGGTCTT 100 . . . . .
) ) : ) : 1101 CCGTCGCTGTCGGTACGCACCGAACTGCTGATCCTGCGCGAGGAAAACAG 1150
101 GCGCGATTGGCGCGACCTTTGCTCCAGCTCCTGCAGGGGTTCGCGACGGG 150 P S LS VRTETLTLTITLRTETENR R

. . . . .

151 GCGCTCCGCCCGGCGGACCGCACCTTTCCATCCACCGCACGCGACGGGCA 200

. . . . .

1151 GGCCAGGGCGGCGCTCGAACCCTGGCGCGAGCGACTGGCCGGCAAGCGCG 1200
vnfE -> ARAALTETPTWRET RTLAGTIKTR R A
201 TCGCCCGTCCGGAGAGGGACGATGAATCAGACCGAAATCCAGAACCTGCT 250
M N QT ETIOQNTLTL . . . . .

1201 CGCTGATCTTCTCCGGCGGCGTGAAATCCTGGTCGGTGGTTTCGGCGCTG 1250
L I F 8§ G GV K S W s V VS AL

. . . . .

251 CGACGAGCCAGCCTGCACCCACAACACGGCGGGCAAGACCGGCTGCTCGC 300
D EPACTHNTAGT KTGTC S R . . . * °

. . . . . 1251 CAGGACCTCGGCGTCGAGGTGATCGCCACCGGCACCGAGAAATCCACCGA 1300
Q DL GV EVIATSGTTET KT STE

301 GCTCGCGCCCGGGAGCCACCCAGGGCGGCTGCGCCTTCGACGGCGCGCAG 350
S R PG ATQGGCATFDGAOZ Q . . . . .

1301 GGAAGACCGCGCGCGCATCCGCGAGCTGATGGGGCCGAACGCCCGGATGA 1350
E DRARTIRETLMGZPNARMAMMI

351 ATCGCCATCCTGCCGATCGCCGACGCCGCGCACATCGTCCACGGTCCGAT 400
I A I L PIADAAMHTIUVHGT?®©PTI . . . . .

1351 TCGACGACAACGACCAGAGCGCGCTGATCGCCACCTGCATCGAGAGCGGC 1400
D DNDAO QSALTIA AGATTCTITESSG

401 mﬁmcmmmcmcmcmmmmcc 450
G C A G S S WDUILURGSNS S G P . . . . .

1401 GCCGACATCCTCATCGCTGGCGGACGCTACCTGTACGCCGCGCTCAAGGC 1450
A DI LTIAGGRYTULYAA ATLIKNA

451 CACAGTTGTACCGCCTGGGCATGACCACCGAACTGTCCGACGTCGACGTG 500
Q L YRLGMTTETLSDV DUV . . . . .

1451 GCGCCTGGCGTTCCTCGACATCAACCACGAACGCGACTTCGGCTACGCCG 1500
R L A FLDTINUBHTETRIDTFGTYAGG

501 ATCATGGGCCGCGGCGAGAAAAAGCTGTTCCACGCCATCCGCCGTGCAGT 550
I M G R GEKIKULTFHATIRT BRAUV . . . . .

1501 GCTACGGCGGTTTCGTCGAACTGGCCCGCCAGTTGGCGCTGGCCGTGCAC 1550
¥ 6 G FV ELARUG QLA ATLAUVH

551 CGAGCGCTACCAGCCGCAGGCAGTGTTCGTCTACGGCACCTGCGTGCCGG 600
ER Y Q P Q AV F VY Y G TOCV P A . . . . .

. . . . . 1551 AGCCCGGTATGGCAGCGCGTGCGCCAGGAGCCGCGCTGGGTACGCGCCAG 1600
PV W QRUVRQEUPRUWVRA S
601 CGATGCAGGGCGACGACATCGAAGCGGTGGCCCGCGACGCCAGCCAGCGC 650
M @ G D DI E AV A RDAS QR . . . . .
ynsN ->
. . . . . 1601 CACCCGGGCCGCGCTGCTGGAGGAGGCCTGACATGGCCCGGATCGTCCAG 1650
T R A AL LETEAMO®* M ARTIUVDAQ
651 TGGGGCGTGCCGGTGATTCCGGTGGACGGCGCCGGCTTCTACGGCACCAA 700
W GGV PV I PV DGAGT F Y G T K . . . . .

