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Summary. Rhodobacter capsulatus genes homologous to 
Klebsiella pneumoniae nifE, nifN and nifX were identified 
by DNA sequence analysis of a 4282 bp fragment of mf  
region A. Four open reading frames coding for a 51188 
(NilE), a 49459 (NifN), a 17459 (NifX) and a 17472 
(ORF4) dalton protein were detected. A typical NifA acti- 
vated consensus promoter and two imperfect putative NifA 
binding sites were located in the 377 bp sequence in front 
of the nifE coding region. Comparison of the deduced ami- 
no acid sequences of R. capsulatus NifE and NifN revealed 
homologies not only to analogous gene products of  other 
organisms but also to the e and fl subunits of the nitrogen- 
ase iron-molybdenum protein. In addition, the R. capsulatus 
nifE and nifN proteins shared considerable homology with 
each other. The map position of nifX downstream of nifEN 
corresponded in R. capsulatus and K. pneumoniae and the 
deduced molecular weights of  both proteins were nearly 
identical. Nevertheless, R. eapsulatus NifX was more related 
to the C-terminal end of NifY from K. pneumoniae than 
to NifX. A small domain of approximately 33 amino acid 
residues showing the highest degree of homology between 
NifY and NifX was also present in all nifB proteins ana- 
lyzed so far. This homology indicated an evolutionary rela- 
tionship of n/fX, mfY and nifB and also suggested that 
NifX and NifY might play a role in maturation and/or 
stability of the iron-molybdenum cofactor. The open read- 
ing frame (ORF4) downstream of nifX in R. capsulatus is 
also present in Azotobacter vinelandii but not in K. pneu- 
moniae. Interposon-induced insertion and deletion mutants 
proved that nifE and nifN were necessary for nitrogen fixa- 
tion in R. capsulatus. In contrast, no essential role could 
be demonstrated for nifX and ORF4 whereas at least one 
gene downstream of ORF4 appeared to be important for 
nitrogen fixation. 
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Introduction 

The purple non-sulfur photosynthetic bacterium Rhodo- 
bacter capsulatus, formerly called Rhodopseudomonas capsu- 
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lata (Imhoff et al. 1984), is able to fix atmospheric dinitro- 
gen. Several genes involved in the nitrogen fixation process 
were previously identified and cloned (Avtges et al. 1983, 
1985; Kranz and Haselkorn 1985; Ahombo et al. 1986; 
Klipp et al. 1988; for a review see Haselkorn 1986). In con- 
trast to Klebsiella pneumoniae, the R. capsulatus nif genes 
are not clustered (Willison et al. 1985). Physical mapping 
of Tn5 induced Nif -  mutants revealed three not closely 
linked n/fgene clusters in R. capsulatus and these were des- 
ignated n/f regions A, B and C (Klipp et al. 1988). Within 
n/f region A, DNA fragments hybridizing to K. pneumoniae 
nifE, nifS, nifB and nifA were localized (Klipp et al. 1988). 
DNA sequencing also established the existence of nifA and 
nifB analogous genes in this region (Masepohl et al. 1988). 
A reiteration of nifA and nifB (nifA/nifB copy II; Masepohl 
et al. 1988) is located in mf  region B downstream of the 
niJHDK operon, which encodes the subunits of the nitro- 
genase (Avtges et al. 1983; Schumann et al. 1986), and the 
regulatory gene nifR4 (Kranz and Haselkorn 1985; 
Ahombo et al. 1986). Three additional genes (nifR1-R3), 
which are involved in transcriptional control of other n/f 
genes, were identified by Kranz and Haselkorn (1985) and 
mapped in mfregion C. The existence of typical NifA acti- 
vated promoters in front of both copies of nifB (Masepohl 
et al. 1988) and in front of nifH (Pollock et al. 1988) sug- 
gests that expression of non-regulatory R. eapsulatus nif 
genes is controlled by the same mechanisms as in other 
nitrogen fixing organisms. 

Biological nitrogen fixation is catalyzed by the nitrogen- 
ase enzyme complex, which is composed of the Fe-protein 
and the MoFe-protein. The Fe-protein is a dimer of identi- 
cal subunits (NifH), which contains a single [4Fe-4S] clus- 
ter. The MoFe-protein is a tetramer of two NifD and two 
NifK subunits, which includes 2 iron-molybdenum cofactor 
(FeMoco) centers and about 16 additional iron and acid- 
labile sulfur ions (for review see Orme-Johnson 1985). In 
K. pneumoniae the nifH, nifD and nifK genes are part of 
an operon which also includes n/fT and n/f  Y, two genes 
of unknown function (Arnold et al. 1988). 

Six K. pneumoniae genes are known to be involved in 
FeMoco biosynthesis: nifH, nifQ, nifB, nifV, nifE and n/fN. 
A clear function has been assigned only to n/f V, which 
encoded a homocitrate synthase (Hoover et al. 1987). Impe- 
rial et al. (1984) proposed that nifQ is involved in the pro- 
cessing of molybdenum. A central role for nifB in FeMoco 
biosynthesis is supported by the existence of analogous 
genes in a variety of different organisms including Rhizo- 
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Table 1. Bacterial strains and plasmids 

Designation Characteristics a Source or reference 

Bacterial strains 

Rhodobacter capsulatus B10S 
Escherichia coli JM83 
E. eoli S17-1 

E. coli S605 

Plasmids 

pUC8 
pSVB20 
pSVB23 
pSVB25 
pSUP202 
pSUP301 
pSUP2021 
pSUP10141 
pWKR31.2 
pWKR189 
pWKR300 
pWKR300.1I ¢ 
pWKR300.2I/II c 
pWKR300.3I ~ 
pWKR300.4I/II c 
pWKR42 
pWKR298I/II c 
pCMV171 
pCMV180I/II ~ 
pCMV200I/II c 

Spontaneous Sm r mutant of R. capsulatus B10 
Host for pUC8 and pSVB plasmids 
RP4-2 (Tc:: Mu) (Km:: Tn7) 
integrated in the chromosome 
E. coli C600 Met: : Tn5 

Ap r, Lac + 
Ap ~, Lac + 
Ap ~ 
Ap r 
Ap ~, Tc r, Cm r, mob 
Ap ~, Km r, mob 
pSUP202: : Tn5 
pSUP101 : : Tn5-Tc 
6.8 kb HindIII fragment of R. capsulatus cloned in pSUP202 
3.6 kb BamHI fragment carrying Gm ~ cloned from pPH1JI b into pUC8 
3 kb EcoRI fragment carrying nifEN cloned into pSUP202 
pWKR300 nifE: : [Km] d 
pWKR300 nifE:: [Kin] d 
pWKR300 nifN: : [Km] d 
pWKR300 nifN: : [Kin] d 
0.9 kb EcoRI fragment carrying n/fJ( cloned into pSUP202 
pWKR42 mfX:: [Kin] e 
2.3 kb HindIII-XhoI fragment carrying ORF4 cloned into pSUP301 
pCMV171 ORF4: : [Gin] f 
pCMV171 ORF4: : [Gm] f, (Tc~) g 

Klipp et al. (1988) 
Vieira and Messing (1982) 
Simon et al. (1983) 

Klipp and Pfihler (1984) 

Vieira and Messing (1982) 
Arnold and P/ihler (1988) 
Arnold and Pfihler (1988) 
Arnold and Pfihler (1988) 
Simon et al. (1983) 
Simon et al. (1983) 
Simon et al. (1983) 
Simon et al. (1983) 
Klipp et al. (•988) 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 
This work 

a Only characteristics relevant for this study are listed. Sm, streptomycin; Ap, ampicillin; Tc, tetracycline; 
kanamycin; Gm, gentamicin 
b Hirsch and Beringer (1984) 
° Roman numbers refer to the orientation of the cloned interposon 
d Tn5 deletion mutant unable to transpose 
e Km r interposon derived from pSUP2021 

