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Using transposon TnS5-mediated mutagenesis, an essential Rhizobium meliloti nitrogen fixation (nif) gene was
identified and located directly downstream of the regulatory gene nifA. Maxicell and DNA sequence analysis
demonstrated that the new gene is transcribed in the same djrection as nifA and codes for a 54-kilodalton
protein. In Klebsiella pneumoniae, the nifBQ operon is lacated directly downstream of a gene which is
structurally and functionally homologous to the R. meliloti nifA gene. The DNA sequences of the K. pneumoniae
nifB and nifQ genes (which code for 51- and 20-kilodalton proteins, respectively) were determined. The DNA
sequence of the newly identified R. meliloti gene was approximately 50% homologous to the K. pneumoniae nifB
gene. R. meliloti does not contain a gene homologous to nifQ directly downstream of nifB. The R. meliloti nifB
product shares approximately 40% amino acid homology with the K. pneumoniae nifB product, and 10 of the
12 cysteine residues of the R. meliloti nifB product are conserved with 10 of the 17 cysteine residues of the K.

pneumoniae nifB product.

Klebsiella pneumoniae is a free-living nitrogen-fixing spe-
cies closely related to Escherichia coli, and Rhizobium
meliloti fixes atmospheric dinitrogen in symbiotic associa-
tion with various legumes including Medicago sativa (al-
falfa). In K. pneumoniae, 17 contiguous nitrogen fixation
(nif) genes have been identified and characterized (2); in R.
meliloti, several genes have been identified which are spe-
cifically required for symbiotic nitrogen fixation, some of
which are clustered as in K. pneumoniae (1, 4,7, 9, 12, 24,
29, 31, 36). According to convention, a Rhizobium symbiotic
gene that is structurally or functionally homologous to a K.
pneumoniae nif gene is given the same gene designation as
the K. pneumoniae gene. Only four R. meliloti symbiotic
genes have been paired with K. pneumoniae nif genes:
nifHDK encode the three nitrogenase polypeptides (29), and
nifA encodes a positive regulator for nif gene expression (7,
36). A genetic and physical map of the R. meliloti nifHDK-
nifA region is shown in Fig. 1.

We performed TnS mutagenesis to characterize the region
downstream of the R. meliloti 1021 nifA gene (to the right in
Fig. 1) and obtained a Fix~ (inability to symbiotically fix
nitrogen) mutation which contains an insertion approxi-
mately 500 base pairs (bp) downstream of nifA. In a different
R. meliloti strain, insertion mutations in the corresponding
region also resulted in a Fix™ phenotype (9). Two observa-
tions suggested that the region downstream of nifA in R.
meliloti contains a gene homologous to K. pneumoniae nifB,
a gene required for the processing of the nitrogenase iron-
molybdenum cofactor (FeMoco) (26, 27). First, in Rhizo-
bium leguminosaruni, a putative nifB homolog (fixZ) is
located about 450 bp downstream of R. leguminosarum nifA
(28). Second, we found DNA sequences highly homologous
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to R. leguminosarum fixZ gene sequences downstream of the
R. meliloti nifA gene (7; W. Buikema, unpublished data).

To determine whether the newly identified R. meliloti 1021
symbiotic gene downstream of nifA is homologous to K.
pneumoniae nifB, we sequenced the K. pneumoniae nifB
gene and approximately 2 kilobases of R. meliloti DNA
downstream of nifA. We also sequenced the K. pneumoniae
nifQ gene which is directly downstream of nifB.

MATERIALS AND METHODS

Bacterial strains and plasmids. The bacterial strains and
plasmids used in this study are listed in Table 1.

DNA biochemistry. Plasmid DNA preparation, restriction
enzyme analysis, agarose gel electrophoresis, sonication of
DNA restriction fragments, preparation of M13 sequencing
templates, and dideoxy DNA sequencing were performed as
described previously (3, 7). When necessary, specific restric-
tion fragments were cloned into M13mp18 and M13mp19 and
sequenced as above.

Tn5 mutagenesis. Site-directed mutagenesis with trans-
poson Tn5, marker exchange of the mutant DNA into the
wild-type R. meliloti genome, and symbiotic characteriza-
tion of the mutants were performed as described previously
(30). Prospective recombinants were verified by Southern
blot analysis of total genomic DNA digested with an appro-
priate restriction endonuclease.