. . . . . 1651 ACCAGCAAGCCCCTGAGCGTCAATCCGCTGCGCGTCAGCCAGCCGATGGG 1700
T S K PL S VNUPILRVYV S QUPMG
701 GAGCCTGGGCAACCGCATCGCCGGCGAAACCCTCTACCGCCACGTCATAG 750
S L 6 NR I AGETTULYRUHVIG . . . . .

. 1701 CGCCGCGCTGGCCTTCCTCGGCCTGTCCCGCAGCCTGCCGCTGGAGCACG 1750
A AL AFLGUL SR STULUZPIULETHSG

751 GTACCCGCGAACCGGCGCCGCTGCCGCAAGGCGCCGTCGGCCACGGCATC 800
T R E P A PLUPQGA AV G HGTI . . . . B

. . . . . 1751 GCGCCCAGGGCTGCACGGCGTTCAGCAAGGTGTTCTTCACCCGCCACTTC 1800
A Q GCTAPF S KV F FTRIHEHTEP
801 ACGGTGCACGACGTCAACCTGATCGGCGAATACAACATCGCCGGCGAGTT 850
T VHDVNILTIGETYNTIAGTETF . . . . .

1801 CGCGAACCCATCCCATTGCAGACCACCGCGCTGGACATGGCCAGCACCGT 1850
R E P I PLQTTATLUDMMAS STV

851 CTGGCGCGTCGCGCCGCTGTTCGACGAACTCGGCCTGCGCATTCTCTGCA 900
W RV APLTPFDETLSGTLRTIULGE CT . . . . .

1851 GCTCGGCAGCGACGAGCGGCTGCAGGAAGGCCTGGCCACGGTGATCGACG 1900
LGS DERTLAGQEGTLATUVTITDG

901 CCCTGTCCGGCGACGCGCGCTTTCGCGAGGTCCAGACCATGCACCGCGCC 950
L 8 G DARVFREVQTMHTR RA . . . . .

1901 GGCATCACCCGGAAGTGGTCGGGCTGATCACCACCGGCCTGGTGGAAATG 1950
HHPEV YV GLITTGTULVEHM

951 GAAGCCAACATGGTGGTCTGCTCCAAGGCCATGCTCAACGTCGCCCGCCA 1000
E A NMUV YV CS KA MULNYUVARH . . . . .

1951 CAGGGCGCCGACATCCGTCGCGTGCTGCGCAGCTTCCATGCCGAACGCTG 2000
Q GA DI RRVYLRST FHATETRTGEC

1001 CWGAMMMWMA 1050
L REDYGTUPVFTF FEGS ST FYG . . . . .

2001 CGAAAGCGCCAGCGTCGTCGCGGTGAACACCCCGGACACCCTCGGCGGGC 2050
E 8 A 8 VV AV NTUPUDTTULGSG

FIG. 2. Nucleotide sequence of the region containing vafENX. The predicted translation product of this gene is given below the nucleotide
sequence. Sites similar to ribosome-binding sites from E. coli, a potential ntrA-dependent promoter, and the stop codon of vnfN are
underlined. Nucleotide 1 corresponds to nucleotide 2659 in the previously reported sequence of the vnfA region (24).
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2051

