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ABSTRACT

The nucleotide sequence of the structural gene (nifH) of
nitrogenase reductase (Fe protein) from R.meliloti 4l with its
flanking ends is reported. The amino acid sequence of nitro-
genase reductase was deduced from the DNA sequence. The pre-
dicted R.meltloti nitrogenase reductase protein consists of
297 amino acid residues, has a molecular weight of 32,740 dal-
tons and contains 5 cysteine residues. The codon usage in the
nifH gene is presented. In the 5' flanking region, sequences
resembling to consensus sequences of bacterial control regions
were found. Comparison of the R.meliloti nifH nucleotide and
amino acid sequences with those from different nitrogen-fixing
organisms showed that the amino acid sequences are more con-
served than the nucleotide sequences. This structural comnserv-
ation of nitrogenase reductase may be related to its function

and may explain the conservation of the nifH gene during evo-
lution.

INTRODUCTION

A wide variety of prokaryotic organisms have the ability
to fix molecular nitrogen, in a process which is catalyzed by
the nitrogenase enzyme complex. This complex consists of two
components: nitrogenase (MoFe protein) and nitrogenase
reductase (Fe protein). These proteins have been purified from
several nitrogen-fixing bacteria and were shown to share many
common properties (1, 2).

Recently, the structural conservation of the nitrogenase
complex has been supported by the demonstration of interspecies
homology of nucleotide sequences of genes coding for nitrogenase
reductase (nifH gene) and for one of the nitrogenase subunits
(nifD) (3, 4, 5). In these above studies a cloned DNA fragment
containing the nif structural genes of the free-living nitrogen-

~-fixing bacterium Xlebsiella pneumoniae (pSA30, 6) was hybrid-
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ized with DNA from either free-living or symbiotic nitrogen-fix-
ing bacteria. On this basis, the nif structural genes have been
isolated from three species, Anabaena 7120 (4), Rhizobium
meliloti (5, 7) and Rhizobium japonicum (8). Using the cloned
DNA fragments, the nucleotide sequences of the nifH gene from
Anabaena 7120 (9) and from K.pneumoniae (10, 11) have been de-
termined.,

We report here the nucleotide sequence of the R.meliloti 41
nifH gene with its 5® flanking sequences. As a starting material,
we used a 4.8 kb PstI fragment, carrying R.meliloti nifH and
nifD genes, cloned previously into pBR322 (pID1l), where a 2.1 kb
HindIII fragment had been shown to contain the entire coding
region of the nifH gene (7). The amino acid sequence of the
nitrogenase reductase deduced from the nucleotide sequence is
also presented. These sequences are compared with available
nitrogenase reductase sequence data of four free-living nitro-
gen-fixing species, K,pneumoniae, Anabaena 7120, Clostridium
pasteurianum and Azotobacter vinelandii, each belonging to

different and distantly related families of the prokaryotes.,

MATERIALS AND METHODS

Isotopes and enzymes, Y-32P-ATP (~5 000 Ci/mmol) was en-

zymatically synthetized according to Walseth and Johnson (12).
Bacterial alkaline phosphatase was purchased from Worthington.
Restriction endonucleases were purified according to standard
procedures (13). T, polynucleotide kinase was kindly provided
by Dr A. Simoncsits,

DNA isolation and restriction fragment preparation., Plas-

mid pID1 DNA (Fig. 1) was prepared as described previously (7).
One mg of purified pID1 plasmid DNA was used to prepare the

750 bp SalI-SalI, 1050 bp SalI-Smal and 720 bp XhoI-XhoI frag-
ments. To prepare DNA fragments, digested DNA was rumn on 1,5%
vertical agarose gel. The desired DNA fragments were excised
after ethidium bromide staining and syringed into 10-fold volume
of elution buffer (0,1 M NaCl, 10 mM Tris-HC1l, pH 7,4, 1 mM
EDTA) and incubated overnight at 4°Cc. After centrifugation at
20,000 rpm for 60 min in a JA-20 rotor the DNA was concentrated
and purified on a 1 ml DEAE 52 cellulose column (14),
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Fig. 1 Restriction map of the R.meliloti nifH region on pIDI
and the scheme of the sequencing strategy. The re-~
striction sites of the 4,8 kb Pstl fragment of pIDl
(upper part) were determined previously (7), restric-
tion sites indicated in the lower part of the figure
were mapped in this study. The extent and direction of
sequence determination are indicated by the arrows.

