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S u m m a r y .  DNA fragments bearing sequence sim- 
ilarity to eubacterial ni fH probes were cloned from 
two nitrogen-fixing archaebacteria, a thermophilic 
methanogen, Methanococcus (Mc.) thermolithotro- 
phicus, and a mesophilic methanogen, Methano- 
bacterium (Mb.) ivanovii. Regions carrying similar- 
ities with the probes were sequenced. They contained 
several open reading frames (ORF), separated by 
A+T-rich regions. The largest ORFs in both re- 
gions, an 876-bp sequence in Mc. thermolithotro- 
phicus and a 789-bp sequence in Mb. ivanovii, were 
assumed to be ORFsnifH. They code for polypep- 
tides of tool. wt. 32,025 and 28,347, respectively. 
Both ORFsni fH were preceded by potential ribo- 
SOme binding sites and followed by potential hairpin 
structures and by oligo-T sequences, which may act 
as transcription termination signals. The codon usage 
was similar in both ORFsn i fH  and was analogous 
to that used in the Clostridium pasteurianum n i fH 
gene, with a preference for codons ending with A or 
U. The ORFni f l t  deduced polypeptides contained 
30% sequence matches with all eubacterial ni fH 
products already sequenced. Four cysteine residues 
were found at the same position in all sequences, 
and regions surrounding the cysteine residues are 
highly conserved. Comparison of  all pairs of  meth- 
anogenic and eubacterial ni fH sequences is in 
agreeement with a distant phylogenetic position of  
archaebacteria and with a very ancient origin of  nif 
genes. However, sequence similarity between Meth- 
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anobacteriales and Methanococcales is low (around 
50%) as compared to that found among eubacteria, 
suggesting a profound divergence between the two 
orders of  methanogens. From comparison of  amino 
acid sequences, C. pasteurianum groups with the 
other eubacteria, whereas comparison of  nucleotide 
sequences seems to bring C. pasteurianum closer to 
methanogens. The latter result may be due to the 
high A + T  content of  both C. pasteurianum and 
methanogens ORFsn i fH  or may come from an an- 
cient lateral transfer between Clostridium and meth- 
anogens. 

Key words:  Nitrogenase Fe protein - -  Methano- 
coccus thermo[ithotrophicus -- Methanobactetqurn 
ivanovii 

Introduct ion  

Methanogens, a branch of the archaebacterial king- 
dom, form a homogeneous group, since all of  them 
are strict anaerobes and synthesize methane. They 
are, however, diversified with respect to their G + C  
content (from 28 to 61%), morphology (coccoid, 
rod-shaped, filamentous, spiral bacteria), growth 
temperature (from 20 to 86~ and substrate uti- 
l ization (H2/CO=, formate ,  acetate,  methanol ,  
methylamines) (for a review, see Whitman 1985). 
Methanogens are divided into three orders: Meth- 
anomicrobiales, Methanococcales, and Methano- 
bacteriales. SAB values based on 16S rRNA catalog- 
ing data range from 0.22 to 0.28 between two orders 
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o f  me thanogens ,  whereas  they  are a b o u t  0.15 be- 
tween eubacter ia  a nd  m e t h a n o g e n s  (Balch et al. 
1979). 

The  abil i ty to use N2 as sole n i t rogen source  was 
d e m o n s t r a t e d  for a rchaebac te r i a  on ly  recently.  In  
ni t rogen-f ixing eubacter ia ,  n i t rogenase  is c o m p o s e d  
o f  two proteins ,  the M o F e  pro te in  and  the  Fe p ro -  
tein. The  M o F e  pro te in  is an  a2/3z te t ramer ,  the 
subuni ts  o f  wh ich  are c o d e d  by ni fD (a) and  n i fK  
(/3). T h e  Fe pro te in  is a d i m e r  c o m p r i s e d  o f  two 
ident ical  subuni t s  c o d e d  by  n i f H  (Eady and  S m i t h  
1979). In  eubacter ia ,  the  three  genes  are  h ighly  con-  
served,  and  par t icu lar ly  n i f H  ( R u v k u n  and  Ausube l  
1980). In  1984, n i t rogen  f ixat ion was repor ted  in 
two m e t h a n o g e n i c  species: Methanococcus (Mc.) 
thermolithotrophicus (Belay et al. 1984) a n d  Meth-  
anosarcina (Ms.) barkeri 227 (Mur ra y  a nd  Z inde r  
1984). A t  the same  t ime,  sequence  s imi lar i ty  with 
n i f H D K w a s  f o u n d  in D N A  o f  four  different species 
(Sibold et al. 1985). Subsequent ly ,  three o ther  species 
were charac te r i zed  as Ni f+ :  Ms. barkeri Fusa ro  
( B o m a r  et al. 1985), Methanolobus tindarius (K6nig  
et al. 1985), and  Methanobacterium (Mb.) ivanovii 
(Magot  et al. 1986), a nd  sequence  s imi lar i ty  wi th  
eubacter ia l  n i fH  probes  was  f o u n d  in 14 m e t h a n -  
ogens  tes ted (Possot  et al. 1986). 

In eubacter ia ,  the n i f H  sequences  were used to  
cons t ruc t  a phylogene t ic  tree, which  appea red  to be 
cons is ten t  with tha t  de duc e d  f r o m  16S r R N A  se- 
quences  (Hennecke  et al. 1985). This  suggested that  
n i f H  h a d  e v o l v e d  in eubac ter ia  w i t hou t  recent  lat- 
eral transfer.  Soui l lard and  Sibold (1986) f o u n d  tha t  
the nuc leo t ide  sequence  o f  a c loned  region s imilar  
to n i f H  ( O R F n / f H )  f r o m  Mc. voltae had  lower  SAB 
values  wi th  all eubacter ia l  n i fH  t han  the lowest  val-  
ue f o u n d  be tween  two eubacter ia l  nifH. This  was  
in ag reemen t  with the  phylogene t ic  pos i t ion  o f  ar- 
chaebac te r i a  and  with a very  anc ient  or igin o f  m f  
genes. H o w e v e r ,  a t t emp t s  to derepress  a n i t rogenase  
ac t iv i ty  in Mc. voltae have  failed (Sibold, u n p u b -  
l ished results). I t  thus  appea red  interest ing to s tudy  
n i f H  genes f r o m  m e t h a n o g e n s  tha t  had  been  f o u n d  
to g row with N2 as sole n i t rogen  source.  W e  chose  
two such strains,  Mc. thermolithotrophicus a nd  Mb. 
ivanovii. Methanococcus thermolithotrophicus b~e- 
longs to the Methanococca le s ,  has a G + C  con ten t  
o f  30%, an  op t ima l  g rowth  t empera tu re  o f  65~ and  
is able to fix n i t rogen at t empera tu re s  as high as 6 0 -  
65~ (Belay et al. 1984). T h e  genera t ion  t ime is 
abou t  1 h in the presence  o f  a m m o n i a  and  abou t  3 
h u n d e r  cond i t ions  o f  n i t rogen  fixation. Methano-  
bacterium ivanovii belongs  to the M e t h a n o m i c r o -  
biales, has  a G + C  con ten t  o f  37%, a nd  op t ima l  
g rowth  at 37~ Its genera t ion  t ime  is a b o u t  9 h in 
the presence  o f  a m m o n i a  a nd  a b o u t  24 h u n d e r  
cond i t i ons  o f  n i t rogen fixation (Magot  et al. 1986). 
At  the D N A  level, sequence  s imi lar i ty  with Ana- 

baena and  Klebsiella pneumoniae  n i f H  probes  
was  f o u n d  in Me. thermolithotrophicus and  Mb. iva- 
novii using the S o u t h e r n  b lo t  t echn ique  (Posso t  et 
al. 1986). W e  repor t  here  the c loning  and  sequenc ing  
o f  regions  exhib i t ing  sequence  s imi lar i ty  to  n i f H  
f r o m  b o t h  bacter ia .  