2101

2151

2201

2251

2301

2351

2401

2451

2501

2551

2601

2651

2701

2751

2801

2851

2901

2951

3001

3051

TGGAGAGCGGCTACGCCCTGGCGGTGGAGGCGATCATCGAGGCGCTGGTG
E S G Y AL AV EA ATITITEA ALV

CCGGATAGCGTGGTGCCGGCGGCGCAGCGGGCCCGCCAGGTCAACK

CTGCT
P DS VV PAAQRARUGQVNDULTL

GGCCGGATCGATGCTGACCCCGGCCGATGTCGAGGCGATCCGCGAGTGGA
A G S M L TPADVEA ATITRTEW

TCGAGGGCTTCGGCCTGCAGGCGGTGATCCTGCCCGACCTGGCCGACTCC
E G F G L Q AV I LUPUDTULATD S

CTCGACGGTCACCTGACGCCCCAGGGCATCACCACCCTGACCACCGGCGG
L DGHILTUZPAQGITTTTULTTGG

CACCACCCGTCAGGAAATCGCCGCCATGGGCCGCTCGGCGCTGACCCTGG

T T R Q E I A A M GRS ALTTLUV

TGATCGGTGACTCCCTCGGCCGCGCCGCCGACCTGCTGCAGGCGCGTACC
I G D S L GRAADTULTLGQA T

.

GGAGTACCGGACCTGCGCCTGCCCGGACTGACCGCGCTGGCCGACTGCGA
G VPDULRULUPGTLTA ATLA ADTCD

CGCCTTCGTCCAGGCGCTCGCCGATGTCTCCGGCCGCCCGGTGCCGGCGC

I

A F V. QALADVYV S GRUPUV P AR

GCATCCTGCGCCAGCGCGAGCAACTGCTCGACGCCATGGTCGACAGCTAT
Q RE QL L DAMVD S Y

.

GTCCCGGTCGGCGGCACGCGCATCGCCATCGGCGCCGACGCCGACCAACT
VPV GGGTRTIATIGADA ADT G QL

GGTCGCCATCGGCCGCTTCCTCGACGACGTCGGCGCCCGCCTGGTCGCCG

VA IGRTFLDUDUVGARTULVYVAA

.

CGGTCAGCCCTTGCCGCAGCGCGGCGCTGGAGGCGCTGAATATCAAGGAA
V 8 P C R S A ALEA ATLNTITEKE

GTGATGATCGGCGACTTCGAGGACCTGGAGGAACGCGCCCGCGAAACCTC
V M I 6GDF EDULETETRUARYET S

CGCGCAATTGCTGATCGGCAACTCCCACGCCCTGCAGAGCGCCGAGCGCC

A Q L L I GN S HA AL QS AET RIYL

TCGGCATCCCGCTGCTGCGCGCGGGTTTCCCGCAGTACGACCACTACGGC
G I PLLRAGTFUPAOQYDUHY G

GCGGCGGCGCGCCTGTGGGTCGGCTACCGCGGCGCGCGCCAGTTGCTCTT
A A ARLWV G Y RGAR G QLTLTF

. .

CGAACTGGCCAACCTGTTCGCCCCCCGGGGCGCCGGCATCGCCCCCTACC
H

E L A NLFAUPURGA AGTIA ATPY

ACTCGCCGCTGCGCCAGGATTTCGACGGCGCGGCCGCACCTTCCGCGAQQ
S P L RQDVFDGAA AN AUP S

ynfx ->
AGCATCACTGCATIGATCAAAGTCGCTTTCGCGTCCAACGACCGGGTCAAC
S I T AM I K V A F A S NDUR VN

GTCAACCTGCACTTCGGCGCCGCCGACACCCTGATGGTCTACGACATTTC
V NLHF GAADTTULMV Y DTI S

FIG. 2—Continued.

2100

2150

2200

2250

2300

2350

2400

2450

2500

2550

2600

2650

2700

2750

2800

2850

2900

2950

3000

3050

3100

NUCLEOTIDE SEQUENCE OF A. VINELANDII vnfENX 7569

3101 GCCGGGCTACGCCGAACTGCTCGGCGTCGGCGAGTTCGTCCAGGCCAACA 3150
P G Y A ELULGV G EVF UV Q ANM

3151 TGAAGGGCGAGAACCGCTTCAAATCGCTGTCGGACGGGCAGACCAACATC 3200
K G ENRTFIK S L S DG QTNTI

3201 ATCGACCTGCAGCTCAGCGCCGAGGAACTGGAGCGTCTCGCCGCCAAGCC 3250
I DLQL S AEZETLTET RTLAALAIKP

3251 ACCGGAGGACAAGGTGATCGCCAAGCTGAAATTCCTCGAAGGCTGCTCGG 3300
P ED K VI A KULIKTFTULEGTC S A

3301 CGATCTACGCCGCCTCGATCGGTACTTCGTCGATCAAGCGACTGATAATG 3350
I Y A A S I G T S 8 I KRULTIM

3351 GCCGGTATCCAGCCGATCATCGTCGGCACCGGCCAGACCATCGAGGACCT 3400
A G I Q P I I VGTGOQTTIETDTL

. . .