Restriction mapping of the isolated DNA fragments. Alul,

HinfI, BspRI and Hpall enzymes were used to construct a de-

tailed restriction map of the isolated DNA fragments. 5’ end
labelled SalI-HindIII and XhoI-Sall fragments were partially
digested with the enzymes mentioned above and mapped by the

procedure of Smith and Birmstiel (14).

DNA sequencing. Restriction fragments were labelled at

the 5’ ends according to the method of Maxam and Gilbert (15)
after dephosphorylation with bacterial alkaline phosphatase.
The labelled fragments were restricted again, separated on a
7,5% polyacrylamide gel and eluted from the gel slices by
electrophoresis into dialysis bags., In the case of the BspRI
fragments labelled on both 5’ ends, the strand separation

was done according to the procedure of Maxam and Gilbert (15).
For sequencing, the chemical method of Maxam and Gilbert (15)
was used., Four reactions A > C, G > A, C + T and C were done.
At the end of the procedure the samples were resuspended in

80% recrystallized formamide, 1 mM EDTA, 0,05Z bromophenol blue
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and 0,05% xylene cyanol and boiled for 1 min before loading
onto 8% or 20% thin sequencing gels (16). 8% gels were used in
four loadings to determine the sequence between 20-200 nucleo-
tides. The first 20 bases were fractionated on 20Z% thin gels.
For autoradiography Medifort RP X-ray films with Cronex Light-
ing Plus (DuPont) intensifying screen were used.

RESULTS AND DISCUSSION

Sequence of the nifH gene., Primary sequence analysis was

carried out on plasmid pIDl, An approximately 1300 bp DNA seg-
ment was sequenced. The detailed restriction map of the nifH
region and the strategy of sequencing is outlined in Fig. 1.

The isolated 739 bp SalI-Sall and 1050 bp Sall-Smal frag-
ments of pID1 clone (Fig. 1), selected on the basis of the
previously demonstrated homology to a cloned K.pneumoniae DNA
probe harbouring the nifH gene (7), were primarily used to
generate small 5° end labelled DNA fragments for sequencing.
A detailed restriction map was established for the 5’ end
labelled Sall-HindIII and XhoI-Sall fragments, When usable
restriction sites were missing inside a fragment to be sequenc-
ed, single stranded 5’ end labelled fragments were isolated. To
eliminate the ambiguities, sequencing was done on both strands
and with overlapping fragments,

The complete nucleotide sequence of the R.meliloti nifH
gene is shown in Fig. 2, The sequence determined starts 160
nucleotides before the possible initiator AUG (position 1) and
spans 280 bases beyond the 3’ tramslational termination codon
at position 892, This DNA region is exactly the same as the
DNA fragment hybridizing with the K.pneumoniae nifH gene (7).
Inspection of the three possible reading frames of the nucleo-
tide sequence in both strands revealed that only one frame is
large enough to encode the nifH polypeptide. This starts in
the presented strand at ATG, position 1, and terminates at TGA,
position 892, All the other reading frames are closed by termi-
nation codons at many places. The likely direction of trans-
cription of the nifH gene was deduced by comparing its nucleo-
tide and amino acid sequences with those of the Anabaena and
K.pneumoniae nifH genes.
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Nucleotide sequence of the R.meliloti nifH gene with

the two flanking regions, The sequence of the strand
identical to the nifH mRNA is presented. The orienta-
tion of the nifH gene is the same as on the restric-

tion map in Fig.

1, The triplets correspond to the

nitrogenase reductase amino acid residues shown in
Since we do not have direct evidence for the
transcription-initation site, numbering of nucleotide
residues starts at the presumed translation-initia-
tion codon,

Fig. 3.

It is well established that in K.pneumoniae nifH is the

first gene in a polycistronic operon, followed by nifD, nifk

and nifY (17, 18,

19). On the basis of hybridization of Kleb-

stella nifH and nifD genes with restriction fragments of pIDl

carrying the R.meliloti nifH and nifD genes, a similar organi-
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zation of the R.meliloti nif structural genes was suggested
(7). Downstream from the TGA at position 892, presumed to be
the termination codon for nifH gene, one ATG occurs at position
994 which is not in phase with any termination codons down-
stream in the sequenced region. This could be a potential ini-
tiator site for theinifD polypeptide.