Construction of promoter fusions. A transcriptional fusion
of the R. meliloti nifB gene to the lacZ promoter of pUC13
was constructed with a 1.9-kilobase Nrul-SstI fragment that
contains the entire nifB gene. The Nrul site was converted to
a blunt end with the Klenow fragment of DNA polymerase I
(18), and the modified Nrul-Sstl fragment was ligated into
Smal-Sstl-digested pUC13 (37). The resulting plasmid,
pWBS50, was transformed into the E. coli maxicell strain
CSR603.

Protein biochemistry. Expression of the nifB polypeptide
in maxicells was performed as described previously (10).



VoL. 169, 1987

nifK nifD nifH fixA fixB fixC nifA nifB
-« H H ]  — —— ) — —
| 1] I [N 11
R RRH H H R HB R B H B
AN
sequenced
B region
nifL  nifA nifB nifQ
— —
I [ ] | 1kb
R Sm Sm H R (|

NS
sequenced region

FIG. 1. Genetic and physical map of the R. meliloti (A) and K.
pneumoniae (B) nifB regions. The orientation and position of the
genes are shown above the lines. The hatched boxes show the
regions sequenced for this study. Restriction nuclease sites: R,
EcoRI; H, HindIIl; B, BamHI; and Sm, Smal. kb, Kilobase.

Computer analysis. Programs used for the input and as-
sembly of sequence data, the analysis of DNA and amino
acid sequence homologies, and restriction site mapping have
been described previously (7, 11).

RESULTS

Genetic analysis. The nifA region of the R. meliloti 1021
megaplasmid that was mutagenized with Tn5 is shown in
Fig. 2. This region extends approximately 10 kilobases
downstream of the nifA gene. Above the map are shown the
positions of Tn5 insertions examined. Only insertion no. 37
which maps about 500 bp 3’ to the nifA gene resulted in a
mutant Fix~ phenotype. In R. meliloti 102F34, Tn5 inser-
tions at a position comparable to insertion no. 37 also
resulted in a Fix™ phenotype (9).

DNA sequence analysis. In R. leguminosarum, a presump-
tive nif gene called fixZ was identified by Tn5 mutagenesis;
DNA sequence analysis showed that the 5’ end of fixZ is
homologous to the 5’ end of K. pneumoniae nifB (28). The R.
leguminosarum fixZ gene is situated adjacent to the 3’ end of
nifA; in K. pneumoniae, nifB is situated directly downstream
of nifA. To determine whether Fix~ insertion no. 37 in R.
meliloti 1021 inactivates a nifB-like gene, we determined the
nucleotide sequence of the region shown in Fig. 1A. Because
only a small portion of the K. pneumoniae nifB gene had
been sequenced (J. Beynon, personal communication), we
also determined the sequence of the K. pneumoniae nifB and
nifQ genes (Fig. 1B). In each case, an appropriate restriction
fragment was purified and sonicated, and the resulting frag-
ments were cloned and randomly sequenced as previously
described (7). In addition, specific restriction fragments were
cloned and sequenced to complete small sections for which
sequence data from only a single strand had been obtained
by the random method. For both species, sufficient clones
were sequenced to give completely overlapping, contiguous
readings for both strands, averaging three to four readings at
any position. The sequence data are displayed in Fig. 3 and

For both R. meliloti and K. pneumoniae, a single unam-
biguous open reading frame (ORF) could be assigned to a
presumptive nifB gene. The assignment of the AUG codon
for the K. pneumoniae nifB ORF was based on the previ-
ously reported transcription initiation site (5) and was the
next downstream AUG (which also had a suitable ribosome-
binding site sequence preceding it) from this position. The
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AUG for the R. meliloti nifB ORF was chosen based on its
position as the first AUG in the ORF, the immediate up-
stream placement of a likely ribosome-binding site sequence,
the position of a potential nif promoter sequence 40 bases
upstream, and its alignment with the K. pneumoniae nifB
and the R. leguminosarum fixZ DNA sequences.