3401 GCTCAACGAGGTCAGCCTGGCCCTGCACTGCGGCGGCCTGAGCTGGGTGG 3450
L N EV S L ALHU CGGTUL S WUV E

. . .

3451 AGCGGGCCAAGGCCAAGGCCGAACGCGCTGCGGCCCAGAACCCCGCCGCG 3500
R A K A KA ERAAADQNUPAA

3501 CCCCACACGCCCTCCGGCAACGGCCTGCGCCTGATCACCTCCATCGAGGA 3550
P HTUPS GNGULRTULTITSTITEE

. . . .

3551 GCTGGAATAGCCACTTCCGTGCGGGGCGCCGAAGGCTCAGCGCATCGAAT 3600
L E *

This possible functional relationship may be reflected in the
conservation of amino acid residues that could serve as
metal-binding ligands. There are five Cys residues in the
NifD protein and three in the NifK protein that are con-
served across nitrogenase proteins from a wide variety of
nitrogen-fixing organisms (9, 14); some of these Cys residues
are thought to form ligands with either FeMoco or P clusters
(15, 16, 28). Four of the five Cys residues in NifD and one of
the three Cys residues in NifK are conserved in NifE and
NifN, respectively. Interestingly, the four Cys residues
conserved between NifD and NifE (Cys-62, Cys-88, Cys-
154, and Cys-275 of NifD) are also conserved in VnfE. The
Cys residue conserved between NifK and NifN (Cys-95 of
NifK) is also conserved in VnfN. Also, one of the noncon-
served Cys residues (Cys-70 of NifK) is replaced by Ser in
both NifE and VnfE.

NifX and VnfX have 33% identity at the amino acid
sequence level, with VnfX having an insertion of 31 amino
acid residues about one-third of the way from the N terminus
(Fig. 3C). NifX has been shown to be a negative regulator of
the nif regulon of K. pneumoniae (19). In the presence of
NH,* and O,, NifX~ mutants continued to synthesize
nitrogenase proteins after synthesis ceased in NifX* strains.
However, in the case of A. vinelandii, aside from the finding
that NifX is not required for nitrogenase activity (7), neither
its role nor that of VnfX has been studied.

Effect of mutations in vnfEN on diazotrophic growth. Mu-
tant strains were tested for their ability to grow diazotroph-
ically in the presence or absence of Mo or V. Under
N,-fixing conditions, in the presence of 1 uM Na,MoO,,
strain CA48 (vnfE750::kan) grew at the same rate as the wild
type. Under Mo deficiency in the presence or absence of V,
strain CA48 exhibited a slightly extended lag period after
which the growth rate approached that of the wild type.