Gm r interposon derived from pWKR189 
g A PstI fragment from pSUP10141 carrying Tc r was cloned into pCMV180I and pCMV180II 

Cm, chloramphenicol; Km, 

bium meliloti (Buikema et al. 1987), R. leguminosarum (Ros- 
sen et al. 1984; Buikema et al. 1987), Bradyrhizobiumjaponi- 
cure (Fuhrmann  et al. 1985; Not i  et al. 1986). Azotobacter 
vinelandii (Joerger and Bishop 1988) and R. capsulatus (Ma-  
sepohl et al. 1988). D N A  sequence analysis revealed a high 
degree of  homology  between the nifEN encoded gene prod-  
ucts and the two subunits o f  the MoFe-pro te in  from K. 
pneumoniae (Arnold  et al. 1988) and A. vinelandii (Brigle 
et al. 1987). These homologies  in amino acid sequence indi- 
cate that  the nifEN proteins  can form a complex structural ly 
analogous to the MoFe-pro te in  (Brigle et al. 1987). In  K. 
pneumoniae and A. vinelandii, the nifE and nifN genes are 
organized in one t ranscr ipt ion unit  together  with n/fX, a 
gene of  unknown function (Kl ipp and Pfihler 1986; Brigle 
et al. 1987), whereas nifE and n/fN are separated from each 
other  in R. meliloti (Aguilar  et al. 1987). 

In this work  we present  the complete nucleotide se- 
quence and describe the genetic character izat ion of  a D N A  
fragment  located in R. capsulatus nif region A, which in- 
cludes nifE, nifN and n/fX. 

Materials and methods 

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

Media and growth conditions. R. capsulatus was cult ivated 
at 30 ° C in RCV medium described by Weaver  et al. (1975) 
or on PY plates as described previously (Klipp et al. 1988). 
Growth  on N2 (Nif  + phenotype)  was tested in ammonium-  
free RCV medium in microt i ter  plates incubated in an an- 
aerobic j a r  (GasPak,  BBL Microbiology Systems). 
Escheriehia coli strains were grown at  37 ° C in LB medium 
(Miller 1972). The antibiotic concentrat ions used were as 
described elsewhere (Masepohl  et al. 1988). 

DNA biochemistry. D N A  isolation, restriction enzyme anal-  
ysis, agarose gel electrophoresis and cloning procedures 
were performed using s tandard  methods (Maniat is  et al. 
1982). Restr ict ion endonucleases, T4 D N A  ligase and 
Klenow polymerase were obtained from Bethesda Research 
Labora tor ies  and were used as recommended by the suppli- 
er. 

DNA sequencing. Sequencing was performed for both  D N A  
strands according to the chemical degradat ion  method 
(Maxam and Gilbert  1980) using ~-[32p]dCTP or  7- 
[32p]ATP for 3' or  5' labeling, as previously described (Ar- 
nold et al. 1988). Various defined restriction fragments from 
the recombinant  plasmid pWKR31.2  were cloned into the 
appropr ia te  restriction sites of  the sequencing vectors 
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Fig. 1A-D. Sequence analysis of a Rhodobacter capsulatus DNA region with homology to Klebsiella pneumoniae nifE and identification 
of open reading frames. In A, vertical arrows above the physical map of R. capsulatus nif region A indicate the location of Nil: : Tn5 
insertions (Klipp et al. 1988). Open arrows below the physical map show location, size and orientation of nifA, nifB and ORF1 (Masepohl 
et al. 1988). Filled bars indicate regions of homology to K. pneumoniae nifE and nifS. A detailed restriction map of the sequenced 
region is given in B at larger scale and the sequencing strategy is presented in C. Arrows indicate the direction and extent of each 
sequenced clone and arrows marked by a dot show DNA regions from which the sequence of both strands was obtained from the 
same clone. The distribution of translational termination codons in all six reading frames and the location of four open reading frames 
is indicated in D. The designation NifE, NifN and NifX of these coding regions is based on amino acid sequence homology to analogous 
genes from other organisms (Figs. 3A, B, 4A). Abbreviations: BamHI (B), BstEII (T), ClaI (C), EcoRI (E), HindIII (H), PstI (P), 
Sinai (S), XhoI (X) 

pSVB20, pSVB23 and pSVB25. Fragments for overlapping 
sequencing were generated by partial digestion with Sau3A 
in the presence of ethidium bromide (Parker et al. 1977) 
followed by digestion with BamHI, resulting in plasmids 
with different deletions. Nested deletions were also induced 
by digestion with EcoRI followed by a fill-in reaction by 
Klenow polymerase and partial digestion with HaeIII. All 
restriction sites, with the exception of two PstI sites, were 
confirmed by overlapping sequencing. Sequences were com- 
pared using the computer programs previously described 
(Masepohl et al. 1988). 

Construction of  plasmids for interposon mutagenesis. The 
2986 bp EcoRI fragment (Fig. 5) carrying nifE and part 
of nifN was cloned into the mobilizable vector plasmid 
pSUP202. The resulting hybrid plasmid pWKR300 was mu- 
tagenized by transposon Tn5 in E. coti $605 selecting for 
the enhanced kanamycin (Km) resistance of strains carrying 
Tn5 on multicopy plasmids (Klipp and Piihler 1984). Plas- 
mids with the desired nifE: : Tn5 and nifN:: Tn5 insertions 
were subsequently digested with XhoI. Religation and selec- 
tion for Km resistance resulted in plasmids containing a 
Tn5 deletion derivative unable to transpose. The n/fX muta- 
tion was constructed by cloning the XhoI fragment of Tn5 
encoding Km resistance from plasmid pSUP2021 into the 
pSUP202 derivative pWKR42, which contains the R. capsu- 
latus 918 bp EcoRI fragment. To construct an ORF4 muta- 
tion, the 2.3 kb HindIII-XhoI fragment was first cloned into 
the mobilizable vector plasmid pSUP301, resulting in 

pCMV180I/II. Two internal EcoRI fragments were substi- 
tuted by an EcoRI fragment encoding gentamicin (Gin) 
resistance. This fragment was isolated from plasmid 
pWKR189, which was generated by cloning a BamHI frag- 
ment of pPHIJI  (Hirsch and Beringer 1984) into the multi- 
ple cloning site of pUC8. Since the ampicillin resistance 
of pCMV180I/II cannot be used in R. capsulatus, one of 
the two PstI restriction sites of this plasmid was used to 
insert a PstI fragment encoding the tetracycline (Tc) resis- 
tance from plasmid pSUP10141. 

Homogenotization ofinterposons. Plasmids containing inter- 
posons were mobilized from E. coli $17-1 into R. capsulatus 
B10S by filter matings (Masepohl et al. 1988). Since these 
plasmids are not able to replicate in R. eapsulatus, selection 
for the interposon mediated Km or Gm resistance and sub- 
sequent test for loss of the vector encoded Tc resistance 
resulted in the desired interposon mutants. Correct homo- 
genotization of the interposon was verified by Southern 
hybridization of different restriction enzyme digests of total 
DNA isolated from these R. capsulatus mutants. 