The R. meliloti nifB ORF measures 1470 bp and codes for
a protein product of approximately 54 kilodaltons (kDa). The
K. pneumoniae nifB ORF is 1,404 bp and codes for a
polypeptide of 51 kDa. This latter value compares favorably
with the published molecular sizes of 48 and 51.5 kDa for the
K. pneumoniae nifB gene product (24, 33). A computer
program that statistically determines and plots the probabil-
ity that a reading frame is also a coding region (positional
base preference method; 34), predicted the same ORFs as
described above.

Within the region reported to contain the K. pneumoniae
nifQ gene (16), we found an ORF of 501 bp. The UGA stop
codon of nifB overlaps the AUG start codon of the presump-
tive nifQ gene by one base (Fig. 4). Finally, about 30 bp
downstream of the UAG stop codon of the nifQ gene is a
potential bidirectional transcription terminator. This se-
quence consists of an exact inverted repeat of seven G and C
residues and five A and T residues, separated by four base
pairs, and terminated in the downstream direction by four Ts
and by six Ts in the upstream direction. This potential
terminator has the characteristic structure of a rho-
independent terminator and is similar in structure to other
reported bidirectional terminators (8, 13).

Expression of R. meliloti nifB gene in maxicells. The size of
the protein product of the R. meliloti nifB gene was deter-
mined in maxicells. A transcriptional fusion of the nifB gene
was constructed in which the lacZ promoter of pUC13 was
used to express the gene in the maxicell strain CSR603. The
plasmid containing this construction, pWBS50, expressed a
protein product of 53 kDa which is presumably the product
of the R. meliloti nifB gene (Fig. 5).

We attempted to use pWB50 to complement a K. pneu-
moniae nifB mutant (UN1712). However, in liquid culture
under derepressing conditions, the presence or absence of
pWB50 in nifB or wild-type strains had no effect on the levels
of nitrogen fixation observed (data not shown).

Interspecies conservation of nifB. A comparison of the
sequences of the R. meliloti and K. pneumoniae nifB genes
revealed about 50 and 40% homology at the DNA and amino
acid levels, respectively (Fig. 6). The most highly conserved

TABLE 1. Bacterial strains and plasmids

Strains and plasmids Genotype a::d Source or
phenotype reference
Strains
Klebsiella pneumoniae KP1 ~ Wild type 17

Klebsiella pneumoniae recA56 hisD hsdR 23

KP5614 Asrl
Klebsiella pneumoniae recAS6 nifB srl::Tnl0 16
UN1712
Rhizobium meliloti 1021 str 19
Escherichia coli CSR603 recAl uvrA6 phr-1 32
Plasmids
pWBS0 nifB Ap" This work
pRMBS.3R AnifA nifB Ap" Tc" This work
pGR112 nifLABQ Tc" 25
pUC13 Ap* 37

2 Abbreviations: Ap, ampicillin; Tc, tetracycline; r, resistance.
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FIG. 2. Region of the R. meliloti megaplasmid that was mutagenized with TnS. Positions of Tn5 insertions are shown above the line. R,

EcoRlI; C, Clal; and H, HindIII. kb, Kilobase.

region was found near the 5’ end of the genes, about 200 bp
from the beginning of the R. meliloti gene. The K. pneumo-
niae nifB gene product contains a total of 17 cysteine
residues, while the R. meliloti nifB gene product contains 12,
of which 10 are conserved between the two genes. Several of
these conserved cysteine residues are clustered near the
amino ends of the proteins.

Comparison of the DNA sequences of the R. meliloti and
K. pneumoniae nifB genes with the published sequence of
the R. leguminosarum fixZ gene (28) revealed about 67 and
48% homology, respectively. When the R. leguminosarum
fixZ gene amino acid sequence was compared with the amino
acid sequences of the two nifB genes, however, it was
apparent that there was less amino acid homology than

-198 GCGTCGCGAGCGTCGCCTCTTTTCTCCGTCCTTTCGAAACACGACCGGATGCAATTCAACTTTGCCCTTGTCGGAAGTCCGACAAGCCTGTGAGCAAAG  -100
-99 AGACAGGACCGAATCCAAAGACGCCAATCCATTGACGAAAAGGATTTGGCATAGCTGTTGCTGGTTGAATTGCAAAATCACCCTCCACTGGAGTTGTTC -1
1 ATGTCCACACCCATGATTTTGCGTGAGAGCCGGACCAGCACTACATTCTCTGACCAGTTGCTGGAGAACGCTAAATCGGTTGGCTGCTCACCCCCATCG 99