Possible control regions in the nifH gene. No sequence

data for Rhizobium DNA had been reported before, consequently
the structures of control regions such as ribosome binding se-
quences, transcription-initiation and -termination sites, were
not known either. In an attempt to identify these regions in
the R.,meliloti nifH gene, the region upstream from the pre-
sumptive initiation codon ATG at position 1 was inspected to
find consensus sequences of bacterial control regions (20, 21,
22).

One sequence, at position -6 to -10, matching five bases
(AAGGA) of the "Shine-Dalgarno" ribosome binding sequence (20)
was found., It should be emphasized however, that the 3’ end
sequence of the R.melilot? 16S rRNA is not known yet.

Two other common sequences deduced from the analysis of a
number of different promoters were also looked for. One of
these sequences is the hexanucleotide Pribnow box, which occurs
approximately ten nucleotides upstream from the star'ting point
of transcription in E.coli and in some other organisms (21,

22). One candidate with only a partial homology to this consen-
sus sequence was found at position =55 to -60. For the other
consensus sequence, the so called -35 region, located about
16-18 nucleotides upstream from the Pribnow box in E.colZ (22),
a sequence at positions -79 to -85 (17 base pairs from the pre-
dicted Pribnow box) with a fairly good correspondance was found.
A CAT sequence, often found at the transcription-initiation site
in E.coli and located 5-9 base pairs downstream from the highly
conservative T residue in the Pribnow box (22), is present at 5
to 7 base pairs downstream from the corresponding T residue of
the predicted R.meliloti nifH hexanucleotide box. We must em-
phasize, however, that we do not have positive experimental data
about the location of the transcription initiation site in the

R.meliloti nifH gene.
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In the 5° flanking region at positions -99 to -131 and
-139 to -154 two sequences with a partial two-fold symmetry can
form a bigger and a smaller stem-and-loop structure which might
function as the transcription termination site for a gene pre-
ceding nifH.

Obviously, further studies are required to validate the
significance of the sequences mentioned above.

The amino acid sequence of R.meliloti nitrogenase reductase

The amino acid sequence of the nifH gene product, deduced from
the nucleotide sequence, is shown in Fig. 3. The predicted
polypeptide consists of 297 amino acid residues and has a mole-
cular weight of 32,740 daltons.

Due to extreme technical difficulties in handling the small
nodules produced on alfalfa, R.meliloti nitrogenase reductase
has not been purified yet., When the R.meliloti nifH gene was
placed after a strong E.coli promoter, the size of the polypep~
tide synthesized from the nifH gene in E,colZ minicells could
be measured after gel electrophoresis, Preliminary data indi-
cate that the nifH gene product has a molecular weight of about
33,000 daltons (Z4ra Svdb, personal communication).This value
is in good agreement with that obtained from the sequence data.

The NHZ- and COOH-terminal sequences of the synthesized
polypeptide have not been determined yet, but from the se-
quence data one can deduce a polypeptide with the molecular
weight indicated above only with the termini presented in
Fig. 3.

Codon utilization in the R.meliloti nifH gene. The codon

utilization of the R.melilot? nifH gene is shown in Table 1.

There are four codons which are not used for the amino acids
Present in nitrogenase reductase. In contrast to the R.meli-
loti nifH, in Anabaena 12 codons are not utilized (9). There
are asymmetries in the codon usage for several amino acids,
such as isoleucine,serine, arginine and cysteine. At present
it is difficult to assess its significance; sequence data for
further Rhizobium genes will help to answer this question.
Table 1 shows that the predicted protein does not contain
tryptophan. The absence of tryptophan is characteristic for

nitrogenase reductases of different species (1, 2).
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(11);