7570 WOLFINGER AND BISHOP

A
1 b * 50
AVNALE MKAKDI; LLPVA
3 3 3333338 33 1 i 2333 03 % 1238133 s3 o3
AVVntE AILPIA
51 * 100
AVNifE DVAHIVHGPI
s srzIsasr osisy 12 3t $:i8:
AVVNnfE DAAHI' IMGRGEK
101 * 150
AVNifE RLFHAI v L IP
33811 883 o3 33D oI fr o8z 3 33 siss
AvVVnfE KLFHAI QAVFV IP
151 200
AVNifE VDSAGF V.
33 333383 33iif33g s22122 333 3 33 s33338¢
AVVRtE VDGAGF Q VHDVNL
-
201 * 250
AVNifE IGERYNI PLLDELGLRVLCTL
83332238383 1 33 3333IT 8833 83%: 3323133 s i
AVVnfE IGEYNI RILCTL v
251 300
AVNifE 'EGSF L
3283333333 % 3 383 33133133 1siitssiss : 3
AvVnfE 'FEGSF
301 350
AVNAfE EALI LL!
$83 85f  §3IIIIIloSi 33D 3 333z sisit
AVVNfE ELLI AL AGKRAL
351 400
AVNifE LIAG
3333 333388 s1sssss ] 33 3 ssisis:
AVVnLE I ATCIESGADILIAG
401 450
AVNifE .DI IT EA\
3303 333 3 13831 o33 i3t o s 2 I
AVVRfE  GRYLYAALKARLAFLDI ARQLAL QRV
451 475
AVNifE RRPAPWDIPASQDARPSGGPFGER*
3 H 3
AVVnfE RQEPRWVRASTRAALLEEA®.....
B
1 50
AVNifN MAEII AILGLAL
3t 3 33 333233 333 & 83 83 $33338 83
AVVNIN MARIVQY ALAPLGLSRSLPL
51 100
AVNifN FF IGLLT
28 323822 $28838 8 3 it 8t 3 % 3 R
AVVnIN FF PLQT AQEGLATVI VGLIT
101 150
AVNifN TGL EEYKDVPIVP
113 ¢ 3 3 s 3833 1
AvVneN A
151 200
AVNifN KAI EYIAESI] LRPL
AvvneN  EhbIEALcE Porriiol R LN EN
201 250
AVNfN LIPDL TTGGLSVAEL AGA
232 338t 12212 NN
AVVnfN ILPDL QET,
251 300
AVNifN ADAL
3308 g3z f 3
AVVREN  ADLL PGLTAL
301 350
AVNifN QDAMLOTHFMLSSARTAIAADPDLLLGFDALLRSMGAHTVAAVVPARAAA
132 2 s 33 23 2 2 333 833 of ot
AVVREN L A IGRFL CRSAA
351 400
AVNifN EDL
3 132 : LR R R
AvVntN GIPLLRAG
450
AVNifN YAQKPA
AVVntN PP RQ
451 463
AVNifN TEQPQWRH*
AvVVnfN GAAAPSARSITA*
C
1 50
AVNifX IYGVNPE
AvUnEx LRI i orsic
51 100
AVNifX RSQLLSVVEFGELEQDGN......euevevcrooaoanncnnenannnn B
3t 3 83 : B
AVVN£X YAEL IIDLOL AAKPPE
101 150
AVNifX DKLARKI! IGVQPI AELIE
32 2 22 st I
AVVnfX DKVI IYAAS. TSS. IV 'EDLLN
151 200
AVNifX ALQVELREGPSAWLAK........ AIQRTRGPDMRRFDAMAAEGWDE*
L I3 3 :
AvVnfX EVSL IEELE
201
AVNifX
AvVntx «

FIG. 3. Comparison of the predicted amino acid sequences of the
products of the vifENX region with those of the nifENX region of A.
vinelandii (Av). (A) NifE compared with VnfE; (B) NifN compared
with VnfN; (C) NifX compared with VnfX.
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TABLE 2. Predicted molecular weights and isoelectric points
(pls) of VnfE, VnfN, VnfX, NifE, NifN, and NifX

Gene No. of Calculated mol wt of Estimated
amino acids predicted protein pl
vnfE 469 51,089 6.58
nifE 474 52,162 6.16
vnfN 460 48,701 5.24
nifN 458 49,207 5.92
vnfX 182 19,447 5.14
nifX 158 17,289 4.47

Strain CA47, which contains Tn5-B21 inserted in vnfN,
exhibited the same growth pattern as did CA48. In order to
test the possibility that the nifEN gene products substitute
for the missing vafEN products in strains CA47 and CA48,
we constructed a double mutant that is inactivated for both
nifEN and vnfEN. This strain, DJ42.48 (AnifEN vnfE750::
kan), was unable to grow under any of the nitrogen-fixing
conditions tested. These results suggest that A. vinelandii
probably does not have a third set of nifEN-like genes and
that the vafEN products function in the synthesis of cofac-
tors for both dinitrogenase-2 and dinitrogenase-3. Since
strain DJ42 (AnifEN) is Nif~ (but is Vnf* Anf*), the prod-
ucts of vafEN are apparently unable to substitute for those of
nifEN. However, on the basis of results with strains CA47
and CA48, the nifEN gene products appear to function in
place of the vafEN products when these genes are mutation-
ally inactivated. This suggests that NifE and NifN partici-
pate in the synthesis of FeVaco for dinitrogenase-2 and in
the formation of the putative cofactor for dinitrogenase-3
when VnfE and VnfN are unavailable.