MSTPMTILPRET SR RTSTTFSD QLTVLTETHNTAEKT ST VGTCSPFP S

100 ACGGCGCCGGGCGACATAGATCCTGGAACTTGGGACAAGATTAAGAATCACCCCTGTTTTTCAGAGGAGGCGCATCACTATTTCGCGCGCATGCACGTG 198
T APGDTITDTPGTWDTKTIEKNIHTPTCTFGSTETETA AHHTYTFARMNEAY

199 GEGGTCGCGCCTGCCTGCAACATCCAATGTAACTATTGCAATCGCAAATACGATTGCGCCAACGAAAGTCGECCCGGTGTTGCCTCGGAAAAGCTCACA 297
AY AP ACNTIGCNYGCNRTEKTYDT ECANTETST RPGVYASTET KT LT

298 CCTGACCAGGCGGTGCGAAAGGTGATTGCCGTTGCCAACGAAGTGCCTCAGCTGTCAGTGCTTGGCATCGCTGGGCCTGGCGATGCCTGTTACGACTGG 396
PDQAVREKVYTIAVYANTETVYPQ QLS SVYLGTIAGEPTGTDA ATCTYTDW

397 AAGAAAACAAGGGCGACGTTCGAACGAGTGGCTAGGGAAATTCCCGACATAAGACTCTGCATCTCCACGAACGGGCTCTCGCTGCCGGACCATGTCGAT — 495
K KTRATTFTETRTVYVARETIPTDTIRLTETISTNGLTSTLPDHTYTD

498 GAGCTTGCCGAAATGAACGTCGATCACGTGACGATCACCATCAACATGGTCGATCCGCGTGTCGGCGTAAAGATCTACCCCTGGATTTACTATGGTCAG 594
ELAEMNTYDHYTITINMYDPRYG GY K KTITYTPWTITYVYGQ

595 CGCCGCCACACTGGTATCGACGCTGCGAGAATCCTGCACGAACGGCAGATGTTGGGCCTGGAGATGCTAGCCGAACGCGGCATCCTCACCAAGGTCAAC 693
R RHTGTITDAARTITLGHTETRTE M LTGTLTENMNMLAERTGTITULTTEKTVYN

694 TCGGTAATGATCCCCGGCGTCAATGATGAGCACCTGATCGAAGTCAACAAAGTTGTGAAAGGAAGAGGCGCGTTGCTGCACAACGTAATGCCGCTAATT 792
S VMIPGYNDTETHTELTITETVNEKTYVYE KG GRS GALTLTHNYWMPTLTI

793 TCAAACCGCATACACGGGACCTATTACGGACTGACAGGGCAGCGCGECCCGGAGGCETTCGAACTGEAGGCCCTTCAGGACCGTCTAGAAGGAACCAAA 891
S NRIHGTVYVYGLTG G QRTGTPTEA ATFTETLTG GALTG DT RTVLTETG GTEK

892 CTGATGCGTCATTGTCGACATTGCCGGGCCGATGCCATAGGCTTGCTCGGCGATGATCGTGGTCACGAGTTCACGCTCGCTGAAATCECCGACGAGATA 998
LMRHCRHT CRADATIGLTLTGTDTDODTERTGHTETFTTLAETTPTDTEI

991 ACCTACGATGCCAGCAAGCGACAGGCCTATCGCCAGTTGGTCGCGCGCGAACGCGGGGACCACCTAGTGGCCAAGAACGAGGCGAACAGAACGGTAATG 1089
TYDAST KRG QAYRG QLVYARTETRTGTDTHTLTYA AEKNTETA ANTRTLVYM

1096 TCGGTGGAATATGGCGGATCGCTTCTCATTGCCGTGGCGACCAAAGGCGGGGGCCGGATCAACGAACATTTTGGACACGCGAAAGAATTTCACGTTTAT 1188
S VETVYGGSLVLTIAYATEKG GG GG GTRTINTETHTFTG GHAaNEKTETFHTVY