R e s u l t s  

DNA sequence analysis 

Figure 1 A shows the physical map of the R. eapsulatus nif 
region A as well as Tn5 insertions resulting in a Nif- pheno- 
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G~TTCACCCG~CGCATGGGGATG~TGGTGCGC~GGAC~CCT~GGCTTCG~CCTG~GGTCCTGG~GCTATGC~GC~ATCGTGACG~TGGCGTGATCG I00 

AGGCCTGGTTCG~GAGCCCGGCCTGATGGAC~CTGCCCCGAGGATCCCTATGGCGTCTCCAGCCCGGAAAACG~CTGGCCTGGCTGAAAACCGCG~ 200 

AGTCGCCTGAGCGATCCGACAGAGG~CCGAAAGCCCCGCCCGTcCGGCGTGGC~CTGTTGCAGGCCGTCCGAC~TTTGTCGGATATGCTCCAAACCC 300 

M S E A L K S K  Nile 
GGCGCCGTGGCTGCAAAGAC~GGGTCG~TCAC~GGCACG~GCTTGCTTCATCCCT~TGA~AGGGGGATGCATCATGTCCG~GCC~G~GTCG~ 400 

|1111 I ~ I e e e  

I A D V L N E P G C A T N S T K T D V L R K R G C A E R L T p G A 
~TCGcCGATGTCCTG~CGAGCCGGGCTGTGC~CC~CGACC~GACCGATGTTCTGCGC~GAGGGG~GCGCCGAGCGG~GACCCCGGGGG~C 500 

A A G G C A F D G A M T A L Q P I V D V A H L V H A p A A C W S N 
GCGG~cGGTGG~GCGCCTTTGACGGCGCGATGACCGCGCTGCAGCCGATCGTGGATGTCGCCCATCTGGTCCATGC~CCCGCCGc~G~TGGT~G~CG 600 

G W D N R S S A S S G S E L Y R K G F T T D L S E L D I V M G H G E 
GCTGGGAC~CCGCTC~CGGcCTCGTCGGG~CGGAGCT~AcCGC~GGGCTTCACCACCGATCTGTCGG~CGACATCGTCATGGGcCACGGCGA 700 

K K L Y R A L R P V I E A E S P A A V F V Y A T C V T A L I G D D 
G~GAAACTTTACCGCGCGCTCCGCCCGGTGATCGAGGCGGAAAGCCCCGCCGCCGTCTTCGTCTATG~GAC~GCGTGACGGCGCTGATCGGCGACGAT 800 

L G A V C G A A T A K W G A P C V P V G V P G F A G S K N L G N K  
CTGGGTG~GGTCTGCGGGGCGGCGACGGCGAAATGGGGCGCGcCCTGcG~CCGGTCGGTGTGCCGGGG~CGCGGGGTCG~G~C~GGGC~C~GC 900 

L G G E A L L D R V V G A L E P E T V T P C D V N I I G D Y G L S G  
TGGGCGGAGAGGCGC~CTGGATCGCGTCGTCGGCGCGCTGG~CcCGAGAcGGTGACGcCCTGTGACGTC~CATCATCGGCGA~ACGGcCTGTCGGG 1000 

E L W Q V K P L L D K L G I R I L G S I A G D A R Y K Q V A M A H  
CGAGCTGTGGCAGGTG~GCCGCTG~CGAC~GCTCGGCATCcGCATTCTGGGCTCGATCGCCGGGGATGCGCGCTAC~GCAGGTGGCGATGGCGcAT 1100 

R A K V T M L VC S Q A L I N V A R K M Q E R Y G I P Y F E G S F 
CGGG~C~GGTGAcGATGCTGGTCTG~GCAGGCGcTGATC~TGT~GcGcGC~GATG~AGGAGCGcTACGGcATCCCcTA~TCGAGGGGTCATT~ 1200 

y G I S D T S Q S L R R I C E L L V D Q G A P K D L L N R C E V L V 
ACGGCATTTCCGACAC~CGC~TCGCTGCGCAGGATATGCG~TTGCTGGTGGATCAGGGCGCGCCG~GGACC~CTG~CCGCTGCGAGGTGCTGGT 1300 

A R E E A K A W A A L K P F R P R V A G R R V L L Y T G G H K S W 
CGCCAGGG~GAGGCAAAGGCCTGGGCGGCGCTGAAACCATTTCGCCCGCGCGTCGCGGGGCGTAGGGTGCTGCTTTACACCGGCGGGCACAAATC~GG 1400 

S V A S A L Q E L G M E V V G T S M R K V T A N D R D R V I E I M 
TCCGTCGCCTCGGCGCTGCAGG~CTGGGGATGGAGGTCGTCGGCACCT~GATG~G~GGTGA~GGCG~TGAC~G~GACCGGGTGATCGAGAT~ATGG 1500 

G D D K H M C E N M A P R E M Y Q E C C A R R A D V L L S G G R S Q  
GCGACGAC~GCACATGTGTGAAAACATGGCCCCGCGCGAGATGTATC~G~TGCTGCGCACGCCGGG~GGATG~CTTTTGTCGGGCGGGCGGTCGCA 1600 

F V A L K A L V P S V D V N Q E K H E P Y A G Y M G M V D L V R A  
ATTCGTCGCCCTG~GGCGCTGGTGCcCTCGGTCGATGTC~TCAGGAAAAGCACG~CCCTATGCCGGGTATATGGGCATGGTCGATCTGG~CGCGCC 1700 

I D R S V N N P M W A D L R A P A P W D A S L T G S V V S ~ P S G 
AT~ACCGATCGGTG~C~CCCGATGTGGGCcGAT~GCGCGCCCCGGCGCCCTGGGATGCGTCCTTGACCGGATCGGTCGTGTCCGTCCCTTCGGGCC 1800 

P A R * 
CTGC~GGTGAC~GGGATTT~CGCGCCGATGGGGCGAGTCCCGGTGCTGGTGTCG~CAGGTCGTCGcGGCGCTGCTGATCCCGGTCGCGCCCAGT~G 1900 

M A V L T H S R R A L S T N P L K T S NifN 
GTCGcGATGACC~CCGTCACcGA~T~GAGGA~G~GACATGGCCGTGCTGACCCA~CCcGTcGCGCCC~TCGACC~TCCGCTG~GAC~CG 2000 

o o o e  

A P L G A A M A Y L G I E G A V P L F H G A Q G C T A F G V V H L 
G~CCcCTTGGCGCGGCCATGGC~ATCTGGGcATCGAGGGcGCGGTGcCG~TG~T~ACGGTGCG~AGGG~TG~A~G~GG~GTGG~CA~G 2100 

V R H F K E A V P L Q T T A M N E V S T I L G G G E Q I E E A I D N 
TCCGCCATTTC~GG~GCCGTGCCGCTGCAGAcCACCGCGATG~CGAGGTCTCGA~GATCCTTGGCGGGGGCGAGCAGATCGAGG~GCCATCGAC~ 2200 

I R K R A N P K F I G I A S T A L T E T R G E D I A G E L R A M Q 
CATCCGC~GCGGG~G~CCcGAAA~CATCGGCATcGCCTcCACcGCGCTGAC~GAAACCCGGGGCGAGGATATCGcGGGCG~G~G~GcGATG~AG 2300 

V R R K D W V G T A V V H V I T P D F E G G Q Q D G W A K A V E A  
GTCCGGCGC~GGAT~GGTCGGGACCGCGGTCGTTCATGT~TCACCCCGGATTTCGAGGGCGGTCAGCAGGACGG~TGGGcG~GG~GTCGAGGCGA 2400 

I V A A L V P V T A E R D P D L R Q V T L L V P S C F T T A E I D E 
TCGTCGCCGCGCTGGTCCCGGTGAcGGCCG~CG~GAcCCCGATCTGCGGCAGGTGACGCTGcTGGTGCCGAGCTG~TCACCACCGCCGAGA~GACGA 2500 

A V R M I R A F G L S P I V L P D L S T S L D G H L S D D W S G H 
GGCGGTGcGGATGATcCGCGCCT~GGTCTGTCGCCCATCGTGCTGc~cGATCTCT~CAC~GCTCGACGGGCATCTGTCGGA~ACTGGTCGGGCCAT 2600 

S L G G T R L D D I A R I P R S A V T L A I G E Q M R A A A P M I 
TCG~TCGGCGGCAcCcGTcTGGACGACATCGCCCGCA~CcCcGTT~GG~CGTGACGCTGG~GATCGGCGAGCAGATGCGCG~CG~CGcGCCGATGATCG 2700 

E D R A L V P Y R V F Q S L T G L K V V D A F V R V L M E L S G M Q  
AGGACcGcGCGCTGGTGCcCTATCGCGTCTTTCAAAGCCTGACCGGGCTG~GGTCGTcGATGCCTTTGTCcGGGTG~GATGGAGCT~CGGGGATGCA 2800 