Materials and Methods 

Bacterial Strains and Plasmids. Methanobacterium ivanovii (Bel- 
yaev et al. 1983; Jain et al. 1987) was obtained from Dr. J.G. 
Zeikus, and Methanococcus thermolithotrophicus (DSM 2095) 
from Dr. M. Thomm. Escherichia coli strain TG 1 (Wain-Hobson 
et al. 1985) was used for MI3 or pUC cloning. Strain VCS257 
(Genofit) was used for bacteriophage X transfection. Cloning vec- 
tors were pUC9 (Vieira and Messing 1982) or XEMBL3 (Frischauf 
et al. 1983). The intragenic Anabaena n ifH probe was a 0.8-kbp 
HpaI-PvuI fragment isolated from plasmid pAn154.3 (Meva- 
rech et al. 1980). The Klebsiella pneumoniae nifH probe was a 
0.9-kbp EcoRI-KpnI fragment of plasmid pSA30 (Cannon et al. 
1979). 

Routine Molecular Biology Techniques. DNA isolation, re- 
striction endonuclease treatment, transformation, ligation, Klenow 
enzyme treatment, Bal31 treatment, calf intestine phosphatase 
treatment, Southern blot, and colony and plaque hybridizations 
were performed according to Maniatis et al. (t982) or as already 
described (Sibold et aL 1985). 

Cloning of Mc. thermolithotrophicus nifH Region. A 2.8-kbp 
HindIII fragment was previously shown to carry homology with 
Anabaena nifH (Possot et al. 1986). In order to done this frag- 
ment, plasmid pUC9 was digested by HindlI1, dephosphorylated 
using calf intestine phosphatase, and ligated with Mc. thermo- 
lithotrophicus DNA digested by HindIII. After transformation of 
E. coli strain TGI, 4000 carbenicillin-resistant clones were ob- 
tained, among which 95% were Lac-. Thirteen positive clones 
were detected by colony hybridization using the A nabaena nifH 
probe. Two clones, containing the 2.8-kbp HindIII fragment in 
both orientations, were termed pMCT100 and pMCT200 (Fig. 
1A). 

Cloning ofMb. ivanovii nifH Region. A 1.3-kbp HindlII frag- 
ment was previously shown to carry homology with K. pneu- 
moniae nifH (Sibold et al. 1985). In order to clone the DNA 
region containing this fragment, Mb. ivanovii DNA was partially 
digested by Sau3A to obtain a majority of fragments of about 
20 kbp, dephosphorylated using calf intestine phosphatase, and 
ligated with XEMBL3 DNA digested by BamHI and EcoRI. En- 
capsidation was performed using Gigapack mix (Genofit) as rec- 
ommended by the supplier, and E, coil strain VCS257 was trans- 
fected. Among 900 plaques tested by hybridization with a K. 
pneumoniae nifH probe, a phage was detected and termed XMIVI. 
Plasmid pMIV27 was obtained by subcloning a 5-kbp BamHI 
fragment of phage XMIV1 into pUC9 (Fig. IB). 

DNA Sequencing. DNA sequencing was performed using the 
method of Sanger et al. (1977) with phage M 13 derivatives. For 
Mc. thermolithotrophicus, sonicated DNA fragments ofpMCT 100 
were cloned into M 13mp9; for Mb. ivanoviL restriction fragments 
or Bal31 -treated DNA fragments were cloned into M 13rap8 and/ 
or M13mp9. DNA regions indicated by arrows in Fig. 1 were 
sequenced on both strands. Nucleotide and amino acid sequence 
comparisons were performed with a computer using EMBL and 
Genbank data banks and a program adapted from Lipman and 
Wilbur (1983). 



A 

L 

H 
L 

dl 

1 kbp 

> [ 

67 75 

l 

E 

7 
ORFn/fH 

64 75 64 

3 

A 
[ 

% AT 

H 

67 

B 

B 

P PH E Bg E E 

ORFn/fH 

62 51 62 73 

B 

~zv27 

%AT 

Fig. 1. Restriction map of nifH-containing 
regions of Mc. thermolithotrophicus and Mb. 
ivanoviL A Restriction map of the Mc. ther- 
molithotrophicus DNA fragment with se- 
quence similarity to nifH cloned in 
pMCTI00. B Restriction map of the Mb. iva- 
novii DNA fragment with sequence similarity 
to nifH cloned in pMIV27. Thin double- 
headed arrows indicate the extent of the se- 
quenced regions and open arrows indicate the 
open reading frames. The numbers indicate 
the mol% A+T of ORFs and noncoding re- 
gions. A, AvaII; B, BamHI; Bg, BglII; E, 
EcoRI; Ha, HaeIII; H, HindIII; P, PstI. 

Results 

Nucleotide Sequence Analysis of 
Mc. thermolithotrophicus and 
Mb. ivanovii nifH Regions 

A 1950-bp DNA region from pMCT 100 containing 
Sequence similarity with Anabaena nifH was se- 
quenced (Fig. 1A). The nucleotide sequence and the 
predicted amino acid sequence are shown in Fig. 2. 
In the sequenced region, a large open reading frame 
(ORF) was found (Fig. 1A). Based on the sequence 
similarity (see below), this ORF was assigned to 
nifH. Methanococcus therrnolithotrophicus ORF- 
nifH is 876 bp long, from a UUG codon to a UAA 
Codon, with a coding capacity of  292 amino acid 
residues (mol. wt. 32,025). The UUG codon was 
Predicted to be the translation initiation codon be- 
Cause it is preceded, 3 bp upstream, by the sequence 
5'-AGGTGAT-3', complementary to the 3' end of 
the 16S rRNA from Methanococcus (Balch et al. 

1979). No AUG or GUG codon was found in this 
region. Upstream and downstream from ORFnifH, 
two other ORFs were found, 500 and 200 bp long, 
respectively (Fig. 1A). The 200-bp ORF starts with 
an AUG codon preceded, 3 bp upstream, by the 
sequence 5'-GGTGA-3', complementary to the 3' 
end of the 16S rRNA from Methanococcus. The 
A + T content is not homogeneously distributed along 
the sequenced region. The ORFs have a tool% A + T  
of 65 whereas noncoding regions have a mol% A + T  
of 73-75. The average tool% A + T in the sequenced 
region is about 70, in agreement with the value of 
69% for the genome of Mc. thermolithotrophicus 
(Huber et al. 1982). 

