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ABSTRACT
The nucleotide sequence of the structural gene (nifH) of

nitrogenase reductase (Fe protein) from R.meliloti 41 with its
flanking ends is reported. The amino acid sequence of nitro-
genase reductase was deduced from the DNA sequence. The pre-
dicted R.meliloti 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 conserv-
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 KZebsieZZa 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.meZiZoti nifH and

nifD genes, cloned previously into pBR322 (pIDl), 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- P-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). T4 polynucleotide kinase was kindly provided

by Dr A. Simoncsits.

DNA isolation and restriction fragment preparation. Plas-

mid pIDl DNA (Fig. 1) was prepared as described previously (7).

One mg of purified pIDl plasmid DNA was used to prepare the

750 bp SalI-SalI, 1050 bp SalI-SmaI and 720 bp XhoI-XhoI frag-

ments. To prepare DNA fragments, digested DNA was run 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-HCl, pH 7,4, 1 mM

EDTA) and incubated overnight at 4 0C. 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.rmeZiloti nifH region on pIDI
and the scheme of the sequencing strategy. The re-
striction sites of the 4.8 kb PstI fragment of pIDi
(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. AluI,

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

tailed restriction map of the isolated DNA fragments. 5' end

labelled SalI-HindIII and XhoI-SalI fragments were partially
digested with the enzymes mentioned above and mapped by the

procedure of Smith and Birnstiel (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, 0,05% bromophenol blue
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and 0,05% xylene cyanol and boiled for 1 min before loading

onto 8Z 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 20% thin gels.

For autoradiography Nedifort 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-SalI and 1050 bp SalI-SmaI frag-

ments of pIDl 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 SalI-HindIII and XhoI-SalI 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.rmeliloti 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' translational 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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-140 -120 -100 -6o -60

ACCATCTCCTCAATTCCAGACTAACTATCTGAAACAAAAGCCGACTAGTTTTATTTCAACCCCTGCCACCACTTTCCACGATCACCC CT CCCCCATCCTCTTCC

-40 -20 -1 1 20 40

OCATTCATC?CTCCCACCAACCCAAATACCTTAAACAACAAAGCAAGCAAC ATG GCA CCT CTC CCT CAC ATC CCC TTC TAC CCT AAC CCC CCT

60 80 100 120

AIC CCC LAC TCC ACC ACC TCC CAA AAT ACA CTC CCC CCC CTT GTC GAC CTG CCC CAA AAG ATC CTT ATT CTC CCC TCC CAT

140 140 10 200

CCC LAA CCC CAC TCC ACC CCC CTC ATC CTG AAC CCA AAC GCA CAC CAC ACC CTA CTG CAT CTT CCC CCA ACC CAA CCT TCC

220 240 260 260
CTC CAA CAT CTC GAG CTC GAG CAC GTC CTC ALA CGC CCT TAC ACA CCC ATC AAG TCC GTG GAG TCC GGC GGC CCA GAG CCC

300 320 340 360

C.CC CC CCC TCC CCC CCA CCC CCC CTT ATC ACC TCC ATC AAC TTC CTC CAA GAG AAC CCC CCT TAC AAC CAT CTC CAT TAC

380 400 420 440

CtC TCA TAC CAC GTG CTA GCC CAC CTA CTA TCC CCC CCC TTT CCC ATC CCT ATT CCC CAA AAC AAC CCT CAC CAA ATC TAC
460 480 500 520

ATC CTC ATC TCC CCT GAG ATC ATC CCC CTC TAT CCC CCC AAC AAC ATC CCC LAG CCT ATC CTC AAG TAC CCC CAT CCC CCC
540 560 560 400

CCC GTC CCC CTC CCC CCC TTC AT? TCC AAC CAC CCC CAC ACC CAT CCC CAC CTC CAC C?C CCC GAG CCA CTT CCC CCC CCC

420 640 660 460
CTC LAT TCC LAG CTC ATC CAC TTC CTC CCC CCC CAC AAT ATC CTT CAG CAC CCA GAG CTC ACA LAG ATC ACA CTC ATC CAA

700 720 740 740
TAT CCC CCC AAC TCT AAG CAA CCC CCC CAA TAT CCC CCC CTC CCT CAA AAG ATC CAT CCA ALT TCC CCC CCA CCC ACC CTC

780 S00 620 640
CCT ACA CCC ATC ACT ATC CAC CAA CTC GAG CAC ATC CTC CTC CAC TTT CCA ATC ATC AAG ACC GAC GAG CAC ATC CTT CCC

$60 s80 900 920 940
CGA CTC CAC CCC LAG CAA CCC AAG CTA ATA CCC CCC CAC TGA ATCCCCCCCLCACCCACTCCCGCAGCCGACCCGGCGTCCCATTCCACAAAC

