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Abstract. DNA sequence analysis of a 12236 bp frag- 
ment, which is located upstream of n/fE in Rhodobacter 
capsulatus n/f region A, revealed the presence of ten open 
reading frames. With the exception of fdxC and fdxN, 
which encode a plant-type and a bacterial-type ferredox- 
in, the deduced products of these coding regions exhibit- 
ed no significant homology to known proteins. Analysis 
of defined insertion and deletion mutants demonstrated 
that six of these genes were required for nitrogen fixation. 
Therefore, we propose to call these genes rnfA, rnfB, rnfC, 
rnfD, rnfE and rnfF (for Rhodobacter nitrogen fixation). 
Secondary structure predictions suggested that the rnf 
genes encode four potential membrane proteins and two 
putative iron-sulphur proteins, which contain cysteine 
motifs (C-X2-C-X2-C-X3-C-P) typical for 
[4Fe-4S] proteins. Comparison of the in vivo and in 
vitro nitrogenase activities offdxN and rnfmutants sug- 
gested that the products encoded by these genes are in- 
volved in electron transport to nitrogenase. In addition, 
these mutants were shown to contain significantly re- 
duced amounts of nitrogenase. The hypothesis that this 
new class of nitrogen fixation genes encodes components 
of an electron transfer system to nitrogenase was corrob- 
orated by analysing the effect of metronidazole. Both the 
fdxN and rnf mutants had higher growth yields in the 
presence of metronidazole than the wild type, suggesting 
that these mutants contained lower amounts of reduced 
ferredoxins. 
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Introduction 

During biological nitrogen fixation the nitrogenase 
enzyme complex catalyses the reduction of dinitrogen to 
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ammonia. The conventional molybdenum-containing 
nitrogenase consists of two components: component 1, 
the molybdenum-iron protein or dinitrogenase, and com- 
ponent 2, the iron protein or dinitrogenase reductase (for 
review see Smith and Eady 1992). The Fe-protein is 
composed of two identical subunits bridged by a single 
[4Fe-4S] cluster, whereas the MoFe-protein is an %132 
tetramer harbouring two iron-molybdenum cofactors 
(FeMoco) and two P-clusters. The crystallographic 
structures of both nitrogenase components including all 
cofactors have been determined recently (Kim and Rees 
1992; Georgiadis et al. 1992). 

The complex structure of the nitrogenase enzyme sys- 
tem is also reflected by the organisation and regulation 
of genes required for its formation and activation. In 
Klebsiella pneumoniae, a facultatively anaerobic en- 
terobacterium, 20 genes involved in the nitrogen fixation 
process are clustered on the chromosome (Arnold et al. 
1988). Based on their functions the products encoded by 
these genes can be grouped into the structural com- 
ponents of the nitrogenase (NifH, NifD, NifK), proteins 
needed for full activation and catalytic stability of the 
nitrogenase (NifU, NifS, NifM, NifW, NifZ), gene 
products required for the synthesis and insertion of the 
FeMoco (NifH, NifQ, NifB, NifV, NifE, NifN), proteins 
involved in electron transport to nitrogenase (NifF, NifJ) 
and gene products responsible for the transcriptional 
regulation of all n/f genes (NifA, NifL). For a review on 
the features of individual n/fgene products, see Dean and 
Jacobson (1992). 

In Azotobacter vinelandii, an obligately aerobic soil 
bacterium, homologues of 19 of these n/f genes are 
present in the same sequential arrangement (Joerger and 
Bishop 1988; Jacobson et al. 1989; Bali et al. 1992). In 
terms of nitrogen fixation, the main difference between 
A. vinelandii and K. pneumoniae is the lack of a nifJ 
homologue and the existence of at least 15 open reading 
frames (ORFs), which are interspersed between the com- 
mon n/f genes in A. vineIandii. Although these ORFsare 
coregulated with genes required for nitrogen fixation, no 
clear function has been assigned to these genes. 