A 1350-bp region from pMIV27 containing se- 
quence similarity with K. pneumoniae nifH was se- 
quenced (Fig. 1B). The nucleotide sequence and the 
predicted amino acid sequence are shown in Fig. 3. 
Methanobacterium ivanovii ORFnifH is 789 bp long, 
starting with an AUG and ending with a UAA colon, 
and codes for a polypeptide of  263 residues (mol. 
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i 
5' AAC CTT GCA ATG TGT TTA GTT 

Lys Leu Ale Met Cys Leu Val 

I00 
GGA CGT TTT ATG GGA CTT AAA 
Gly Gly Phe Met Gly Leu Lys 

200 
GAG CAT ATA ATC TCA ATAAAA 
Glu His lie lie Ser Ile Lye 

300 
GAT CCT CCC TAT GGA ATT TCA 
Asp Pro Pro Tyr  Gly Ile S e t  

CTT TTT GCA TCG TCA AGAAAA 
Val Phe Ala Set Set Ar 8 Lys 

GTA TAT ~ AAG ACA GAT AAT TkA 
Val Tyr Lys Lys Thr Asp Ann --- 

5O 
AAT TTA TCT AGA CTT AAA ARG GGA GAM GTA TTG TTA GAT CCA TTC TGT GGA ACT GGA GGC TTT TTA ATC GAR 
Ann Leu Set Arg Leu Lys Lys GIy Asp Val Leu Leu ASp Pro Phe Cys Gly Thr Gly GIF Phe Leu I]e Glu 

150 
TTA ATT GGA AGC GAC ATT GAC GAC GAT ATG CTA ARC GGA ACT CTC CTA AAT CTC AAA TCA TAC ART CTT ACA 
Leu Ile Gly Ser Asp Ile Asp Asp Asp Met Val Ash Gly Thr Leu Leu Asn Leu Lye Ser Tyr Ash Lmu Thr 

250 
AAA TGG AAC GCA GGA GAT ATT AAG AGC TTT TTA AAG CAG TTG AAT GTT AAA TAT GTC GAT GGG ATA GTT ACA 
Lys Trp Asn AI. GIy Asp Ile Lye Set Phe Leu LFS Gin Leu Ash Val Lys Tyr Val Asp Gly Ile Val Thr 

350 
ACC TCT GCA AAA GGG ART ATT GAR GAR ATT TTC AAC ART CTA GGA GAT GTT TTG AAA AAA GAT GGG TAC TTG 
Thr Set Ala Lye Gly Asn lie Glu Glu lle Phe Asn Ash Leu Gly Asp Val Leu Lys Lye Asp Gly Tyr Leu 

400 450 
ATA AAT TTA GAC CTG GAR TTA ATe GAA ATG TAT GAG CTA TAT ATA CAC AAG AGT TTA ACA AGA MAT ATT CAT 
Ile Asn Leu Asp Leu Glu Leu Mec Clu Met Tyr GIU Leu Tyr Leu His Lys Set Leu Thr Arg Tyr Ile His 

500 IORFnifH m 550 ******* 
CCATAATATCGCAATACAUGAMAAATAATTACATGATAAAGGTGATATT TTG AAA CAG ATC GCT TTT TAT GGA AAA GGA 

GCA ATA GGA AAA TCC ACC ACA GTG 
Gly Ile Gly Lys Ser Thr Thr Val 

GAT TGT ACT TCA AAT TTA AGG GGC 
Asp Cys Thr Ser Ash Leu ArE GIy 

ATA ATA GAA AAA GAA ATG ATA GAA 
I l e  Ile Glu Lye Glu Met Ile Glu 

80 
850 
MAT GGT TGT GCA GGA CGA GGA GMA 
Myr Gly Cys Ala GIy Ar 8 G17 Val 

110 
950 

GAM GTT TTA GGG GAC GTT G~A TGT 
Asp Val Leu Gly Asp Val Val Cys 

140 
1050 

ATG GCk ATA TAM GCM GCA AAC AAC 
Met Ala Zle Tyr  Ala Ala ASh Asn 

170 
I150 

AGA GGG TCC ATG GAT GCA TAO GAC 
Ar 8 ely Set Met Asp AIa Tyr Asp 

200 

GAA ATA CA/*. GGA AAA 
GIu lle GIu GIF Lys 

GAA GGG ACA ATT CCA 
G1u Gly Thr lle Pro 

CCM GAA GCA 
Pro Glu Ala  

230 

CAA AAM ART 
GIu Asn ASh 

260 

600 
TGC ARC ATT GCC GCA GCT CTA GCA GAT CAG 
Cys Asn I l e  Ala Ala Ala Leu Ala Asp Gln 

20 
700 

GGA CAG GAA ATT CCA ACA GTT TTA GAT ATC 
Gly Gln Glu Ile Pro  Thr Val Leu Asp 11e 
50 

800 
ATT ARC GAC ATC ATT TAT GAR GGG TAC ART 
l l e  Asn Asp I l e  l l e  Tyr  Glu Gly Ty r  Ash 

90 
900 

ATT CTG GTA ATA GAT CTT TTA AAA AAG ATG 
lle Val Val Ile Asp Leu Leu Lys Lys Met 

120 

GGT GGA TTT GCC ATG CCA CTA AGA ATG GGA 
Gly GIy Phe Ala MeC Pro Leu ArE Met Gly 

150 

ATA TGT CGC GGG ATA AGT GAA TTC GTT AAA 
lle Cys ArE Gly lle Ser Glu Phe Val Lys 

180 

ATT ATA ART GAA TTT GCA GAT AAA CTT GGT 
Ile Ile ASh Glu Phe Ala Asp Lys Leu Gly 

210 
1250 

ACT GTT ATA GAAMAC GAT CCT ART GAC GAR 
Thr Val Ile GIU Myr Asp Pro Ash Asp Glu 

240 
1350 

AAA CCT TTG GAR ARC ATT GAA ATA ATG ACT 
Lys Pro Leu Glu Asn Ile Glu Ile Met Thr 

270 
1450 

Leu Lye Gln lle AIa Phe Tyr Gly Lys Gly 
I I0 

650 
GGT AAA AAA GTA ATG GTC GTT GGA TGT CAT CCA AAG CAT 
Gly Lys Lye Val Met Val Val Gly Cys Asp Pro Lys HIS 

30 40 
750 

CTT AGG GAA AAA GGA CTG GAC AAA CTA GGT TTA GAA ACC 
Leu ArK Clu Lye Gly Leu Asp Lys Leu Gly Leu Glu Thr 
60 70 

GGA ATC MAC TGC GTT GAA GCA GGA GOG CCA AAA CCA GGA 
Gly lle Tyr Cys Val Glu Ala Gly Gly Pro Lys Pro Gly 

100 

AAT TTA TAT AAG GAT TTA AAA CTC GAT ATT GTA CTC TAC 
Ash Leu Tyr Lys Asp Leu Lys Leu Asp lle Val Leu Tyr 

130 
I000 

CTT GCA GAA CAG ATC TAT GTT GTT ACA TCA TCG GAT TAT 
Leu Ala Glu Gln lle Tyr Val Val Thr Ser Set Asp Tyr 

160 
II00 

AGA GGA GGA AGe AAA TTA GGA GGA TTA ATA TAT AAC GTA 
Ar E Gly Gly SeT Lys Leu Gly Gly Leu Ile Tyr ASh Val 