D P P P S T K R D R A R M M D A A L D A H F F T G G L R V A I G A 
GGACCCGCCCCC~CGACC~GCGCGACCGGGCGCGGATGATGGATGCGGcGCTTGATGCGCA~TC~CACCGGGGGCTTG~GCGTCGCCATCGGCGCC 2900 

D P D L M F A L S T A L V S M G A E I V T A V T T T Q N S A L I E  
GATCCCGATCTGATGTTCGCGCT~CCACCGCG~TGTGTCGATGGGGGCGGAGATCGTCACCGCCGTCACCACCACGCAG~TTCCGCG~GATCGAGA 3000 

K M P C A E V I L G D L G D V E R G A G Q A E A Q I L I T H S H G R  
A~TGCCCTGCGCCGAGGTCATTCTGGGCGATCTGGGCGATGTCG~CGCGGCGCAGGGCAGGCCGAGGCGCAGATCCTGATCACCCACAGCCACGGCCG 3100 



H A A A A L H L P L V R A G F P I F D R I G A Q D T C R I G Y R G 
CCATGC~GCCGCGGCGCTG~AT~GCcGCTGGTCcGcGCCGGTTT~GATCTTCGACCGCATCGGCGCGCAGGATACCTGCCG~ATCGG~ATCGCGGC 3200 

T R A F F F E I A N A M Q A I H H R P R P E D F G A A P I P Q E F 
ACCCGCGCGTTCTTTTTCGAAATCGCC~TGCGATG~AGGCGATCCATCACCGc~C~CGCC~CGAGGA~TcGGGGCAGCCCcCATCCCTCAGGAGTTTG 3300 

o o o o  

M S R T L R L V E P A G P A P G E K P L R V A I A S N D L E N L NifX 
D H V P H P A P C *  
ACCATGTCCCGCACCCTGCGCC~GTTGAGCCGG~AGGCCCCGCCCC~GGTGAAAAGCCG~TGCGCGTCGCCATCG~CTCG~CGAT~GGAAAATcTTG 3400 

D A H F G S A R Q I A V Y E V W K T G A R F V E V H Q F S S A T D Q  
ACGCGCATTTCGGCTCGGcCCGGCAGATCGCGGT~ACGAGGTCTGG~GACcGGCGCCCG~TcGTCGAGGTGcATCAGT~TCCTCGGCCAC~GACcA 3500 

K G R H D E L E D R I G P K L E A L S G C T L V F A L A V G G P S 
G~GGGCCGCCATGA~GAGCTGGAGGACCGCAT~GGCCCG~GCTCGAGGcG~T~GGG~TGCA~GCTGGTCTTTGCcCT~cCGTCGG~GGGCCGT~ 3600 

A A R M V R A G M H P I K R K E P E P I S A V I E Q V Q V M L N G  
GCCGCGCGGATGGTGCGGGCGGGGATGCATCCGATC~GCGC~GG~CCCGAGCCGATTTCGGCGGTGATCGAGCAGGTGCAGGTGATGcTG~CGG~A 3700 

T P P P F L R K V L G T W E K P D F T A D F E E E E V * M T M T L D  ORF4 
C~CCGCCGC~CTT~CTGCGC~GG~CTGGGCAC~GGGAAAAAC~CGATTTCAcCGCCGATTTCG~GAGG~GAGGT~TGATGACGATGACGCTGGAT 3800 

o o e o  

A A R G G E M V E S P F L A Q L V A V I R A E D S H G L W D D K T 
GCCGCCCGCGGCGGCGAGATGGTGGAGAGCCcGTTTCTGGCAC~CTTGTTGCGGTGATCCGCGCCGAGGACAGCCACGGGcTGTGGGACGAC~GACGA 3900 

N S E I L R E F I V T A E E R R S M P I I G D P D P E L I W R M T K  
ATTCGG~TC~TG~GCG~CATCGTCACCGCCGAGG~CGc~GGT~GATG~CGATCATCGGCGACCCGGAcCCGGAGCTGATCTGGCGGATGACG~ 4000 

F Y D A I G L L V E K R T G C M A S Q M Q K M H H E G F G R V V L 
ATTCTATGACGcGATCGGGCTTCTGGTCGAAAAGcGCACCGGCTGCATGGCGAGCCAGATGCAG~GATGCACCACGAGGGCTTCGGCCGCGTCGTCcTG 4100 

I A G K L V V V S K H L R D V H R F G F E T W A K L A E A G E K L 
ATCGCGGG~GCTGGTCGTCGTGTCGAAACACCTG~GCGACGTGCACCGTTTCGGCTTTG~CC~GGCGAAACTGGCCGAGGCGGGcGAG~GCTGG 4200 

V E S A V A T I N E F P E A A R A *  
TCG~GCGCCGTCGCCACGATC~CG~TTCCCCG~GCGGCGAGGGCCTGAGATGACGCTCG~G~CTCG~GCCCGGG 4282 
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Fig. 2. Nucleotide sequence of a Rhodobacter capsulatus DNA fragment containing the genes nifE, nifN, nifX and the open reading 
frame ORF4. The nucleotide sequence is given in the 5'~3' direction and the predicted amino acid sequences are indicated by single 
letter code. Translational stop codons are marked by asterisks. Possible ribosome binding sites in front of each coding region are 
indicated by dots. Two DNA motifs at positions 261 and 280 which resemble the putative NifA binding site (TGT-Nlo-ACA) are 
underlined. Nucleotides which conform to the consensus sequence are marked by filled bars, mismatches are indicated by open bars. 
A n/f consensus promoter sequence at position 334 is underlined and nucleotides which are identical to the promoter found in front 
of the R. eapsulatus nifB gene (Masepohl et al. 1988) are marked byfilled bars 

type (Klipp et al. 1988). The 4.2 kb EcoRI-SmaI fragment, 
including the 3 kb EcoRI fragment homologous to K. pneu- 
moniae nifE, was now subjected to DNA sequence analysis. 
A detailed restriction map and the sequencing strategy is 
shown in Fig. 1 B, C. The complete nucleotide sequence 
of this 4282 bp EcoRI-SmaI fragment is presented in Fig. 2. 
On the basis of the availability of AUG start codons and 
the codon usage frequency (Staden and McLachlan 1982) 
characteristic of R. eapsulatus nif genes, only four possible 
coding regions could be defined. These four open reading 
frames (ORFs) were orientated in the same direction as 
the nifA and nifB genes located approximately 4 kb further 
downstream. The first ORF encoded a protein of 477 amino 
acids with a predicted molecular weight of 51 188 dalton. 
By aligning the deduced amino acid sequence with NifE 
sequences of K. pneumoniae (Arnold et al. 1988; Setterquist 
et al. 1988) and A. vinelandii (Dean and Brigle 1985; Brigle 
and Dean 1988) we confirmed that this ORF represents 
the R. capsulatus nifE gene (Fig. 3 A). 

The second ORF started 133 bp downstream of this nifE 
analogous gene and encoded a protein of 461 amino acids 
with a deduced molecular weight of 49 459 dalton (Fig. 3 B). 
The identification of this coding region as the R. capsuIatus 
n/fN gene was based on the high degree of homology be- 
tween the predicted amino acid sequence and NifN protein 
sequences of R. meliloti (Aguilar et al. 1987), K. pneumoniae 
(Arnold et al. 1988; Setterquist et al. 1988) and A. vinelandii 
(Brigle et ah 1987). 

A third ORF with a coding capacity of 159 amino acids 

was located immediately downstream of nifN (Fig. 2). Lo- 
cation, molecular weight (17459 dalton) and homology to 
the amino acid sequence of the K. pneumoniae nifX protein 
(Arnold et al. 1988) indicate that this open reading frame 
is the R. capsulatus nifX gene (Fig. 4A). 