Expression of a vafN::lacZ transcriptional fusion. Expres-
sion of the vafENX transcriptional unit was monitored with
a transcriptional lac fusion constructed by inserting Tn5-B21
(45) in vafN. The results of two independent experiments for
each strain are shown in Table 3. Strain CA47 (vnfN47::
Tn5-B21) accumulated B-galactosidase in the presence of V
as well as under Mo- and V-deficient conditions. These
results indicate that the vafENX genes are transcribed under
conditions where either of the two alternative nitrogenases

TABLE 3. Expression of the vafN-lacZ fusion (vnfN47::Tn5-B21)

Strain s B-Galactosidase
(phenotype) Medium activity (%)°
CA47 -Mo, -V 3,950 + 505 (88.0)
+V 4,491 * 1,006 (100.0)
+Mo 439 + 191 (9.8)
+NH,* 2,149 + 462 (47.9)
CA66.47 (AnfA™) —Mo, -V 3,701 + 690 (82.4)
+V 4,384 + 547 (97.6)
+Mo 353 £ 102 (7.9)
+NH,* 1,794 + 994 (40.0)

“ Cells were cultured in N-free modified Burk medium without added Mo
and V (-Mo, —V), with 1 uM V,05 (+V), or with 1 uM Na,MoO, (+Mo) or
in modified Mo- and V-deficient Burk medium containing ammonium acetate
(2.2 mg/ml) (+NH,*).

b B-Galactosidase activities are expressed in units as described by Miller
(31). Results represent the mean + standard deviation of activity values from
two independent experiments, with percentages of the mean activity found in
cells of strain CA47 derepressed for 12 h in modified N-free Burk medium
containing 1 pM V,0O; given in parentheses.



VoL. 173, 1991

are expressed. This strain also accumulated appreciable
amounts of pB-galactosidase when normally repressive
amounts of NH,* were present in the medium. Since NH,*
repression of nifHDK in K. pneumoniae is not as effective in
VnfX~ mutant strains as it is in wild-type strains (19), it is
possible that polarity effects on vnfX lead to the lack of
repression of the vnfENX genes by NH,™ observed in strain
CA47. It is also possible that vafENX transcripts are made in
the presence of NH,*, as has been found for the vnfHorfFd
and vnfDGK operons (21). In the case of these operons,
repression by NH,* appears to occur at the posttranscrip-
tional level.

Walmsley et al. (51) used a transcriptional lac fusion
similar to that carried by CA47 to show that VnfA is required
for expression of the vnfENX operon. Since the vafN-lacZ
fusion in CA47 is also expressed under Mo-deficient condi-
tions in the absence of V, we asked whether AnfA is also
required for expression of this fusion. B-Galactosidase ac-
tivities determined for the AnfA~ mutant strain CA66.47
were approximately the same as those found for the AnfA™*
strain CA47 (Table 3); thus, AnfA does not appear to be
necessary for expression of the vafENX operon.

Conclusion. The complete DNA sequence for a second
copy of nifENX-like genes (vafENX) in A. vinelandii has
been determined. There does not appear to be a third copy of
nifENX-like genes in this organism, and the vafENX genes
appear to be expressed under Mo-deficient conditions in the
presence or absence of V. This suggests that VnfE and VnfN
are involved in the synthesis of cofactors for the alternative
nitrogenases, nitrogenase-2 and nitrogenase-3. Furthermore,
it appears that NifE and NifN can substitute for VnfE and
VnfN in vafEN mutants.
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