190 
1200 

GCA AAT ATC GTA GGG AAA GTT CCA ARC TCC CAT TTA ATA 
Ala Ash lle Val Gly Lys Val Pro Asn Ser His Leu Ile 

220 
1300 

ATA AGC CAR GTG TAT AGG GAG CTC GCA AAA AAA ATT TAT 
lle Ser Gln Val Tyr Arg Glu Leu Ala Lys Lys lle Tyr 

250 
1400 

ATC GGT AAAAAG ATA AAA GAA AGA CTA AAA AAA GAG AGA 
l i e  Gly Lys Lys l i e  Lys  G1u Ar 8 Leu Lys  Lys G lu  Arg 

280 
1500 

ATG AAA AAC TAA AT~TAGAATTAAAGAATAATTAAACTAATG~TATTATAATGcTATTA~ATACTTTGTTTTTT~TTATTATATGTTAGATACAGTCGTTTGAC~AAAGTAGGTTACGA 
Met Ly8 Ash --- 
290 

1550 1600 ****** 
ACATATCTTAAATCAATAATATTCTAAATA~TAACTTAGAATTC~TAACGAGCCTGTTATTCTAAAAATGGAAATAAATCTTTTCAATTAACCGTCAGGCGACTTTATG~AT~GATA~ 

1650 1700 
ATG AAG ATT GTA GTG GTG GGA GGA GGT ACT TCT GGC CTT TTA TCA GCT CTT GCA CTG GAA AAA GAA GGT CAT GAT GTT TTA GTA CTT GAA AAA 
Met Lys Ile Val Val Val Gly Gly Gly Thr Set Gly Leu Leu Set Ala Leu AIs Leu Glu Lys Glu Gly His Asp Val Leu Val Leu Glu Lys 

] 750 1800 
GAT AAA GTA GGA GGC CTT TGT AGG AGT GAA AAT ATA GAT GGT MAC ACT GTT GAT ATC GGT GTT CAT OCA ATA ACT ATG TTA AAT GAT GGA CCG 
Asp Lys Val Gly Gly Leu Cys ArE Ser Glu Asn Ile Asp Gly Tyr Thr Val Asp lle Gly Val His Ala lle Thr Met Leu Ash Asp Gly Pro 

1850 1900 
TTG gCA AOA TTG CTG AAC AAC TAT GCA AGA TAT ATT CCT AAT TTC AGA GAA TAC GGA GAT TAT TAT GTT AGA ACG CAT AAA TTA CAG AAA ATA 
Leu Thr Ar E Leu Leu Ash Asn Tyr AIa ArE Tyr lle Pro Ash Phe Ar E Glu Tyr Gly Asp Tyr Tyr Val AT 8 Thr Asp LyB Leu Hia Ly6 lle 

1950 
CCT GTA TCT ATG AAT GAA TGG ATG ACT 3 '  
Pro Val Ser Met Ash Glu Trp Met Thr 

Fig. 2. Nucleotide sequence of Mc. thermolithotrophicus ORFnifH and surrounding regions. The noncoding DNA strand is shown. 
The deduced amino acid sequence of ORFs is shown below. Nucleotide positions are numbered above; amino acid positions of 
ORFnifll are numbered below. Potential ribosome-binding sites are indicated by stars. Palindromic sequences are indicated by arrows. 

wt. 28,347).  The sequence 5' -GGTGA-3' ,  comple-  
mentary to the 3' end o f  Methanobacterium 16S 
rRNA (Balch et al. 1979), was found 5 bp upstream 
from the putative translation initiation codon.  
Another 300-bp ORF was found upstream from 
ORFnifH (Fig. 1B). The A + T  content is not ho- 
mogeneously  distributed along the sequenced re- 
gion. The ORFs have a tool% A + T  o f  62 and 63 

(Fig. 1B), whereas the noncoding regions have a 
tool% A + T  of  73, except for the 50-bp stretch be- 
tween the two ORFs, which has a mol% A + T  o f  
only 51. The average A + T  content in the sequenced 
region is about 65%, which is consistent with the 
average A + T  content o f  63% for the genome of Mb. 
ivanovii (Belyaev et al. 1983). 

Promoter consensus sequences in archaebacteria 
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1 50 
51TGT AAG CGA AGG GAT ATA ATG AAA CTT ArT GAA GTT CAT TCT CCT AAC CTT AAC CTG CTG TTA CCT CCC CCA TTT GAT TTA ATT GAA CTT CCT 

Cys Lys Arg Ar S Asp I l e  Met Lys Leu I l e  Glu Val His Set Pro Asn Leu Ash Leu Leu Leu Pro Ala Pro Phe Asp Leu I l e  Glu Leu Pro 

100 150 
GTA AGA ATG GAA GTT GGA TAT GAA GAG ATA GCA AAC OAT GTA AGA AAG GCA GCA TOT GTC TTA GTC GGC GAA ATA ATG ACC AAA AAA GTC AGA 
Val Ar E Met Glu Val Gly Tyr Glu Glu Ile Ala Ash Asp Val Arg Lys AIa Ala Set Val leu Val Gly Glu lle Met Thr Lys Lys Val Ar S 

200 250 
ACC ACA AAA AAA GAC COT TCA ATT TCT GAT GCA GCA GCA TTA ATG GAT AAA CAT AAC GTC ARC AGG CTC COT GTG GTT GAT GAA AAT AAC AAA 
Thr Thr Lys Lys Asp Ala Set lle Set Asp Ala Ala Ala LeuMet Asp Lys His Ash Val Ash ArE Leu Pro Val Val Asp Glu ASh Ash Lys 

m~ 
300 ***** |ORFn~H 350 

TTG GTA TTA TAA CAAGGGGAGATATCATAGGTGCTTTGGTGAGGAAGGA ATG AGT AAG CCAATT OCT ATT TAT GOT AAA GOT GGA ATT GGA AAA TCC ACT 
Leu Val Leu --- Met SRr Lys Arg Ile Ala lle Tyr Gly Lys Gly Gly lle G1y Lys Set Thr 

l tO 
4OO 45O 

ATT GTT TCC AAT ATA OCT GCA GCC TAT TOT AAA CAT TAT AAC GTG CTT GTA ATT GOA TGT GAC COT AAA OCT GAT ACA ACA AGO ACT CTT ATA 
l l e  Val Set Ash l l e  Ala Ala Ala Tyr Set Lys Asp Tyr Ash Val Leu Val I l e  G1y Cys Asp Pro Lys Als Asp Thr Thr Ar S Thr Leu l l e  

20 30 40 
500 550 

GGT AAA AGA TTG OCT ACT ATC CTT OAT ATT GTA AAA AAA AAG AAG AAC GCA TCC ATT GAA GAG GTT TTA TTT GAA GGA TAT OGA AAT GTT AAA 
Cly Lys Ar~ Leu Pro Thr lie Leu Asp lie Val Lys Lys Lys Lys Ash A1a Set Ile Glu Glu Val Leu ]?he G1u Gly Tyr Gly Ash Val Lys 