The 5' end of nifX overlaps the 3' end of n/fN by 26 nu- 
cleotides. In addition, the UGA stop codon of nifX overlaps 
the AUG start codon of another potential open reading 
frame (called ORF4) by one base (ORF1-3 were already 
described by Masepohl et al. 1988). ORF4 codes for a pro- 
tein of 156 amino acids with a calculated molecular weight 
of 17472 dalton. An overall homology of 37% between 
ORF4 and an ORF located at a corresponding position 
in A. vinelandii (Brigle et al. 1988; Jacobson et al. 1988) 
was found (Fig. 4 B). 

The start codons of nifN, nifX and ORF4 are preceded 
by putative Shine-Dalgarno sequences (AGGA). A possible 
ribosome binding site (GGA) according to Stormo et al. 
(1982) is also located in front ofnifE (Fig. 2). The R. capsu- 
latus nifE gene is preceded by a DNA sequence resembling 
the consensus mf promoter CTGG-Ns-TTGC (Beynon 
et al. 1983). However, no sequence which agreed perfectly 
with the putative NifA binding site TGT-Nlo-ACA (Buck 
et al. 1986) could be identified within the 333 bp sequence 
upstream of the consensus n/f promoter. Instead, two se- 
quences (TGC-Nlo-ACA and TGT-Nlo-CCA), which both 
exhibit one mismatch to the consensus putative NifA bind- 
ing site, are located in this region. As shown in Fig. 2, 
these two elements are separated by only 3 bp. 
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A (Nif E) v 7 ~ • • v 

Rc MS EA LKS KI ADVLN E PG CATNSTKT DVLRKRGCAERLT PGAAAGGCAF DGA~MTALQ PI V DVAH LVHA PAACWSNGWDNRS SAS $ GS E Ly RKG FTTD LS E L i00 

Kp MKGNE I LALLDEPACEHNHKQ ..... KSGCSA-PKPGATAAGCAFDGAQITLLPIADVAH LVHG PI GCAGSSWDNRGSAS SGPTLNRLG FTTDLNEQ 
Av MKAKDIAELLDE PACSHNKKE ..... KSGCAK- PKPGATDGRCS FDGAQ IALLPVADVAH IVHG P IACAGSSWDNRGTRS SGPDLYRI GMTTDLTEN 

T 7 

RC D IVMGHG EKKLYRALRPVIEAES PAAVFVYATCVTALIG DDLGAVCGAATAKWGAPCVPVGVPG FAGS KN LGNKLGGEALLDRWGALE PETV ....... 193 
Kp DVIMGRG ERRLFHAV-R/~I VTRY H PAAVFI YNTCVPAM EG DDLEAVCQAAQTATG VPV IA I DAAG FYGS K~ LGNRPAG DVMVKRVI GQRE pA pW PES TLFA 
Av DVIMGRAEKRLFHAI RQAVES Y LPPAVFVYNTCVPALI G DDVDAVCKAAAERFGTPVI PVDSAGFYGTIqNLGNRIAG EAMLKYVIGTREPDPLPVGS ERP 

T 
• •* ** * **** *• * * ** * **• * **• * **** •* * ******** ** ** Me 

RC --TPCDVNI IG DYG LSGE LWQVKPLLDKLG IRI LGS IAG DARY KQVAMAHRAKVTMLVCSQALINVARK~QERYG I Py FEGS FYGIS DTS QS LRR ICE LL 291 
Kp PEQRHD IG LI G E FN I AG EFWH IQ PLLDELG IRVLGS LS G DGRFAE IQTMHKAQANMLVCS RALI NVARA LEQRYGTPW FEGS FYG IRATS DALRQLAALL 
AV G IRVHDVNLIG EYN IAGEFWHVLPLLDE LG LRVLCTLAG DARYREVQTMHRAEVNMMVCS KAML~VARKLQ ETYGTPWFEGS FYG ITDTSQALRDFARLL 

RC V DQGAPKD LLNRC EVLVARE EAKAWAA LKPFRPRVAGP.RVLLYTGG H KS WS VAS A LQE LGMEWGTS MRKVTAN DR DRVI E I MG D DKHMCE N~tA PREMYQ 391 
Kp GD .... DDLRQRTEALIAREEQAAELA LQ PWREQLRGRKALLYTGGVKSWSWS ALQ D LGMTWATGTRKSTEEDKQRIRELMGEEAVMLEEG NARTLLD 
AV DD .... PDLTARTEA LIAREEAKVRAALE PWRARLEGKRVLLYTGGVKSWSWS PLQ DLGMKVVATGTKKSTEEDKARI RE LMGDDVKMLDEGNARVLLK 

• * *** * * * * *** ** * * * * *** 

RC E CCARRA DVLLS G G RSQ FVA LKA LVPS VDVNQ E KHE P YAG YMGMV D LVF~A I DRS VNNPMWAD LRA PA PWDA S LTG S WSVPS G PAR 477 
Kp WYRYQADLMIAGGRNMYTAYKARLPFLD I NQEREHAFAGYQG IVTLARQLCQTI NS P IWPQTHSRAPWR 
AV TVDEYQADI LIAGGRMMYTALKGRVPFLD INQEREFG YGGY DRMLELVKHVCITLECPVWEAVRRPAPWD£ PASQ DARPSGG PFG ER 

B (Nif N) . & . 

Rc MAVLTHS RRALSTNPLKTSA PLGAAMAY LG I EGAVPLFHGAQGCTAFGVVHLVRH FKEAVPLQTTAM~EVST~ LGGG EQI E gAI DN IRKRAN PKFIG %AS I00 
Rm MVRI LS QTKWATIN PLKS SQ PLGGALAFLGVGGAI PLFHGSQGCTS FALVLLVRH FKEAI PLQTTAMDDVAIVLGGAGHLEQAI LNLKI RAKPKLIG I CT 
Kp MADI FRTDKPLAVS PI KTGQ PLGAI LAS LG I EHS I PLVHGAQGCSAFAKVFFIQHFHDPVPLQSTAMDPTSTIMGADGN I FTALD?LCQR~NPQAI VLLS 
Av MA E I I NR/4 KALAVS PLKAS QTMGAALA I LG LA LSMPLFHGSQG CTA FAKVF FVRH FRE P VPLQTTAMDQVS S VMGADEHVVEALKT I CERQNPS V I G LLT 

mm[---m~ 

• . , • . **** • • ** , • *** • 

Rc TALT ETRGE DIAG E LRAMQVRRKDWVGTAWHV- ITPDFEGGQQDG~qAKAVEA IVAALVPVTAERDPDL-RQVTLLVPS CFTTAEI DEAVRMI RA FG LS p 198 
F.m TA LVETRG E DLAG D LAS I KLERAEE LTGTDWLANT PDFDGAMEEGWAKAVTAMI KAITRIGEQERQS--RT [ AI LPGWNLTIAD I EQLRDI VES FG LKP 
Kp TG LS EAQGS DIS RVVRQFREEYPRHKGVAI LTV-NTPDFYGSMENGF-SAV LESVIEQWVPPAPRPAQP.NF.RVN LLVS HLCS PGD IEWLRRCVEAFG LQ P 
Av TGLS ETQGCDLHTALHEFRTQYEEYKDVPIVPV-NTPDFSGCFESGFAAAVKAIVETLVPERRDQVGKRPRQV~VLCSAN LTPG DLEYIAES IES FGLRP 

• ** , ,• ,• • , , , , ** • • • 

Rc IVLP D LS TS LDG H I~ D D -WS GHS LGGTRLD D IAR I PRS AVTLAI G EQMRA31A PM I E DRA LVP YRVFQS LTG LKVVDAFV~V LME LSGMQD P PPS T KRDRA 297 
IIL•D•SGSLDGIVPDDRWVPTTYGGISVEEIRELGTA.AQCIAIGEHMRGPAEEMKTLTGVPYVLFQSLTGLNAVDRFVSLLSSISGRPAPAKVR-RRRA 