960 980 1000 1020 1040

CCCCCCATTGATCACTGTCTCACCTAGATCCTGAAATCCGCAGGCCCAAATCACCCTCCACTATGAC^ATCACAATGCTTTCCACCAGAAGCTTATCGAACAGGCTAT
1060 1060 1100 1120 1140

CCCACTATCCAACAAGGGCGCCAACC CCCGTA&AAAACACCTCAGTCTCGCAAAGAACAACCACCAGACCCCCCACGAACGACAGGTCCTTT CCCAGTCCGACCTAA
1140

ACTCCAACATCA

Fig. 2 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
Fig. 3. Since we do not have direct evidence for the
transcription-initation site, numbering of nucleotide
residues starts at the presumed translation-initia-
tion codon.

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-
sielZa 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 the nifD 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.meliloti 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 starting 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.coli (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 nifE.
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.coli 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 (Z6ra SvAb, personal communication).This value

is in good agreement with that obtained from the sequence data.

The NH2- 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.meliloti 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.meZi-

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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am: a23-Mt-Ala A r-C lI l-Ala-Phe-Tyr -Cly-Lys-Gly-Cly-l la-CIy-Lys-Ser-Thr-Thr-Ser-GlI-Asn-*ps 521r-cla-Cys-Ala-llA-Tyr-cly-Lys-Gly-cly- l-Cly-Lys-Ser-Tbr-Thr-Tbr-Gls-Asn-
LAs 52N-Met-Thr-Asp-Cle-s-a- Arg-Cl -Al-Pb*-Tyr-Gtly-Lys-Gly-Gly-l l-Gly-Lys-Sor-Thr-Thr-Sgr-Gla-Asa-
Cps Mat^ A AlClajl-Ile-Tyr-Aly-LyC -Gly-CCly-ll-Gly-Lys-Ser-Th-Thr-Tbr-Clo-Asa-
Avs 52L a-Met-Ara-Clo-Cys-Ala-l le-Tyr-Cly-Lys-Gly-Gly-lll-Cly-Lys-S.r-Thr-Thr-Thr-Cls-Ass-
Its Tkr-Law-Ala-Ala-LaesVl-As- a CIy-C-l-Lys-I -Lou Ila-Val-Cly Asp-Pro-Lys-Als-Asp-Ser-Tbr-Arg-
[p Lau-Val-Ala-Ala-Lau-Ala-Clu-Mat-CIY-Lys sVal-Mat-Ila-Val-Cly I Asp-Pro-Lys-Ala-Asp-Ser-Thr-Arg-
Ls: Tbr- - 'l?-l^ lAa-Glu-Mat-Gly-ClG Arg II-Met-Ile-Val-Cly Asp-Pro-Lys-Ala-Asp-S@r-Thr-Arg-
Cpt Lems -lr-Cy , s-Ala t- -L Tbr Ilae-Hetd Val-Cly y Asp-Pro-Lys-Ala-A5 -Ser-Thr-Ar l-

Aws -: Val-t!et-110-Va-I-CI Asp-Pro-LiLt

aS;s LuThr-Il-AssAlT-Ly-A-GlsA 1 Tbr la Glu-Cly-Ser-Val-Clu-Asp-Lu-CGlu-
Kp: L~eu-Ilse-Lsu-Uis-Al. -Ly-aAI-ClosGI Thr tIle-Met-C I l -A ls-VGl -CIy-S*r-VaI-Clu-Asp-Leu-Clu-
Asm La fflLasAiAAi5tLJ_±-AI_GI Tbr Tbr-Val-Las-5us-La--Al&-Ala-Cl A ICly AaVaI-CIu-Asp-L*u-Clu-
Cp: LWLeut1WG -GICY-L*ut#AI!.1l Lys Val-Ls Asp-Tbr-Le-Arg sl-s----

Rs: Lu-Clu-Ap-Val-Leu,lVsV Cly-Tyr-Ars5jI II*-Lys CpA Val-Glu-Ssr-Cly-Gly-Pro-Clu-Pro-Gly-Val-Cly-
Kp: L*u-Clu _A Val- tC Il. CIyTyrCGly fAVal-Arg f As$la-Clu-Ser-Cly-Cly-Pro-Clu-Pro-Cly-Val-Cly-
LAn Lou Ei C1ut!!I 1tl4!!Tbr GCIyttArag-Cly-Val-Lys$ja9Val-Clu-Ssr-Gly-Cly-Pro-Clu-Pro-Cly-Val-Cly-
Cp: Low Glu Cly G Ile Ara V I-Glu-Ser--CyGy- -Pro-Glu-Pro-G ly-Va-Gly-
Lw: Val-Clu-Ser-Cly-Gly-Pro-Clu-Pro-Cly-Val-Cly-