50 60 70 
600 650 

TGT GTG GAA AGT GGA GOT COT GAA CCT GGA GTT GGA TCC GOT GGA AGA GOT GTT ATA GTT GCA ATG GGG CTT eTA GAC AAA CTC GGG ACA TTT 
Cys Val Glu Set Gly Gly Pro Glu Pro Cly Val Cly Cys Ala Gly Atg Gly Val Ile Val Ala Met Gly Leu Leu Asp Lys Leu Gly Thr Phe 
80 90 I00 II0 

700 750 
TOT OAT GAT ATA GAT ATT ATT ATC TAT GAC GTG CTT GGA GAC GTG CTC TCC GGC GGA TTT GCA GTA COT CTT AGO GAA CAT TTT GeT CAC GAA 
Set Asp Asp Tle Asp Ile Tle Ile Tyt Asp Val Leu GIy Asp Val Val Cys Gly Gly Phe Ala Val Pro Leu ArS Glu Asp Phe Ala Asp Glu 

120 130 140 
800 

GTT TAT ATA GTG ACT TOT GGA GAG TAT ATG GCA TTA TAT GCC GCT AAT AAT ATC TGC AGO GOT ATT AAA AAG CTT AAA AGT AAC CTT GGG GGC 
Val Tyr Ile Val Thr Set Gly Glu Ty~ Met Ala Leu Tyr Ala Ala Ash Asn lle Cys Arg GIy Ile Lys Lys Leu Lys Set Ash Liu Oly Gly 

150 t60 170 
850 900 

ATC ATC TGC AAC TGT CGA GGA ATT GAA AA~ GAG GTT CAG ATr GTA AGT GAA TTC OCG GOT AAA GTT GGA AGO AAG OTT ATA GOT ATT ATT COT 
lie Ile Cys Ash Cys Arg Cly Ile Olu Ash Glu Val Gln lle Val Set Glu Phe Ala Gly Lys Val Gly Set Lys Val Ile Gly Ile Ile Pro 

180 190 200 
950 1000 

GGC ACT GAAATG GTT CAAAAG AGe GAA AT(: GAT GCA AAG Ace GTT ATT GAG AAATTT GGA GAA TOT GAA CAG GCA OAT CTT TAT AGO GAG CTT 
Gly Set Glu Met Val Gln Lys Set Glu Ile Asp Ala Lys The Val Ile Glu Lys Phe Gly Glu Set Gtu Gln Ala Asp Leu Tyt Arg Glu Leu 

210 220 230 
1050 ltO0 

GCA AAA TOT ATA TAC TCC AAT GAA CAT TTT GTT ATT CCA GAA COT ATG GOT GTAGAT GAG TTT CAT GAA TTC TTC AGA GGA TTT CAA TAA TTC 
Ala Lys Set Ile Tyr Set Ash Glu Asp Phe Val Ile Pro GIu Pro Met Gly Val Asp Glu Phe Asp Glu Phe Phe ArE Oly Phe Gln --- 

240 250 260 
1150 1200 

GAT~A/u~ATCCTCA~AAT~ATTGTTTTTTTTTGCGGTTCGGAAATTACAAAT~-----~CAAATATTTGTAGATT~GTAAA~TT~CG~GTGGT~G~TTAC~TTTC~TC~TA 

1250 1300 1350 
TT~TTGCAGGCTTTT~A~AAT~TTTGATTGTGATAC~AATCATA~A~TTCACT~TTTATTTTTTTAAATTGAAATATc~c~TTTGTAATTGT~TGT~T~ 3 ' 

Fig.  3. N u c l e o t i d e  s e q u e n c e  ofMb. ivanovii ORFni fH a n d  s u r r o u n d i n g  regions .  T h e  n o n c o d i n g  D N A  s t r a n d  is s h o w n .  T h e  d e d u c e d  

a m i n o  ac id  s e q u e n c e  o f  O R F s  is s h o w n  be low.  N u c l e o t i d e  pos i t ions  a r e  n u m b e r e d  a b o v e ;  a m i n o  ac id  pos i t i ons  o f  O R F m f H  a re  

n u m b e r e d  below.  Po ten t i a l  r i b o s o m e - b i n d i n g  sites a re  i n d i c a t e d  by  stars .  P a l i n d r o m i c  s eq u en ces  a re  i n d i c a t e d  by  a r rows .  

have been suggested to be 5'-GAANTTCA-3' and 
5 ' -TTTAATATAAA-3 '  (Hamil ton and Reeve 
1985a). Such regions were not identified upstream 
from either ORFnifH. Another consensus sequence, 
5 ' -ACCGAAAANTTTATATANTA(I  8-19 bas- 
es)TGCaagT-3', found upstream from tRNA genes 
of Methanococcus, has been proposed to be a tran- 
scription signal (Wich et al. 1986). This consensus 
was not found in regions sequenced here. Similarly, 
the 5 '-CTGGPyAPyPuNNNNTTGCA-3'  consen- 
sus sequence for nifH promoters (Dixon 1984) was 
not found. 

Analysis of Amino Acid Sequences Deduced 
from ORFsnifH 

The amino acid sequences deduced from ORFsnifH 
of Me. thermolithotrophicus and Mb. ivanovii were 
aligned together with the amino acid sequence de- 
duced from Mc. voltae ORFntfH (Fig. 4). To obtain 

a maximum sequence match, it was necessary to 
introduce a few gaps in the sequences. Highly con- 
served regions appear throughout the sequence, in 
particular up to position 180. Regions from posi- 
tions 8 to 17, 106 to 114, 138 to 157, and 171 to 
177 are entirely conserved in the three sequences. 
Cysteine residues 38, 95, 107, 143, and 176 are 
located at the same position in the three sequences. 
Interesting is the fact that the first four cysteine res- 
idues cited are found at the same position in all 
known niflt products (Fuhrmann and Hennecke 
1984). By comparing all known nifH products, 30% 
of the residues were found to be conserved, espe- 
cially regions surrounding the cysteine residues 
(Fuhrmann and Hennecke 1984). This is also valid 
for archaebacterial ORFnifH-deduced polypep- 
tides, except for the Mc. thermolithotrophicus nifH 
product, in which the histidine, alanine, lysine, and 
tyrosine residues, occurring respectively at positions 
42, 98, 102, and 105 (Fig. 4), are different from the 
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Table 1. Codon usage in Mc. thermolithotrophicus and Mb. ivanovii O R F s m f H  compared to codon usage in Mc. voltae, Anabaena, 
and C. pasteurianum nifH genes 

Mc, C. 
pasteur- Ana- 

thermolithotrophicus Mb. ivanovii Mc. voltae ianum baena 

Total % Total % % % % 

Ala GCA 12 70 8 47 59 46 30 
GCC 2 12 2 12 0 0 7 
GCG 0 0 1 6 12 0 4 
GCU 3 18 6 35 29 54 59 

Arg AGA 5 50 3 33 50 100 5 
AGG 3 30 4 45 42 0 5 
CGA 1 10 2 22 0 0 0 
CGC 1 10 0 0 0 0 0 
CGG 0 0 0 0 0 0 29 
CGU 0 0 0 0 8 0 61 