Kp I I LPDLAQSMDGHLAQGDFS PLTQGGTPLRQ IEQMGQS LCS FAIGVS LHRAS S LLA PRCRGEVIALPHLMTLERCDAFIHQ LAKI SGRAVPEWLE-RQRG 
Av LLI PD LS GS LDGHLD ENRFNALTTGGLSVAE LATAGQSVATLVVGQS LAGAA DALAERTGVFDRRFGMLYG LDAVDANLMALAEI SG~{ PVPDRYK-RQRA 

• , . , ** , • . , , ,., • , ** ** 

Rc P./{MDAA LDAH FFTGG LRVA I GA D PDLMFALS TALVSMGA E IVTAVTTTQ NS A LI E KM PCAEV I LG DLG DVE RGAGQA EAQ I LI THS HGRHAAAALH LP LV 397 
Em Q LQ DALLDGH FHSAGKKIAIAAEPDQLYQ LATFFI CLGAE IVAAVTTKGAS KI LH KVPVE I rQVGDLG DLES LA--THADLLVTHSHGQHASARLGT PLM 
KO Q LQ DAM I DCH/~W LQGQRMA I AAEGD LLAAWCD FANS QGMQ PG PLVA PTG HPS - LRQ LPVERWPG D LE D LQT LLCAHPA D LLVA~S HAR D LAEQ FA LP LV 
AV Q LQ DAMLDTHFMLS S ARTAI AAD P DLLLG FDALLRS MGAHTVAAVVPAP.AAA- LVDS P LPSVIqVG D LE D LE HAAP-AGQAQ LV iG NSHA LASARRLGVPLL 

BC RAGFPI FDRIGAQDTCRIGYRGTRAFFFE IANAMQAIHHRPRPEDFGAAPI PQEFDHVPHPAPC 461 
Run RVG FPVFDQLGSQHKLTI LYHGTRDLI FEVSNI FQS-HS LAPTHRGT 
Kp RAG FP LF DKLGE FRRVRQGY SGMRDTLFE LAN Li RERHHHLAHYRS P LRQN P ES S LSTGGAYAAD 
AV RAGFPQYDLLGGFQRCWSGYRGSSQVLFDLANLLVEHHQGZQPYHS IYAQKPATEQPQWRH 

Fig. 3A and B. Comparison of the predicted amino acid sequences of the Rhodobaeter eapsulatus (Re) nifE and nifN proteins with 
analogous gene products from Klebsiella pneumoniae (Kp), Azotobaeter vinelandii (Av) and Rhizobium meliloti (Rm). In A, the amino 
acid sequences of nifE proteins are aligned for maximum matching and amino acids identical in all three proteins are marked by 
asterisks. Conserved cysteine residues are indicated by open triangles. Filled triangles represent cysteine residues also conserved in the 
nifD proteins from these three organisms. The cysteine residue conserved also in NifE/NifN (Fig. 4) and NifD/NifK comparisons is 
marked by an arrow. The H-G/A-X2-G/A-C motif, conserved in all nifE nifN, nifD and nifK proteins, is indicated by filled bars. 
In addition, histidine residues conserved in all nifE/nifD proteins A and in all nifN/nifK gene products B are indicated by dots. In 
B, the sequences of the mfN proteins are compared and the same symbols are used. Only the R. eapsulatus Nif:E and NifN amino 
acid sequences are numbered on the right border 

Characteristics of  proteins encoded by the R. capsulatus 
genes nifE, nifN, nifX, and the open reading frame ORF4 

An alignment of  the amino acid sequence o f  the R. capsula- 
tus nifE protein with the K. pneumoniae (Arnold et al. 1988 ; 
Setterquist et al. 1988) and A. vinelandii (Dean and Brigle 
1985; Brigle and Dean 1988) nifE gene products is shown 
in Fig. 3A. Homology of  47% to K. pneumoniae and 50% 
to A. vinelandii was found. Conserved amino acids occur 
along the entire length of  the proteins and seven conserved 
cysteine residues (marked by triangles in Fig. 3 A) are pres- 
ent in all three nifE proteins. The amino acid sequence 

of  the nifN gene product  from R. capsulatus was compared 
with nifN proteins from R. meliloti (Aguilar et al. 1987), 
K. pneumoniae (Arnold et al. 1988; Setterquist et al. 1988) 
and A. vinelandii (Brigle et al. 1987). The alignment revealed 
an overall homology of  44% to R. meliloti, 35% to K. 
pneumoniae and 39% to A. vinelandii (Fig. 3 B). The mfN 
gene products show a higher degree o f  conservation in their 
N-terminal regions. Only one o f  the five cysteine residues 
present in the R. eapsulatus nifN protein is conserved in 
the nifN proteins of  the other three organisms (marked by 
an arrow in Fig. 3 B). 

A high degree of  homology between NifE and NifN 
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Fig. 4A-C. Comparison of the amino acid sequences of Rhodobacter capsulatus NifX and ORF4 with analogous gene products from 
Klebsiella pneumoniae and Azotobacter vinelandii and identification of a conserved domain between NifX, NifY and NifB. In A, the 
complete amino acid sequence of R. capsulatus NifX (RcX) is aligned for maximum matching with the complete sequence of K. pneumoniae 
NifX (KpX) and with the C-terminal part of K. pneumoniae NifY (KpY). Identical amino acids of adjacent sequences are indicated 
by asterisks. A conserved cysteine residue is marked by a triangle. A comparison of R. capsulatus ORF4 (Rc4) with A. vinelandii 
ORF3 (Av3) is given in B. Identical amino acid residues are marked by asterisks. In C, parts of NifY (KpY), NifB (KpB) and NifX 
(KpX) from K. pneumoniae (upper sequences) and from R. eapsulatus NifB (RcB) and NifX (RcX) (lower sequences) are compared. 
Asterisks indicate identical amino acids only for adjacent sequences. Amino acids identical in at least four of the five sequences are 
boxed and the consensus is marked by filled bars. Dots in the consensus indicate amino acids which are similar in size and polarity 
(Doolittle 1985) in all five sequences. The exact location of the compared amino acid residues within the different proteins is indicated 
on the right border 

with the two structural proteins NifD and NifK of the 
MoFe-protein was found in A. vinelandii (Dean and Brigle 
1985; Brigle et al. 1987), K. pneumoniae (Arnold et al. 1988) 
and between NifN and NifK in R. meliloti (Aguilar et al. 
1987). This conservation between gene products involved 
in FeMoco biosynthesis and the subunits of nitrogenase 
MoFe-protein was also confirmed for R. capsulatus (data 
not shown). Comparison of the amino acid sequence of 
the R. capsulatus nifE gene product with the R. capsulatus 
nifD protein (Schumann et al. 1986) revealed an overall ho- 
mology of 23%, including four cysteine and two histidine 
residues which are conserved (marked by filled triangles 
and dots, respectively, in Fig. 3 A). Since the R. capsulatus 
nifK sequence is not available, we compared R. capsulatus 
NifN to the amino acid sequence of NifK from K. pneumo- 
niae (Holland et al. 1987; Arnold et al. 1988). Even in this 
interspecies comparison, an overall similarity of 21%, one 
conserved cysteine and three conserved histidine residues 
were found (marked by an arrow and dots, respectively, 
in Fig. 3 B). 

Structural homology between NifD and NifK was also 
reported (Th6ny et al. 1985; Holland et al. 1987) whereas 

NifE and NifN of A. vinelandii showed only very poor simi- 
larities when compared with each other (Brigle et al. 1987). 
In contrast, about 21% of the amino acids of the R. capsula- 
tus nifE and n/fN gene products are homologous. The con- 
served amino acids are distributed along the entire length 
of the proteins and only one cysteine residue is conserved 
between Nile and NifN. This cysteine residue (marked by 
arrows in Fig. 3 A, B) is not only conserved between NifE/N 
but also between NifE/D and NifN/K. 