Anabaena 7120: An (9); C.pasteurianum: Cp (23); and
A.vinelandii: Av(24). Conserved amino acid residues

are enclosed in boxes. Those residues which

occur more

than once at a given position are also enclosed. The
five highly conservative cysteine residues are hatched.
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Table 1. Codon utilization in the R.meliloti nifH gene
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Comparison of amino acid sequences of nitrogenase reduc-

tase and the nucleotide sequences of nifH gene from different

nitrogen-fixing organisms. The comparison of the amino acid

sequence of nitrogenase reductase of R.meliloti with the
amino acid sequences from free-living nitrogen-fixing species,
Klebsiella pneumoniae (11), Anabaena 7120 (9), Clostridium
pasteurianum (23) and Azotobacter vinelandii (24) is shown in
Fig. 3. The amino acid sequences of nitrogenase reductase

of the first two species were deduced from nucleotide se-
quence data, while data for the second two species were ob-
tained by amino acid sequencing of the isolated proteins. It
is clear that those polypeptide regions which are highly con-
served in the free-living bacteria are also strongly conserved
in R.meliloti which can fix nitrogen only in symbiosis with
alfalfa., R.meliloti nitrogenase reductase contains five

cysteine residues, the K.pneumoniae protein has 9, Anabaena 6,
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Azotobacter 7 and C.pasteurianum 6, All the five cysteine res-
idues of R.meliloti are located in the highly conserved regions.
As pointed out by Mevarech et al. (9), these strongly con-
served regions probably have an important role in the mainte-
nance of the enzyme structure and/or in its catalytic function.

The last 20 amino acid residues of the COOH end of the
R.meliloti protein show very little homolégy with the COOH
termini of the prdteins from the other species suggesting that
this region has little importance in the enzyme function. Table
2 shows the calculated homology percentages among nitrogenase
reductase proteins from different sources. R.meliloti, K.pneu-
moniae and Anabaena 7120 share 67-71% homology. C.pasteurianum
protein has somewhat lower homology with the others (58-67Z).
This is in line with several compartive biochemical data on
the structure and catalytic activity of nitrogenase reductases
from different species where the C.pasteurianum protein shows
the least similarity to nitrogenase reductase of other species
(1, 2).

If the base pair homologies among the nZifH genes of R.meli-
loti, K.pneumoniae and Anabaena 7120 were calculated, relatively
less homology (62-67Z) was observed for each combination (con-
sidering that at random base pair distribution the value should
be 25Z)., On the other hand, this degree of homology was enough
to assure interspecies hybridization among nifH sequences (3,
4, 5). If the homology percentages were calculated from iden-
tities triplet codons at corresponding positions, these values
were much lower (27-35Z) (Table 2).

It is noticable that the Anabaena 7120 nifH gene has some-
what less base pair homolugy with R.meliloti and K.pneumoniae
nifH genes than these latter ones have with each other. These
homology differences are more apparent at triplet codon level
and can be explained by the nonrandom codon utilization in
Anabaena 7120 nifH gene., Differences in codon usage may indi-
cate evolutionary distance or expressivity distinction at the
translation level (25). In fact, Rhizobium and Klebsiella be-
long into the same taxonomical division (Bacteria) of prokary-
otes and probably have closer evalutional relatedness than with

Anabaena which is clarified as a member of the division Cyano-
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bacteria (26).

Postgate (27) has suggested that the highly conserved
structure of nitrogenase enzyme complex of different nitrogen-
fixing organisms is the result of the late evolutionary emer-
gence of nitrogen fixation. According to this hypothesis the
nitrogen fixation genes evolved at a much later stage of evo-
luation than those species which are able to fix nitrogen at
present, and the nif genes were laterally distributed via plas-
mids or transposable elements among a wide range of prokaryotes
Sundaresan and Ausubel (11) proposed that the strict conserva-
tion of some regions in the nitrogenase reductase proteins from
K.pneumoniae, C.pasteurianum and A,vinelandii might be related
to their function and not merely to the late evolution of the
nif genes. We show here that the amino acid sequence of nitro-
genase reductase is more conserved than the corresponding trip-
let codons or the nucleotide sequence of the nifH gene., More-
over, out of the 17 nif genes of K.pneumoniae only two struc-
tural genes, nifH and nifD, were shown to hybridize with DNAs
from other nitrogenfixing bacteria; remarkably, the third
structural gene nZfK, also did not show interspecies homology
(5). Therefore, in agreement with Sundaresan and Ausubel (11)
we conclude that in addition to the suggested late appearance
of nitrogen fixation (27), the structural conservation of the
nitrogenase components can be explained by supposing that the
functioning of the nitrogenase enzyme complex requires strict-
ly determined amino acid sequences of the nifH and (probably

nifD) gene products.
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