Asn AAC 8 50 4 40 31 41 87 
AAU 8 50 6 60 69 59 13 

Asp GAC 5 29 5 29 39 29 94 
GAU 12 71 12 71 61 71 6 

Cys UGC 2 29 4 57 0 8 66 
U G U  5 71 3 43 100 92 34 

Gin CAA 1 20 2 50 50 71 90 
CAG 4 80 2 50 50 29 10 

Glu GAA 21 91 15 71 77 94 88 
GAG 2 9 6 29 23 6 12 

Gly GGA 19 58 16 51 17 58 0 
GGC 1 3 3 10 13 3 10 
GGG 7 21 3 10 7 2 0 
GGU 6 18 9 29 63 37 90 

His CAC 0 0 0 0 100 25 100 
CAU 2 100 0 0 0 75 0 

lie A UA 16 49 7 24 28 59 5 
A UC 7 21 6 21 20 29 68 
A U U  I0 30 16 55 52 12 27 

Leu CUA 4 17 1 7 12 10 16 
CUC 3 12 0 0 12 0 8 
CUG 1 4 1 7 0 0 8 
CUU 4 17 10 66 18 35 8 
U U A  10 42 2 13 40 47 30 
U U G  2 8 1 7 18 8 30 

Lys AAA 24 86 14 67 83 67 43 
AAG 4 14 7 33 17 33 57 

Met AUG 9 100 5 100 100 100 100 

Phe UUC 1 25 3 27 33 73 i00 
UUU 3 75 8 73 66 27 0 

Pro CCA 7 70 1 12 42 78 33 
CCC 0 0 0 0 8 0 23 
CCG 0 0 0 0 8 0 0 
CCU 3 30 7 88 42 22 44 

Ser AGC 2 22 2 13 0 12 17 
AGU 1 11 5 31 50 28 0 
UCA 2 22 0 0 0 44 8 
UCC 3 34 4 25 10 12 42 
UCG 1 11 0 0 0 4 0 
UCU 0 0 5 31 40 0 33 

Thr AC,4 4 45 3 37 53 55 6 
ACC 2 22 I 13 20 4 88 
ACG 0 0 0 0 0 0 0 
A C U  3 33 4 50 27 41 6 

Trp U G G  0 0 0 0 0 0 0 

Tyr UAC 5 33 1 10 69 23 78 
UAU 10 64 9 90 31 77 22 
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Me. 
C. pasteur- Ana- 

thermolithotrophicus Mb. ivanovii Me. voltae ianum baena 

Total % Total % % % % 

Val 

Ter 

GUA 7 33 5 21 30 47 65 
GUC 1 5 1 4 8 3 0 
GUG 3 14 5 21 4 0 0 
GUU 10 48 13 54 58 50 35 

UAA 1 100 1 100 100 100 0 
UAG 0 0 0 0 0 0 0 
UGA 0 0 0 0 0 0 100 

References for Me. voltae, Anabaena, and C. pasteurianum are Soillard and Sibold (1986), Mevarech et al. (1980), Chen et al. (1986), 
respectively. Ter: termination codon. Italicized bold codons indicate notable differences between methanogens and Anabaena 

1 I0 20 30 40 50 60 
Mct LKQ IAFYGKGGI GKS TTVCNI~ QGKKVMVVGCDPKHDCT SNLRGGQE IPTVLD I 
Mbi MSKRIAIYGKGGIGKST IVSNIARAY SKDYN-VLVl GCDPKADTTRTLIGKRL-PT ILDI 
MCv MRK- FC IYGKGGIGKS TNVGNMAAALAE DGKKVLVVGCDPKADS TRTLMHGK- INTVLDT 

70 80 90 i00 ii0 120 
Mct LREKGLDKLGLET I IE KEMI E IND I IYEGYNGIYCVEAGGPKPGYGCAGRGVIVVIDLLK 
Mbi VKKKKNAS I EEVLFEGYGNVKCVESGGPEPGVGCAGRGVIVAMGLLD 
Mcv FRDKGPEY ........... MKI ED IVYEGFNGVYCVESGGPEPGVGCAGRGVI TAVDMLD 

130 140 150 160 170 180 
Mct KMNLYKDLKLDIVLYDVLGDVVCGGFAMPLRMGLAEQ I YVVTS SDYMAIYAANNI CRGI S 
Mbi KLGTFSDD I -DI I IYDVLGDVVCGGFAVPLREDFADEVYIVTS GEYMALYAANNI CRGI- 
MCV RLGVYDE LKP DWIYV I LGDVVCGGFAMPLQKKLAED YYIVTTCDPMAIYAANNI CKGIK 

190 200 210 220 230 240 
Mct EFVKRGGSKLGGL IYNVRGSMDAYD I INEFADKLGAN IVGKVPNSH L IP EAE IE GKTVIE 
Mbi ---KKLKSNLGGI I CNCRGIENEVQIVSEFAGKVGSKVIGI IPGSEMVQKSEIDAKTVIE 
MCV RYGNRGKIALGGI IYNGRSVVDEP E I IDKFVE G I NSQVMGKVPMSN I ITKAELRKQTT IE 

250 260 270 280 290 
Mct YDPNDEISQVYRELAKKIYENNEGTIPKPLEN IE IMT IGKKIKERLKKERMKN 
Mbi KF GE SEQADLYRELAKS IYSNE DFVIPEPMGVDEFDEFF .......... RGFQ 
Mcv YAPD SEIANKFRELAN S IYENKKTTIPTPLSEQGLDELTE S IEELVR--RKYE 

Fig. 4. Comparison of the amino acid sequences deduced from ORFsnt fH from Me. therrnolithotrophicus, Me. voltae, and Mb. 
ivanovii. Amino acids in bold characters are conserved in at least two of the three sequences. Met, Me. thermolithotrophicus; Mcv, 
Me. voltae; Mbi, Mb. ivanovii. 

alanine, serine, glutamate, and valine residues found 
in all other nifH polypeptide sequences. Another 
difference between the Me. therrnolithotrophicus 
ORFn/fH-deduced polypeptide and all the other 
nifH products is the sequence found from positions 
69 to 81, which does not match with any archae- 
bacterial or eubacterial nifH product. Absence of 
histidine in the Mb. ivanovii ORFnifH-deduced 
polypeptide and oftryptophan in both polypeptides 
should also be noted. 

The codon usage in both nifH genes is very sim- 
ilar (Table 1), and is in agreement with that found 
in Me. voltae ORFnifH. There is a preference for 
COdons ending in A or U and little use of codons 
containing GC or CG, as expected from the high 
A + T  content. For example, ACA and ACU are more 
often used than ACC to specify threonine (ACG is 
never used), and CGG or CGC are rarely or never 

used to specify arginine. This unusual codon usage 
presents notable differences to that from the Ana- 
baena nifH gene. For example, 61% of the arginine 
in the Anabaena nifHgene is coded by CGU, which 
is never used in Me. thermolithotrophicus or Mb. 
ivanovii ORFnifH. Some other significant differ- 
ences are observed for codons GCA, GCU, AGA, 
AGG, CGG, GAC, GAU, AUA, AUC, UUC, UUU, 
ACA, and ACC. On the contrary, codon usage ap- 
pears to be better correlated with the very biased 
codon usage found in C. pasteurianum nifH se- 
quences. This result may be explained by the low 
G + C  content of  the three organisms. 