1189 ACCGTCTCCCAGAGAGGGATCAAGCTGGCAGGCCGCCGCAGGGTTGAGCAGTATTGCCTCGGCGGTTGGGGCGAGGTCGCCACCCTCGATCACATCGTC 1287
TVYVSQRGTIZKTLAGRTPERTRVYETGEYT CLTG GG GWSGTETVATLDIHTIYV

1288 GTTGCGCTTGAAGGAATAGACATCCTGCTCTGCGTCAAAATCGGAGATTACCCAAGGAAACAGCTGACACAGGCCGGGCTTCGAGCGACGGAAGCTTAT
VALEGTIDTITULLT CYEKTGDVYTPREKT QLT QAGTLTE RANTE AQCTIAT 1386

1387 GGCCATGACTACATCGAGAGTGCGCTCGAAAGCTCTACGCCGCCGAGTTTGGCTATCGAACCACCGGTAAAGACGGCGA
QR D Y B R T O Oy T T T TCRAN S CAS CGTTARAGACGECGACALATTGAGCTGCCCTCCOA 1485

1486 CTGAATAAGGAGTTTAAAATGGCCTTCAAGATTATTGCA 1524

FIG. 3. Nucleotide sequence of the R. meliloti nifB gene and its amino acid translation product. The putative ribosome-binding site