In Rhodobacter capsulatus, a non-sulphur, photosyn- 
thetic purple bacterium, homologues of  n/f  genes and of 
some of the interspersed ORFs found in A. vinelandii are 
distributed in three n/f  regions, which are widely 
separated on the chromosome (Klipp et al. 1988; Fon- 
stein et al. 1992). Four  transcriptional units of  n/f  region 
A (nifENX-ORF4-fdxB-nifQ, ORF6-nifU~SVW, nifAi, 
nifBi-ORF 1-nifZ), four operons of  n/f  region B (nifHDK, 
nifU~rnifR4, nifAn, nifB,) and the regulatory genes nifR1 
and nifR2, which are located in n/f region C, have already 
been sequenced and genetically characterised in detail 
(for review see Klipp 1990). In addition, two genes en- 
coding ferredoxins (fdxC andfdxN), which are expressed 
only under nitrogen-fixing conditions, were identified in 
mfregion A (Schatt et al. 1989; Grabau et al. 1991 ; Saeki 
et al. 1991). 

Although the biochemical features of  nitrogenase and 
the organisation of  genes necessary for the synthesis of 
this enzyme complex are very similar in different diazo- 
trophs, the pathway for electron transport  to nitrogenase 
seems to be species-specific. However, at present K. pneu- 
moniae is the only organism for which the electron path- 
way to nitrogenase has been established unequivocally. 
A flavodoxin (NifF) and a pyruvate:f lavodoxin-  
oxidoreductase (NifJ) couple the oxidation of  pyruvate 
directly to the reduction of  the iron protein (Shah et al. 
1983; Nieva-Gomez et al. 1980). Although a nifF homo- 
logue is present in A. vinelandii, the corresponding 
flavodoxin is not essential for nitrogen fixation (Bennett 
et al. 1988). Another  candidate for the reduction of 
nitrogenase reductase in A. vinelandii is ferredoxin I, 
encoded by the fdxA gene (Morgan et al. 1988). How- 
ever, A. vinelandii mutants deleted forfdxA, or for both 
fdxA and nifF, are still able to fix nitrogen, suggesting 
that a third, as yet unidentified protein also serves as an 
electron donor  to nitrogenase (Martin et al. 1989). 

In this study we present the D N A  sequence and muta- 
tional analysis of  a new class of  nitrogen fixation genes 
in R. capsulatus. These so-called rnf genes (for 
Rhodobacter  nitrogen fixation), which are shown to be 
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essential for nitrogen fixation, exhibit no homology to 
known sequences. The biochemical characterisation of  
rnf mutants demonstrated that the products of  at least 
seven R. capsulatus genes are involved in electron trans- 
port  to nitrogenase. 

Materials and methods 

Media and growth conditions. R. capsulatus wild type as 
well as the mutant  strains were grown anaerobically in 
50-ml bottles at 30 ° C and 3 klx of  incandescent light. 
Growth experiments were performed with RCVB 
medium (Weaver et al. 1975) supplemented with 30 mM 
D,L-malate as a carbon source and either 2 . 5mM 
(NH4)2SO ¢ or 7 mM L-serine as nitrogen sources. Inoc- 
ula were always grown in RCVB medium containing 
15 mM (NH4)2SO ~. Cells were harvested by centrifuga- 
tion and resuspended in growth medium to an optical 
density (0D660) of  0.2 (Bausch and Lomb Spectronic 
88). Growth with N 2 (Nif + phenotype) was tested in 
ammonium-free RCVB medium in microtiter plates in- 
cubated in an anaerobic jar (GasPak BBL Microbiology 
Systems). Escherichia coli strains were grown at 37 ° C in 
LB medium (Miller t972). The antibiotic concentrations 
described by Masepohl et al. (1988) were used. 

DNA sequencing. To determine an overlapping DNA 
sequence of  both strands, appropriate restriction frag- 
ments were cloned into pSVB sequencing vectors (Ar- 
nold and Pfihler 1988) and nested deletions were in- 
troduced either with the exonuclease III deletion kit 
(Pharmacia) or by partial digestion with Sau3A or 
HpaII. Sequencing was performed by the chemical degra- 
dation method (Maxam and Gilbert 1980) or by the 
chain-termination method (Sanger et al. 1977). DNA 
sequences were analysed using the Staden software pack- 
age (Staden 1986) and PC/GENE (IntelliGenetics). 
Homology searches were performed using the FASTA 
and TFASTA algorithms (Pearson and Lipman 1988). 