Relationship between Archaebacterial and 
Eubacterial nifH Sequences 
Percent sequence matches were calculated for all 
eubacterial and archaebacterial nifH pairs of nu- 
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Table 2. Percent sequence matches calculated for nifH nucleotide sequences of different bacteria 

Mcv Mbi Cpl Cp2 Av Ac Kp An Rj RP Rs Rm Rt Rp 

Mct 59 53 55 57 46 41 37 49 41 40 40 42 47 47 
Mcv 58 57 58 51 48 49 51 50 48 44 48 47 49 
Mbi 58 57 46 47 47 47 43 44 43 39 45 44 
Cpl 90 57 52 54 58 53 53 51 51 52 50 
Cp2 57 52 55 57 55 53 50 47 51 49 
Av 88 78 68 72 72 72 70 69 72 
Ac 80 67 70 71 72 72 70 74 
Kp 65 70 71 72 67 68 70 
An 63 61 63 63 62 64 
Rj 88 78 70 70 72 
RP 80 73 70 75 
Rs 1 and 2 72 71 74 
Rm 80 84 
Rt 81 

Organisms and references: Mb. ivanovii (Mbi), Me. thermolithotrophicus (Met), Me. voltae (Mcv) (Souillard and Sibold 1986), Clos- 
tridium pasteurianum (Cp) (Chen et al. 1986), Azotobacter vinelandii (Av) (BriNe et al. 1985), Azotobacter chroococcurn (Ac) (Robson 
et al. 1986), Klebsiella pneumoniae (Kp) (Scott et al. 1981; Sundaresan and Ausubel 1981), Anabaena (An) (Mevarech et al. 1980), 
Bradyrhizobium japonicum (Rj) (Fuhrmann and Hennecke 1984), Rhizobium sp. Parasponia (RP) (Scott et al. 1983a), Rhizobiurn 
ORS571 (Rs) (Norel and Elmerich 1987), Rhizobium meliloti (Rm) (T6r6k and Kondorosi 1981), Rhizobium trifolii (Rt) (Scott et al. 
1983b), Rhizobium phaseoli (Rp) (Quinto et al. 1985). The % sequence matches for two organisms, A and B, was: 2 x (number of 
identical nucleotides between A and B)/(number of total nucleotides in A + number of total nucleotides in B) 

47-51 
(37-51) 

M ~ 5o-5  (53-s) 

5 0 - 5 4  \ (55-58) " ~  

"~E 
67-97  

7-57) 

Cp 
92 

(90) 
Fig. 5. Relationships between methanogens (M), C. pasteur- 
ianum (Cp), and the other euhacteria (El as deduced from % 
sequence matches. Organisms and values are those of Tables 2 
and 3. Numbers indicate extreme values based on amino acids 
found in the three groups and belween different groups; numbers 
in brackets are values based on nucleotides. 

cleotide sequences (Table 2) and amino acid se- 
quences (Table 3). The  organisms listed in Tables 
2 and 3 fall into three groups: methanogens,  C. pas- 
teurianum, and the other  eubacteria (Fig. 5). The 
main conclusions are as follows: (1) values based on 
amino acids are higher than values based on nu- 
cleotides, except for methanogen pairs and C. pas- 
teurianum-methanogen pairs; (2) values between 
methanogens (50-59%) are lower than values found 
among eubacteria (61-97%) (C. pasteurianum ex- 
cepted); (3) f rom values based on amino acids, C. 
pasteurianum appears closer to eubacteria (61-66%) 
than to methanogens (50-54%), but  the difference 
between C. pasteurianum and methanogens is sire- 

ilar to differences within the methanogens them-  
selves (50-55%). On the contrary,  at the nucleotide 
level, C. pasteurianum appears to be more  closely 
related to methanogens (55-58%) than to the other  
eubacteria (47%--57%). 

Discussion 

Nucleotide Sequence of  nifH Regions 
with Sequence Similarity 

The nueleotide sequences o f  D N A  regions from Mc. 
thermolithotrophicus and Mb. ivanovii with se- 
quence similarity to nifH confirm the sequence 
matches previously detected with nifH probes (Si- 
bold et al. 1985; Possot et al. 1986). Expression o f  
the genes at the m R N A  level as well as the char- 
acterization o f  nitrogenase are under  study and 
should definitely confirm the role of  these sequences 
in nitrogen fixation. The  putat ive translation initi- 
ation codons of  Mc. thermolithotrophicus and Mb. 
ivanovii ORFsnifH were chosen because they are 
preceded by sequences complementa ry  to the 3' end 
of  16S rRNAs,  which may act as r ibosome-binding 
sites. These Shine and Dalgarno (1974)-1ike se- 
quences were found in most  sequenced genes from 
methanogens (for a review, see Reeve et al. 1986). 
For  Me. thermo#thotrophicus ORFnifH, a U U G  co- 
don was predicted to be the translation init iation 
codon, because no A U G  or G U G  codon was found 
in the region following the Shine and Dalgarno-like 
sequence. In addition, the first conserved region in 
ORFnifH was found 15 bp downst ream from the 



Table 3. Percentsequencematches calculated for nifH-deduced amino acid sequences ofdifferent bacteria 

Mcv Mbi Cpl Cp2 Av Ac Kp An Rj RP Rs Rm Rt Rp 

Met 55 50 50 51 48 47 48 46 46 46 45 48 46 48 
Mcv 50 52 54 50 50 51 50 49 49 49 49 49 49 
Mbi 53 54 50 51 48 46 48 48 48 47 50 48 
Cpl 92 66 65 64 61 61 61 61 62 61 62 
Cp2 66 65 65 61 61 63 61 63 63 63 
Av 89 88 71 75 74 73 68 69 70 
Ae 85 72 74 71 71 71 73 73 
Kp 70 74 74 75 67 68 70 
An 70 70 72 69 70 71 
Rj 97 92 77 78 79 
RP 93 76 77 79 
Rsl and 2 79 77 80 
Rm 91 93 
Rt 90 
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Same abbreviations as in Table 2. The % sequence matches for two organisms A and B was: 2 x (number of identical amino acids 
between A and B)/(number of total amino acids in A + number of total amino acids in B) 

U U G  codon,  which is in agreement with the other 
nifH gene sequences. U U G  translation initiation 
codons have already been found in other bacteria 
and may play a role in regulation o f  translation (for 
a review, see Marli6re et al. 1987). Ups t ream and 
downstream from ORFnifH, no sequence matches  
were found between Mc. thermolithotrophicus and 
Mb. ivanovii. In both sequenced regions, ORFs  sur- 
rounding ORFnifH were found. It is worth noting 
that several features o f  n / f  gene organization are 
different between eubacteria and methanogens.  In 
eubacteria, nifH is often adjacent to nifDK, and the 
three genes are organized in a single operon tran- 
scribed from nifH to nifK. This is the case in K. 
pneumoniae (Elmerich et al. 1978; Merrick et al. 
1978), Azotobacter vinelandii (Krol et al. 1981), Azo- 
tobacter chroococcum (Jones et al. 1984), Azospiril- 
lure brasilense (Perroud et al. 1985), Rhodopseu- 
domonas capsulata (Avtges et al. 1983), Gloeothece 
(Kallas et al. 1983), and several Rhizobium species 
(Ruvkun et al. 1982; Schetgens et al. 1984; Donald  
et al. 1986; Den6fle et al. 1987). In A. chroococcum, 
a second copy of  the nifH gene is found adjacent to 
a gene coding for a ferredoxin-like protein (Robson 
et al. 1986). For  Me'. therrnolithotrophicus and Mb. 
ivanoviL no sequence matches were detected be- 
tween ORFs  surrounding ORFnifH and nifDK or 
a gene coding for a ferredoxin. No  sequence resem- 
bling the promoter  consensus for archaebacteria was 
found upstream from either ORFnifH. This may 
indicate that the O R F  immediately  preceding ORF-  
nifH and ORFnifH itself is cotranscribed in meth-  
anogens, whereas nifH genes f rom eubacteria are 
immediately  preceded by a promoter .  Oligo-T se- 
quences and potential hairpin structures found in 
the 3' noncoding regions following Mc. thermolith- 
otrophicus and Mb. ivanovii ORFsnifH suggest that 

t ranscr ip t ion  is t e r m i n a t e d  i m m e d i a t e l y  d o w n -  
stream to both ORFsnifH. 