(nucleotide positions —7 to —10) and putative transcriptional regulatory sequences (see references 2 and 6) are underlined.
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-198 TCAGATTATGGATATCACCATGCCGCGACTGTGAAGCETTATGTGAGATTCAGGACATTGTCGCCAGEGCGGCGOAATTGCGACAATTCAGGGACGCEE ~108
-99 GTTGCCGGTTAAAAAGTCTACTTTTCATGCGGTTGCGAAATTAACCTCTGGTACAGCAT TTGCAGCAGGAAGGTATCGECCAACCACGAAGGTACGACE -1
1 ATGACTTCCIGCTCCTCTTTTTCTGGCGGEAAAGCCTGCCGCCCGGCGGATGACAGCGCATTGACGCCGETTATGGCCGATAAAGCTGCEGCGCACCCE 99
M T S CS S F SGGKATCRTPADTDOTSALTTPTULVYATDTEKTARANANTHTE
108 TGCTACTCTCACCATGGGCATCACCGTTTCGCOCOGATGCATCTGCCCATEGCACCCACCTGCAATTTGCAGTGCAACTACTGTAATCGCAAATTCGAT 198
CY SRHGHHERTFARMBHELPYAPACNLTGEGECNYTCNTREKTFD
199 TGCAGCAACGAGTCCCGCCCCEGRATATCGTCAACGCTGCTAACGCCTGAACAGGCAETCGTGAAAGTCCGTCAGGTCGCGEAGGCGATCCEGCAGCTT 297
CSNESRPGVSSTLLTPET G AVYVKVYRGQY AQATITPTEGTL
298 TCGGTGGTGGGCATCGCCGGGCECGGCGATCCECTCGCCAATATCGCCCGCACCTTTCGCACECTGGAGCTGATCCGCGAACAGCTGCCGGACCTGAAA 396
S VVGIAGTPGTDTPTLANTIARTFRTLETLTIRTET QLTPDTLK
397 TTATGCCTGTCCACCAACGGACTEATGCTGCCTGACGCGATGGACCCCCTGCTAGATGTCGGCATTGACCACGTCACGATCACEATTAACACCETCGAC 495
LCLSTNGLMLZPDAVYDRTLLDVGVYVDHVYTVYTINTTLTD
498 GCGGAGATTGCCGCGCAAATCTACGCCTGGCTATGGCTGGACGGCGAACGCTACAGCGGCCGCEAAGGCGOAGAGATCCTGATTGCCCATCAGCTTGAG 594
AETIAAQIYAVWLUWLDGETRTYSGRTETGT GETITLTIARG QLE
596 GGCGTACGCAGGCTGACCGCCAAAGGCGTGCTGGTGAAAATAAATTCGGTGCTGATCCCCGGTATCAACGATAGCEGCATGGCCGACGTGAGCCGERCE 6893
G VRRLTAKTGV YTLVIEKTINSVYVLTITPGTINTDTS STGMADTYTST R A
694 CTGCGGGCCAGCGGCGCGTTTATCCATAATATTATGCCGCTGATCGECAGGCCGGAGCACGGCACGETGTTTCAGCTCAACGGCCAGCCGGAGCCGRAC 792
LRASGAFTIHNTIMPULTIARTPTETHTGTVYTFRTLHNTG G QTPTETFPD
793  GCCGAGACGCTCGCCGCCACCCGCAGCEGGTGCAGCGAAGTGATGCCACAGATGACCEACTGCCACCAGTGTCACGCCGACGCCATTAGGATGCTCGAC 891
AETLAATRGSP RTCGETVHMPGMTHTCHG QCRADAIGNTLT G
892 GAAGACCGCAGCCAGCAGTTTACCCAGCTTCCGGCGCCAGAGAGTCTCECGGCCTGRCTGCCOATCCTECACCAGCGCGCGCAGCTGCACGCCAGCATT 998
EDRSQQFT QLPAPESLTPAWLPTITLTHT GRARQLTHTAST
991 GCGACCCGCGGCGAATCTGAAGCCGATGACGCCTGCCTGATCACCGTGGEGTCAAGCCGEGGGRACGTCATTGATTGTCACTTTGGTCACGCCGACCGE 1289
A TR GETGSEA ADTDACLVYAY ASSRGDVYTIDTG CHTFTGHTATDTER
1098 TTCTACATTTACAGCCTCTCAGCCGCCOGTATGGTGCTGGTCAACGAGCGETTTACGCCCAAATATTGTCAGGGGCGCGATGACTGCGAGECGCAGEAT 1188
FYTYSLSAAGMVYLVYNERTFTPTEKTY C® GGRTDODTCTETPTGD
1189 AACGCAGCCCGATTTGCGGCGATCCTCGAACTGCTGGCAGACGTTAAAGCCATATTCTGCGTGCGTATCGGECATACGCCATGGCAACAGCTGGAACAG 1287
NAARFAAILELLADV KAV FCYRTIGHTTPMWSOEG GLTE.T
1288  GAAGGCATTGAACCCTGCGTTGACGGCGCCTGECEECCAGTCTCCGAAGTGCTGCCCACOTGETGECAACAGEGTCGGAGGAGCTGGCCTGCEGCATTG 1388
EGIEPTCVDGAWRTPVYVSETVLTPAWWNG QRTPRTG GTSWTP P AAL
1387 CCGCATAAGGGGGTCGCCTGATGECGCCGCTCGACTGGTTGCGACGCTTATGGETGCTGTACCACGCGGGGAAAGGCAGCTTTECGCTGCGCATGGGEC 1485
P HK GV A s«MPPLDUWLGRTPERTLTWLLYTHAGKT GSFPLERMSGL
1488  TTAGCCCGCGCGATIGGCAGGCGCTGCGECEECGECTGOGCEAGETGGAAACGCEGCTCOACGGEGAGACGCTCACCCATCGCCACCTEATAGCAGAGE 1584
S PRDWGQALRRRLGTETVETFPLTDG GETLTRRERTLHMATETL
1685 TCAACGCCACCCGCGAAGAGGAGCGECAGCAGCTGEGCGCCTAGCTGGCEGACTGEATCCAGCAGEATGCCGGGCECATGGCGCAGATTATCGCCAAGE 1683
N ATRETETETRT QA QLGAWLAGWMGO QDA AGPMAQGQTITIATEYV
1684 TTTCGCTGGCGTTTAACCATCTCTGGCAGGAATCTTGGTCTGGCATCGCCGCCGAATTGCGCCTGCTGATGAGCGACTGCTTTCCACAGCTGGTGGTGA 1782
S LAFNHLWG QET SWSGTIAAELRTLLMSDC CFPQGLVYUVM
1783 TGAACGAACACAATATGCGCTGGAAAAAGTTCTTTTATCGTCAGCGCTGTTTGCTGCAACAGGGGGAAGTTATCTGCEGTTCGCCAAGCTGCGACGAGT 1881
N EHNMRWEKTIEKTFTFTYRG GQRT CLLG QG GTETVYTITCRSTPSTCDTE.TC
1882 cc;cchAgccgccgccch;TTgAcIAccccTTchccAAGGGGGCGCTGCAAACAAAAAAGCCGGAGGTTTCcCTCCGGCTTTTCACATCATCAAAT 1988