as: Ala-Cly-Arg-Cly-Val-ll-Tbr-Ser-Ila-Ass-pho-Lau-Clu-Clu-AU-CIy-Ala-Tyr Asia -i--- f -
apt Ala-Cly-Arg-Cly-Val-Ile-Thr-Ala-!le-Asn-Pha-Leu-Clu-Cluf Gu3Cly-Ala-Tyr GCIsup-Aspu-Lu-Asp-Pha-
Ls: Ala-Cly-Arg-CGly-lI-Ile-Tbr-Ala-Ile-Aso-Pha-Lau-Clu-Clu-AOn-Cly-Ala-Tyr CI AspLasAspPha
Cps Ala-Cly-Ars-ClI-Ile-Ila-Thr-Sar-la-Asne-tL-lu -L -Al- rTbr sp-sp-Lu-sp-Tyr-
Av: Al&-cly-C-r__
Rat Val-Ser-Tyr-Asp-VaI-Lau-Cly-Asp-Va I-VaI Gly-Cly-Pha-Ala-MNt-Pro-I le-Arg-Clu-Asn-Lys-Ala-Gla-olu-
[pa Val-Pba-Tyr-Asp-Val-Lu-CGly-Asp-Val-VaI a Cly-Cly-Pha-Ala-Met-Pro-l le-Arg-Glsu-As-Lys-Ala-Cln-Clu-
LA: Val-Ser-Tyr-Asp-Val-Las-Cly-Asp-Val-V I Cly-Gly-Pha-Als-Net-Pro- Il-Arg-Clu-Gly-Lys-Al-Cln-CGlu-
Cpa Val-Pha-Tyr-Asp-Vsl-Lau-Cly-Asp-Val-VlI a Cly-Cly-Pbh-Ala-llt-Pro-Ile-Arg-Glu-Cl -Lya-Als-Gl-CGlu-
Lw: lAsp-Val-Val C y-Cly-Pha-Ala-Met-Pro-IL.-Arsgt
Ras aI*-Tyr-lIe-V Nat Ser-Cly-Glu-Nst-Mart-Al-Lau-Tyr-Ala-Ala-Asn-Asn-Ile-Als-Lys-Cly-lla-Lau-Lys-Tyr-
Ka I le-Tyr-lle-Val-C s-Sar-CIy-CGlu-Mt-Het-Ala-Met-Tyr-Ala-Ala-As-Asn--I le-Sar-L s-Cly-l l Lys-Tyr-
La: Ile-Tyr-Ile-Val r Sar-Cly-Clu-Mat-Mst-Ala-Mst-Tyr-Ala-Ala-Ass-Ass-Ils-Ala r Gly-tle-Leu-Lys-Tyr-
Cpa Ile-Tyr-Ile-Val Ala Ser-Gly-Glu--Mt-MeetAla-Leu-Tyr-AlaAla-As-Asn-Ila-S-r s-Gly-11a La-?
Lwt Ile-Tyr-Ile-Vsl-Cys-Ser-Gly-Clu

JtLaE; HiTfhr-Asp-Ag- las: Ala-isa Ala Cly-CIVIVaArg-Las-Cly-Cly-Lau-ileay Ass iC.LuAAr-g Nia 77MAspr-mls Lasu-Au LasF- Ala!-
Ip: Al-Ly-ar-CGlyf aVaI-ArS-Leu-CIy-CGIy-Leu- Is Asn-Ser-Arg IntThr-Asp-Arg-Cl-uap- s-Las- a
As: Ala-Uis-Ser-Cly- Py-VaI-ArS-Lsu-Gly-Gly-Ls - 1l Asn-Ser-Arg-Lys-Val -As -Ar-CIs-As-GlCs-Lsu-Ile
Cp: Ala-Lys-Ser-CIy-Cly-Val-Arg-Leu-Cly-Cly Ia Asn-Ser-Arg-L a-Val Al-Ass ClsTy -Los -

Lv: ILa-Cl-Cly-as-yla Asa-Sar-Ar1t
as: CI a-Las-Ala Ala Ar -Las-Ass-Sat L a s-Ile-Hiu-Pb-Val-Pro-Ar_-A_p-Au- a- a -G-a-s a-Gs-
Kp: IIa Ala-Les-Ala-ClutLs Ls-Cy-ubr-Cls-tat-lla- is-Phs-Val-Pro-ArX-Asp-Ass-lla-Val-Cls Ar Ala-CIs-
Ls: Nat- a us-Ala-Cls-G r -Lsu-Ass-Tbr-Cls-Met-lle-Uis-Pha-Val-Pro-Arg-As A-s-lla-Val-Cls--Ala-Cls-
Cpa LAp a?ha-AlaLys-ClsLsl r-Cs-Ls-la-lis-Pa-Vsl-Pro-Avrea- Ro- a tValr-r re Al-CLs:-
m: Lu-rg-Lys-Matt-ThrV-VIa CIa rl ss L7s-Ls-Ala Clu-Tyr-Arg-Ala-Leu-Ala Clsu