In K. pneumoniae, nifDK and nifEN, which code for 
proteins with remarkable amino acid sequence homology, 
are followed by additional genes in their respective tran- 
scription units. The genes n/f£, encoding a low molecular 
weight polypeptide, and n/fY are located directly down- 
stream of nifDK; nifX is located downstream of nifEN. 
Therefore, we compared the amino acid sequence of the 
R. capsulatus nifX gene product not only with NifX but 
also with NifY from K. pneumoniae (Fig. 4A). A significant 
degree of sequence conservation was found between R. cap- 
sulatus NifX and the 146 C-terminal amino acids of the 
K. pneumoniae nifY gene product (27%) whereas both n/fX 
proteins shared only 18% homology. Relationship between 



360 

r 

I -  

pWKR 300.11 

ni fE  n i f N  n i f X  ORF4 
> I 

Ni f  - 
X X 

, , , ,  , 
E x EE E 

I 

i 

Nif-  
N i f -  

Nif + 
Ni f -  

x X 

lkb 
I - -  I 

F ..[ i 
pWKR 300.21/~" ~ Ni f -  

N i f -  
x X 

' 

pWKR 300.31 N i f  - 
x X 

r 1 
pWKR 300.4 I / l l  

X x 

pWKR298 I /1I  

r - - j  . . . . .  [ 

Nif+ pCMV 200l/fl 

Ni f -  
E E 

Fig. 5. Interposon mutagenesis of the Rhodobacter capsulatus region carrying nifENX and ORF4. The restriction map of the R. capsulatus 
nifE-N-X-ORF4 gene region is given for the enzymes EcoRI (E), HindIlI (H) and XhoI (X). The sequenced DNA fragment is marked 
by a heavy line and the location of coding regions as deduced from the nucleotide sequence is symbolized by open arrows. Plasmids 
used for the construction of R. eapsulatus interposon mutants are indicated below the restriction map. The cloned fragment and the 
point of interposon insertion is drawn for each plasmid. Interposons are not drawn to scale. Arrows give the direction of transcription 
of the kanamycin resistance gene and black bars symbolize parts of the inverted repeats of Tn5. For the construction of ORF4 mutations, 
two EcoRI fragments (dotted line) were substituted by a gentamicin resistance (Gin') interposon. The direction of transcription of 
the Gm r gene is indicated by dotted arrows. The Nif phenotype of each R. capsulatus mutant, isolated by homogenotization of the 
corresponding interposons into the genome, is given for each construct 

NifX and NifY has recently been reported also for A. vine- 
landii and K. pneumoniae (Brigle et al. 1988; Jacobson et al. 
1988). Comparison of A. vinelandii and R. capsulatus NifX 
revealed an overall homology of 31%, which is distributed 
over the entire length of the proteins (data not shown). 

The location of n/fX downstream of the nifEN genes, 
which are known to be essential for FeMoco synthesis, sug- 
gested a possible function of NifX in the biosynthesis of 
FeMoco. Therefore, we compared NifX and NifY from 
K. pneumoniae and NifX from R. capsulatus with the corre- 
sponding NifB proteins. The nifB gene product is also nec- 
essary for the biosynthesis of FeMoco. As shown in 
Fig. 4 C, the alignment of the C-terminal parts of K. pneu- 
moniae NifB (Buikema et al. 1987; Arnold et al. 1988) and 
NifY (Arnold et al. 1988) with the N-terminal part of K. 
pneumoniae NifX (Arnold et al. 1988) and a similar compar- 
ison for NifB (Masepohl et al. 1988) and NifX from R. 
capsulatus revealed significant homologies. A protein do- 
main encompassing approximately 33 amino acids includ- 
ing the motif His-Phe-Gly is highly conserved. If  not only 
identical amino acids are considered but also amino acids 
which resemble each other in polarity and size (Doolittle 
1985), 16 out of the 33 residues corresponded in all five 
proteins (Fig. 4 C). 

Genetic analysis o f  the nifE-N-X-ORF4 gene region 

In order to confirm the Nif-  phenotype of nifE and n/fN 
mutants and to analyze the role of nifX and ORF4 in nitro- 
gen fixation, plasmids with defined interposon insertions 
were constructed. Interposons within each of the four cod- 
ing regions were subsequently homogenotized into the R. 
capsulatus genome (for details see Materials and methods) 
and the Nif phenotype was determined (Fig. 5). 

A. ni le  and nifN mutants. To construct insertions in these 
two genes, the 2986 bp EcoRI fragment carrying nile  and 
most of mfN was first mutagenized by Tn5 in E. coli. The 
resulting random Tn5 insertions were mapped by restriction 
analysis and two different mutations in nifE and nifN, re- 
spectively, were chosen. To avoid further transposition of 
Tn5, one of the two internal XhoI fragments of the transpo- 
son, which carries most of IS50R including the transposase 
gene, was deleted. To exclude effects caused by a possible 
read-through of the transcript initiated at the promoter of 
the kanamycin resistance gene, nifE and nifN mutations 
carrying the remaining XhoI fragment in both orientations 
were isolated. As shown in Fig. 5, homogenotization of 
these six interposon insertions in nifE and n/fN 
(pWKR300.1-4) resulted in a Nif-  phenotype. 

B. n/fJ( mutants. Mutations in n/fX were constructed by 
cloning a kanamycin resistance interposon into the XhoI 
site of the 918 bp EcoRI fragment (Fig. 5). The resulting 
plasmids pWKR298I and pWKR2981I contain the Xhol 
fragment from Tn5, which encodes the kanamycin resis- 
tance gene, in both orientations. Homogenotization of these 
two n/fX: : [Km r] insertions revealed a Nif + phenotype only 
if the direction of transcription of the kanamycin resistance 
gene was in agreement with the direction of nifE-N-X- 
ORF4, but a Nif-  phenotype if orientated in opposite direc- 
tion. 

C. ORF4 mutants. The HindIII-XhoI fragment containing 
the C-terminal part of n/fX, ORF4 and the adjacent DNA 
region was cloned and the internal two EcoR! fragments 
encompassing most of the ORF4 coding region were re- 
placed by a Gm r interposon resulting in an interposon/ 
deletion mutation (Fig. 5). The two resulting ORF4 dele- 
tions carrying the Gin" interposon in both orientations were 
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introduced into the R. capsulatus chromosome by homolo- 
gous recombination. A Nif  ÷ phenotype was found if the 
direction of transcription of the gentamicin resistance gene 
was identical to the direction of nifE-N-X-ORF4 and a Nif-  
phenotype was observed if orientated in the opposite direc- 
tion (Fig. 5). 

Discussion 

DNA sequence analysis of an R. capsulatus DNA region 
including a fragment homologous to K. pneumoniae nifE 
(Klipp et al. 1988) proved the existence of R. capsulatus 
nifE, nifN and nifX genes. In addition, an open reading 
frame (ORF4) downstream of R. capsulatus nifX was ho- 
mologous to a possible coding region found at the same 
position in A. vinelandii, but showed no homology to any 
of the known mf  genes in K. pneumoniae (Arnold et al. 
1988). The arrangement of the R. capsulatus nifENX genes 
is identical to those of K. pneumoniae and A. vinelandii. 
In contrast to these two organisms, the nifENX gene region 
of R. capsulatus is not located adjacent to the nitrogenase 
structural genes nifHDK (Klipp et al. 1988). 

Comparison of the deduced amino acid sequences of 
the R. capsulatus nifE and n/fN gene products revealed ho- 
mologies not only with analogous proteins from other or- 
ganisms (Fig. 3A, B) but also with NifD from R. capsulatus 
and NifK from K. pneumoniae. Structural homologies be- 
tween NifE and NifN and the corresponding subunits of 
the nitrogenase MoFe-protein NifD and NifK were pre- 
viously reported also for A. vinelandii (Dean and Brigle 
1985; Brigle et al. 1987) and K. pneumoniae (Arnold et al. 
1988). Our data confirmed the strict conservation of four 
cysteine and two histidine residues in all nifE/nifD proteins 
(Fig. 3A) and one cysteine and three histidine residues in 
all nifN/nifK proteins (Fig. 3B). Arnold et al. (1988) pro- 
posed a H-G-X2-G-C motif, which is conserved in NifE, 
NifN, NifK and NifD of K. pneumoniae, as an intersubunit 
FeMoco binding site. This motif with the consensus se- 
quence H-G/A-X2-G/A-C is also present in the nifE and 
nifN proteins of R. capsulatus and the other organisms com- 
pared in this study (Fig. 3 A, B). 