1123

FIG. 4. Nucleotide sequences of the K. pneumoniae nifB and nifQ genes and their amino acid translation products. The putative

ribosome-binding site (nucleotide positions —8 to —12) and putative transcriptional regulatory sequences (see references 2 and 6) for the nifBQ
operon are underlined, and a putative transcriptional terminator structure is shown subscripted. The putative initiation codon for the nifQ

gene is at nucleotide position 1407.

would be predicted from the level of DNA homology.
Moreover, the R. leguminosarum fixZ gene ORF predicted
by Rossen et al. (28) codes for a 40-kDa protein, whereas the
R. meliloti and K. pneumoniae genes code for 54- and
51-kDa proteins, respectively. Finally, there is extensive
DNA homology between DNA sequences both 5’ and 3’ of
the R. leguminosarum fixZ ORF and DNA sequences within
both the R. meliloti and K. pneumoniae nifB ORFS. These

observations suggest that the published R. leguminosarum
fixZ sequence (28) contains frameshift sequencing errors,
and in fact, reexamination of the fixZ sequence data has
revealed the presence of errors in the published sequence
(A. W. B. Johnston, personal communication). The correc-
tion of these errors, although not yet complete, combined
with the extensive DNA homology of fixZ and R. meliloti
nifB genes allowed us to derive a tentative revised version of
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the fixZ amino acid sequence which is the same size as the R.
meliloti nifB ORF. A comparison of the predicted amino acid
sequences of the R. meliloti and K. pneumoniae nifB genes
and the revised sequence of the R. leguminosarum fixZ gene
is shown in Fig. 6.

DISCUSSION

Using Tn5 mutagenesis, maxicell analysis, and DNA
sequence analysis, we showed that R. meliloti contains a
homolog of the K. pneumoniae nifB gene directly down-
stream of nifA. R. leguminosarum also appears to contain a
nifB homolog directly downstream of nifA (28). Therefore, in
three distantly related nitrogen-fixing species which have
been examined, nifB is directly downstream of nifA in a
separate transcription unit, and nifA and nifB are transcribed
in the same direction. The reason for the conservation of
map position is not clear, especially since nifA (a regulatory
gene) and nifB (a gene required for FeMoco biosynthesis)
have significantly different roles in the nitrogen fixation
process. Moreover, other features of the ordering and clus-
tering of nif operons are not conserved between K. pneumo-
niae and Rhizobium species.

Because we could readily detect production of the R.
meliloti nifB product in a maxicell experiment in which the
nifB gene was transcribed from the lacZ promoter (Fig. 5),

97

69

niftB <53

46

B-lactamase 30

FIG. 5. Identification of the R. meliloti nifB gene product in
maxicells. Lane 5 shows the “C-labeled protein molecular weight
standards (numbers on right are x10%). Lanes 1 to 4 show the
polypeptides synthesized by maxicells harboring pWBS0, no plas-
mid, pUC13, and pWB50, respectively. The band corresponding to
the putative 53-kDa nifB protein is indicated.
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we attempted to complement a K. pneumoniae nifB mutation
with the lacZ-nifB fusion carried on plasmid pWB50. There
are at least two explanations for the failure to obtain com-
plementation. First, the R. meliloti and K. pneumoniae nifB
genes exhibit only 40% amino acid homology overall. In K.
pneumoniae, the nifB product may interact with other gene
products that have been shown to be involved in the synthe-
sis of FeMoco, for example, the nifN or nifE product (22,
27); sufficient homology may not exist for this interaction to
occur with the R. nieliloti nifB product. Second, the dosage
level of the nifB gene product may be important; this was not
addressed in either the construction of the fusion or its
expression in the mutant.