Comparison of Amino Acid Sequences 

Many features c o m m o n  to previously described nifH 
gene products were found in the Mc. thermolitho- 
trophicus and Mb. ivanovii O RFnif  H-deduced poly- 
peptides: (1) there is no t ryptophan residue, like all 
nifH products except in Rhizobium trifolii; (2) po- 
sitions ofcysteine residues are conserved; (3) regions 
surrounding cysteine residues are highly conserved. 
Conservat ion o f  nifH products in eubacteria has 
been suggested to be due to the fact that the nitrog- 
chase Fe protein interacts with electron donor  pro- 
teins, with the MoFe protein, and with A T P  (Eady 
and Smith 1979). Highly conserved regions may be 
necessary for all these interactions. Several regions 
o f  sequence similarity were found between nitrog- 
enase Fe proteins and other ATP-binding  proteins 
(Robson 1984). One of  them contains the sequence 
G K G G I G K S ,  which is also found in the three ORF-  
nifH products of  methanogens,  f rom positions 9 to 
16 (Fig. 4). This sequence is included in the G(four 
amino acid residues)GK(S/T) consensus sequence 
proposed as the ATP-binding  site o f  ATP-binding  
proteins (Higgins et al. 1986). 

There are no strong differences between predicted 
amino acid sequences of  the two methanogenic 
polypeptides, despite the fact that Mc. thermolith- 
ottvphicus is a thermophile.  Sequences of ORFpurE 
from two other methanogens,  Mb. thermoautotro- 
phicum AH, a thermophil ic  bacterium, and Meth- 
anobrevibacter smithii, a mesophilic bacterium, have 
previously been compared  (Hamil ton and Reeve 
1985b). The authors did not observe additional op- 
portunities to form disulfide bridges in the enzyme 
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of  the thermophile,  which would increase thermal 
stability. However,  they observed frequent changes 
o f  glycine to alanine, serine to alanine, and lysine 
to arginine when compar ing  the sequence o f  the 
mesophilic and the thermophil ic  enzymes. Such 
changes do not occur significantly in the predicted 
sequences of ORFnifH products from Mb. ivanovii 
and Mc. thermolithotrophicus, but % sequence 
matches between Me. thermolithotrophicus and Mb. 
ivanovii or Me. thermolithotrophicus and Me. voltae 
are lower than between Mb. ivanovii and Mc. voltae, 
which are two mesophilic bacteria. More remark-  
able is the presence of  a sequence o f  12 amino acid 
residues in the predicted polypeptide from Mc. ther- 
molithotrophicus, from positions 69 to 81 (Fig. 4), 
which does not appear in any other known nifH 
sequence. An interesting speculation is that this se- 
quence could be an intron or the vestige o f  an intron. 
It is indeed surrounded by the sequences 5'- 
AGTGTTTAG- 3 '  and 5 ' -TAGTAA-3' ,  which are 
reminiscent o f  the consensus for splice sites in eu- 
karyotic introns: 5 ' -AGTGT(A/G)AGT-3 '  and 5'- 
(C /T)AGTG(G/T) -3 '  (Brea thnach  and  C h a m b o n  
1981). The putative splice sites indicated by arrows 
in the Mc. therrnolithotrophicus sequence are located 
at positions corresponding to splice sites in the eu- 
karyotic consensus sequences. Up  to now, no in- 
trons have been found in methanogens.  In other 
archaebacteria, several introns have been found, but  
not in genes coding for proteins (for a review, see 
Dennis 1986). 

Sequence Divergence and Evolution 

Percent sequence matches between mfH-deduced 
polypeptides from methanogens and eubacteria are 
consistent with the distant phylogenetic position of  
archaebacteria and with the absence o f  recent lateral 
transfer of  n/f  genes between the two kingdoms. 
However,  the low values found between methano-  
gens and the particular position o f  C. pasteurianum 
deserve further comment .  Methanogens appear  to 
be as distant f rom each other as they are f rom eu- 
bacteria. This unexpected result can be explained 
by the fact that Methanomicrobiales  and Methan-  
ococcales are relatively distant from each other. The 
SAD values based on compar ison of  16S r R N A  be- 
tween the two groups o f  methanogens are about 0.25, 
whereas they are about  0.1 between eubacteria and 
a rchaebac te r i a .  A c c o r d i n g  to this  c o m p a r i s o n ,  
Methanomicrobiales  and Methanococcales are as 
distant from each other as, for example, cyanobac-  
teria from enterobacteria. It is therefore not sur- 
prising that the % sequence matches based on nifH 
comparison are relatively low between Mc. ther- 
molithotrophicus and Mb. ivanovii. On the contrary, 
the SAB values based on 16S r R N A  compar ison be- 

tween Mc. thermolithotrophicus and Mc. voltae are 
about  0.45 (these two bacteria belong to the same 
genus), but  their ORFsnifH are also relatively dis- 
tant. However,  as nitrogen fixation is not  observed 
with Mc. voltae, the ORFnifH from Me. voltae may 
not  be expressed and would therefore not be under  
the same selective pressure as a functional nifH 
gene, and could have evolved differently. In order 
to compare  ORFsnifH from the three branches o f  
methanogens,  it may  be o f  interest to establish the 
sequence of  the ORFnifH f rom the nitrogen-fixing 
Methanomicrobiale  Ms. barkeri. 

Clostridium pasteurianum seems to have a unique 
position, intermediate between the other  eubacteria 
and methanogens.  The % sequence matches at the 
amino acid level clearly group this bacterium with 
the other eubacteria. However ,  at the nucleotide 
level, C. pasteurianum seems to be closer to meth-  
anogens. Two biases could account  for this result: 
(I) the high A + T  content  o f  both C. pasteurianum 
and methanogens; (2) the short length o f  the ORFs-  
nifH of  C. pasteurianum, Mc. voltae, and Mb. iva- 
novii. However ,  one cannot  exclude an ancient lat- 
eral transfer o f  n f g e n e s  between Clostridium and 
methanogens which are found in the same type of  
habitats. Hennecke et al. (1985) has suggested that 
the % sequence matches at the amino acid level 
between C. pasteurianum and Anabaena (60%) rep- 
resented the lower limit o f  conservation necessary 
to preserve the properties o f  the Fe protein. It seems 
that this limit was overestimated,  since the value o f  
50% was found in the case o f  methanogens.  
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