In contrast to A. vinelandii (Brigle et al. 1987), a high 
degree of homology was found between R. capsulatus NifE 
and NifN. This conservation in amino acid sequence and 
the homology previously found between NifD and NifK 
(Th6ny et al. 1985; Holland et al. 1987) support the hypoth- 
esis that all four genes have evolved from one common 
ancestral gene. 

Downstream of the n/fN gene of R. capsulatus we identi- 
fied an open reading frame analogous to K. pneumoniae 
and A. vinelandii nifX (Arnold et al. 1988 ; Brigle et al. 1988 ; 
Jacobson et al. 1988). As shown in Fig. 4A, the amino acid 
sequence of R. capsulatus NifX shares a higher degree of 
homology to the C-terminal part of K. pneumoniae NifY 
(Arnold et al. 1988) than to K. pneumoniae NifX. Neverthe- 
less, we propose to call this R. capsulatus gene nifX since: 
(1) the deduced molecular weight of 17459 dalton corre- 
sponds better to NifX (18229 dalton) than to NifY 
(24691 dalton) from K. pneumoniae; (2) the map position 
downstream of nifEN is in agreement with the localization 
of n/fX in K. pneumoniae; and (3) an overlapping of the 
3' end of n/fN and the 5' end of n/fX is found in both 
organisms. 

A small protein domain of about 33 amino acids, which 
shows the highest degree of homology between the R. capsu- 
latus nifX gene product and NifX and NifY from K. pneu- 
moniae, is also present in the C-terminal part of NifB from 
both organisms. It is remarkable that the same 16 amino 
acids, which are identical or similar in these five proteins 
(marked in Fig. 4 C), are also conserved in the nifB gene 
products of R. meliloti (Buikema et al. 1987), R. legumino- 
sarum (Rossen et al. 1984; Buikema et al. 1987), B. japoni- 
cure (Noti et al. 1986) and only 1 amino acid is different 
in NifB of A. vinelandii (Joerger and Bishop 1988). The 
homology between nifB, nifX and mfY indicated an evolu- 
tionary relationship among these genes. The nifX and n/fY 
genes may have had as their origins a mfB-like gene and 
have now evolved to something else. Considering in addi- 
tion the sequence relationship between nifE, nifN, nifD and 
nifK, indicating that these four genes may also originate 
from a single gene, one can speculate that only a few genes 
were sufficient for ancient nitrogen fixation. Since it is 
known that NifB is essential for FeMoco biosynthesis the 
homology between NifB, NifX and NifY suggests an in- 
volvement of NifX and NifY in maturation and/or stability 
of FeMoco. In addition, the conserved domain may be a 
common site of contact with the FeMoco allowing, in the 
case of NifX, optimal function of the NifEN complex; NifY 
may play a similar role for the NifDK complex. 

A mfY analogous gene could not yet be identified in 
R. capsulatus but it is worth noting that a comparison of 
NifX and ORF4 revealed identical molecular weights, al- 
most identical amino acid composition and an overall ho- 
mology of 19% (data not shown). However, the conserved 
domain found among NifX, NifY and NifB (Fig. 4 C) was 
not found in ORF4 and, therefore, a role for ORF4 in 
FeMoco synthesis remains speculative. 

To analyze the role of nilE, nifN, nifX and ORF4 in 
nitrogen fixation, we constructed defined interposon inser- 
tion and interposon/deletion mutants. All interposon inser- 
tion mutants within nifE and nifN, independent of the ori- 
entation of the cartridge carrying the kanamycin resistance 
gene, revealed a Ni l -  phenotype. This result demonstrates 
that nifE and n/fN are essential for nitrogen fixation in 
R. capsuIatus as already shown for K. pneumoniae (Roberts 
et al. 1978). B. japonicurn (Ebeling et al. 1987), A. vinelandii 
(Brigle et al. 1987) and for nifN in R. meliloti (Aguilar et al. 
1987). The Nil  phenotype of nifX and ORF4 mutants is 
dependent on the orientation of the interposon. A Nif-  
phenotype is only observed if the direction of transcription 
of the interposon encoded antibiotic resistance gene is op- 
posite to the direction of nifE-N-X-ORF4 transcription. 
This result suggests that nifX and ORF4 are not essential 
for nitrogen fixation in R. capsulatus whereas at least one 
gene required for nitrogen fixation could be located down- 
stream of ORF4. However, no possible open reading frame 
could be localized within the 200 bp sequenced so far down- 
stream of ORF4 (data not shown). Until now we could 
not exclude that the transcription starting from the interpo- 
sons interferes with the expression of nifEN resulting in 
the observed Nif-  phenotype. The homology in amino acid 
sequence and the conserved map position of nifX and ORF4 
downstream of nifEN in different organisms suggest a role 
of nifX and ORF4 in nitrogen fixation. Since there is no 
duplication of the nifE-N-X-ORF4 gene region (data not 
shown) as previously found for R. capsulatus nifA and nifB 
(Klipp et al. 1988) one possible explanation of the Nif + 
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phenotype  of  nifX and O R F 4  mutants  is the existence of  
genes with analogous  functions. This hypothesis  is sup- 
por ted  by the homology  found between NifX and NifY 
in K. pneumoniae and the existence of  conserved domains  
between NifX, NifY and NifB, which implies a functional  
relat ionship of  these gene products .  Ano the r  possibil i ty for 
the observed Ni f  + phenotype  of  these mutants  is that  nifX 
and O R F 4  are necessary for  efficient ni t rogen fixation 
under  growth condit ions that  have not  been used. 

The organizat ion of  nifE, nifN, nifX and O R F 4  into 
a single t ranscr ipt ion unit  is suppor ted  by the existence 
of  a typical m f  consensus p romote r  only in front  o f  nifE. 
In addit ion,  overlapping o f  nifN/nifX and nifX/ORF4 indi- 
cates t ransla t ional  coupling of  these genes (Oppenheim and 
Yanofsky 1980). A s imi lar  overlapping between nifN and 
n/fX was also found in K. pneumoniae (Arnold  et al. 1988). 
However,  it is remarkable  that  the R. eapsulatus nifE and 
n/fN genes are separated by 133 bp whereas these two genes 
are closely l inked in K. pneumoniae (Arnold  e t a l .  1988; 
Setterquist  et al. 1988) and A. vinelandii (Brigle et al. 1987). 
The p romote r  structure in front  o f  R. capsulatus nifE agreed 
with the consensus sequence of  Ni fA  act ivated p romoters  
found in other  organisms (Beynon et al. 1983) and a com- 
par ison of  the R. capsulatus nifE, nifB (Masepohl  et al. 
1988) and nifH (Pollock et al. 1988) p romoters  revealed 
an even higher degree o f  homology:  15 out  o f  17 bp  are 
identical to the nifB promote r  (Fig. 2) and 13 out  of  17 bp 
to the nifH promoter .  In  contras t  to the nifB and nifH 
promoters ,  which are preceded by perfect putat ive Ni fA  
binding sites TGT-N~o-ACA (Buck et al. 1986), only two 
imperfect  motifs could be localized in front  o f  R. eapsulatus 
nifE. One or  both o f  these structures, which are separated 
only by 3 bp (Fig. 2), could be involved in Ni fA  dependent  
act ivat ion of  the nifE promote r  in R. capsulatus. Two im- 
perfect Ni fA binding sites (TGT-Nao-GCA)  were also 
found in front  o f  the R. leguminosarum dctA gene, which 
is known to be act ivated by Ni fA in this organism (Ronson 
1988). 
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