In the course of sequencing the K. pneumoniae nifB gene,
we also sequenced the region downstream of nifB, previ-
ously identified as containing the nifQ gene (16), and identi-
fied a 501-bp ORF. The presence of a presumptive rho-
independent transcription terminator directly downstream of
the ORF suggests that it is transcribed from the nifB pro-
moter. The sequence of the presumptive nifQ gene suggests
that it is involved in metal binding based on the number and
clustering of six cysteine residues (see below); this is con-
sistent with the previously published suggestion that the nifQ
gene is involved in the processing of molybdenum (14, 15).
Within a strongly conserved region about 20 bp downstream
of both the R. meliloti nifB and R. leguminosarum fixZ
ORFS are potential ribosome-binding sequences, AUG
codons, and single ORFs which show about 85% homology
to each other and which extend to the end of the available
sequences (100 bp) for both species (W. Buikema, unpub-
lished data; J. A. Downie, personal communication). This
region corresponds in position to the nifQ gene in K.
pneumoniae, but we were not able to detect any homology to
nifQ with the limited DN A sequence that was available to us.

The two nifB protein sequences from K. pneumoniae and
R. meliloti and the R. leguminosarum fixZ protein sequence
demonstrate a high level of conservation of cysteine residues
which is characteristic of metal-binding proteins and consis-
tent with the proposed role of the nifB gene product in
FeMoco processing. The spacing of the cluster of cysteine
residues near the amino ends of the nifQ protein and has the
following consensus: Cys-X4-Cys-X,-Cys-Xs-Cys. The spac-
ing of cysteines in other iron-sulfur (Fe-S)-binding proteins
such as ferredoxins (20, 21) shows the following typical
pattern: Cys-X,-Cys-X,-Cys-X3-Cys-Pro. Rossen et al. (28)
noted the same clustering of cysteine residues in the se-
quence of the R. leguminosarum fixZ gene. They also noted
the presence of several residues adjacent to the cysteines
which contain free amido (asparagine [N] and glutamine [Q])
or guanidino (arginine [R]) groups; these same residues are
also present in high proportions adjacent to the cysteine
clusters in the R. meliloti and K. pneumoniae nifB genes.
The cysteine clusters in the nifB, fixZ, and nifQ genes are
within a very hydrophilic region that contains both polar and
charged residues, suggesting that these regions are solvent
exposed (35) and that the FeMoco precursor binds either to
the outside or within a hydrophilic pocket of these proteins.

Several lines of evidence argue that the R. meliloti nifB
gene is preceded by a promoter that is activated by the nifA
gene product. First, in both K. pneumoniae and R. meliloti,
the nifB gene is preceded by a rho-independent transcription
terminator (7) and by a sequence which conforms to the
consensus nifA-activated promoter (2). Second, nifB tran-
scription in R. meliloti nodules requires the nifA product
(W. W. Szeto,- B. T. Nixon, C. W. Ronson, and F. M.
Ausubel, J. Bacteriol., in press). Third, the R. meliloti nifB
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FIG. 6. Comparison of the expected amino acid sequences of the K. pneumoniae (KP) and R. meliloti (RM) nifB and the R. leguminosarum
(RL) fixZ genes. The sequences were aligned for maximum matching by using the GAP program of the University of Wisconsin Genetic
Computer Group set to the default parameters (11), and the published fixZ sequence has been altered as explained in Results. Vertical bars
and stars denote identity between adjacent and nonadjacent sequences, respectively.

promoter region contains the sequence TGT-N;,-ACA
which has recently been identified as a putative upstream
nifA binding sequence (6). Using the nomenclature of Buck
et al. (6) in which the position of the C residue in the
invariant GC dinucleotide in the downstream consensus nifA
promoter element is designated —12 and the position of the
upstream consensus sequence refers to the position of the G
in the TGT motif, two upstream elements are found at
positions —82 and —102 of the R. meliloti nifB gene. We
found that the position of the upstream element in the K.
pneumoniae nifB gene is at position —131, rather than at
—143 as stated by Buck et al. (6).
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ADDENDUM IN PROOF

Recent additional sequence analysis has shown that the
ORF downstream of the R. meliloti nifB gene shares 49 and
42% homology at the amino acid level to putative bacterial
ferredoxins from Chlorobium limicola and Azotobacter chro-
ococcum, respectively, including conservation of nine cys-
teine residues (27a). In addition, it shows 34% homology to
a recently identified ORF from Anabaena 7120, which also
lies immediately downstream of a nifB gene (M. Mulligan,
personal communication).
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