KIp Ile-Arg-Arg-Net-Tbr-Val-Ile-Glu-Tyr-Asp-Pro Al bC -L -Clo-Ala Asn Clu-Tyr-Ar T3Lou-Aa Oln Ly-
Ls: Las-Ar -Arg-Nat-?br-VSlI TGCl-Tyr-Ala-Pro Asp ortAsGICls:CGls GClu-Tyr-Arg-AlaLm-Ala LystLys-
CptPro Tbr GCyyIGC-l CIsGCls-Tyr-ArSfCTlL-AIa- Arg Lyu-

RGI aista -s Ser-Cly-Arg-Cly Thr-Val-Pro-T?r-Pro Tlla r-Hat-C s-Cs-Las-C s Asp-MatEas Las-Au-
&pa I a Tbr-Mat-Ly----aVsl-Vl-Pro-Thr-ProsThr-M*t-Asp-CI -L lu u-Lau-Met-C s-
As: I As ----a Asp-Lys-L a----tTbr-Ile-ro-Tbr-ProL la Lys a-lCIsu-
Cpt Aspl-ssClu-LpC -es-Pb.----_ _ _ LI _ GIst

Av: Lr e Mt-CTu

At- 0b-CY-IIe-"t -Ser Ijb -Gln-t6t-Leu-Ala-Glu-Lou-sio-Ala- ye----CuJlty~vlllflo
KpIP Pbe-Cly-Ill-Nst-CluGCls Clu-A --;-TjyLbrfi- r-AIAtA Cla ClflAlatAJCOON
As: Tyr-Cly-LysasPeAptspA p Ly-iiLy eu,Ui cls la-s-Ala-T rtAssnArg-Ser-Cys-
Cpa Tyr-GlyaLt-uLtA pLaL I,

Avt MW-CIT-II0-Iftt-Cl.VlvlCl^b--------CIu-Ser tlfI -y-b-l-Is-Glu-luvVa-COON
Ras Nis-COON
As: Arg-Aas-COOU

Fig. 3 Comparison of amino acid sequences of the nitrogenase
reductase (Fe protein) from different nitrogen-fixing
organisms. R.meliloti: Rm; K.pneumoniae: Kp (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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Codon utilization in the R.meZiZoti nifH gene

of amino acid sequences of nitroeenase 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 vineZandii (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.meZiloti which can fix nitrogen only in symbiosis with

alfalfa. R.meZiZoti nitrogenase reductase contains five

cysteine residues, the K.pneumoniae protein has 9, Anabaena 6,

5719

Table 1.

UUU Phe 2 UCU 1 UAU Tyr 3 UGU Cys 0

UUC 3 UCC Ser 7 UAC 7 UGC 5

UUA Leu 0 UCA 1 UAA ochre 0 UGA opal 1

UUG 1 UCG 2 UAG amber 0 UGG Trp 0

CUU 5 CCU 2 CAU 3 CGU 1

CUC 13 CCC 1 CAC His 5 CGC 7

CUA Leu 1 CCA Pro 1 CAA 4 CGA Arg 1

CUG 10 CCG 5 CAG 5 CGG 2

AUU 3 ACU 1 AAU 4 AGU 0

AUC Ile 17 ACC 6 AAC Asn 9 AGC Ser 1

AUA 1 ACA Thr 3 AAA 2 AGA 2

AUG Met 0 ACG 2 AAG L 15 AGG A 0

GUU 2 GCU 4 GAU 5 GGU 7

GUC 8 GCC 14 GAC Asp 11 GGC 14

GUA Val 4 GCA Ala 7 GAA 10 GGA Gly 2

GUG 7 GCG 9 GAG 13 GGG 6

Comparison
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Azotobacter 7 and C.pasteurianum 6. All the five cysteine res-

idues of R.meliZoti 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 homology with the COOH

termini of the proteins 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 (58-67%).

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 nifH genes of R.meli-
loti, K.pneumoniae and Anabaena 7120 were calculated, relatively

less homology (62-67%) was observed for each combination (con-

sidering that at random base pair distribution the value should

be 25%). 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 (27-35%) (Table 2).
It is noticable that the Anabaena 7120 nifH gene has some-

what less base pair homology 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 nifji gene. Differences in codon usage may indi-

cate evolutionary distance or expressivity distinction at the

translation level (25). In fact, Rhizobium and Kiebsiella 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.vineZandii 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, nifE and nifD, were shown to hybridize with DNAs

from other nitrogenfixing bacteria; remarkably, the third

structural gene nifK, 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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