Table 1. Plasmids 
Designation Relevant characteristics Source or reference 

pACYC 184 C m  r, Tc r Chang and Cohen (1978) 
pHP 45f~ Ap r, Sp ~ Prentki and Krisch (1984) 
pML 5B + Tc r, laeZYA Labes et al. (1990) 
pSUP 202 Ap r, Cm r, Tc r, mob Simon et al. (1983) 
pSUP 401 Cm r, Km r, mob Simon et al. (1983) 
pSUP 2021 pSUP 202::Tn5 Simon et al. (1983) 
pSVB 30 Ap r, Lac + Arnold and Piihler (1988) 
pTn5-B13 pBR 325::Tn5-B13 (Tc r, mob) Simon et al. (1989) 
pYn5-B30 pBR 325::Tn5-B30 (Km, Tc r) Simon et al. (1989) 
pWKR 56I Km r, Tc r, mob Klipp et al. (1988) 
pWKR 102A Cm r, Gm ~, mob Colonna-Romano et al. (1990) 
pWKR 189 AP r, Gm ~ Moreno-Vivian et al. (1989a) 
pWKR 339 A p  r, C m  r, Sp r, mob Schfiddekopf et al. (1993) 
pWKR 74 3.6 kb BamHI fragment of This work 

pWKR 189 carrying Gm ~ 
cloned into pSUP 401 

Cm, chloramphenicol; Tc, tetracycline; Ap, ampicillin; Sp, spectinomycin; Km, kanamycin; 
Gm, gentamicin 
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Table 2. Plasmids constructed for this work 

Plasmid a Mutation b Cloned fragment (bp) c Insertion site (bp) c Vector 

pWKR 219CI/II BamHIA: :Gm HindIII-XhoI ABamHI pWKR 56I 
(1-10 790) (1307-1379) 

pWKR 112AI/II rnfEA: :Tc I HindIII-HindIII ABglII pWKR 74 
(1-10 939) (2567-4004) 

pWKR 219BI/II rnfEA: :Gm HindIII-XhoI BarnHI (3708) pWKR 56I 
(1-10 790) 

pKS 92I/II rnfD: :Gin BamHI-BamHI EcoRI (5076) pACYC 184, 
(3708-6685) Tc-mob d 

pWKR 155CI/II rnfC: :Gm EcoRI-EeoRI BamHI (6685) pWKR 102A 
(5076-8549) 

pWKR 386I rnfB: :Tcz BamHI-BclI SmaI (7091) pWKR 339 
(6685-7583) 

pWKR 363I/II rnfAA: :Gm BamHI-EcoRI ABclI pSVB 30, 
(6685-8549) (7583-7766) Tc-mob d 

pWKR 347I/II ORF14A: :Gm BamHI-XhoI APstI pACYC 184, 
(6685-10 790) (8803-9473) Tc-mob a 

pWKR 346I/II fdxN: :Gm PstI-XhoI BclI (10 082) pSUP 202 
(9473-10 790) 

pWKR 213BI/II rnfF: :Km EeoRI-EeoRI XhoI (10 790) pSUP 202 
(8549-12 236) 

pWKR 213AI/II rnfFA: :Km EcoRI-EcoRI AHindIII pSUP 202 
(8549-12 236) (10 939-11 105) 

pWKR 349AI/II ORF10: : T c  2 HindIII-BclI BglII (12 138) pWKR 339 
(11 105-13 373) 

a Roman numerals refer to the orientation of the interposon (I: 
non-polar mutations; II: polar mutations) 

u The Gm interposon is derived from pWKR189, the TCl interposon 
fi'om pTn5-B30, the Tc2 interposon from pML5B + and the Km 
interposon from pSUP2021 

c The numbers correlate to the numbering of 
data base entry and Fig. 2 

a Tc-mob fragment derived from Tn5-B13 

the DNA sequence 

Construction of  R. capsulatus mutants. The plasmids 
used for the construction of  defined insertion or deletion 
mutants are listed in Tables 1 and 2. R. capsulatus wild 
type D N A  fragments were cloned by standard methods 
(Sambrook et al. 1989) into mobilisable vector plasmids 
and the restriction sites shown in Figs. 1B and 2 were 
used to insert appropriate interposons (Table 2). Plas- 
raids containing the desired mutations were mobilised 
from E. coli S17-1 (Simon et al. 1983) into R. eapsulatus 
and homogenotisation of  the corresponding insertions 
was selected for using the antibiotic resistances mediated 
by the interposons. A subsequent test for loss of  the 
vector-encoded antibiotic resistance was used to identify 
strains carrying double cross-over events. 

Nitrogenase assays in vivo and in vitro. H 2 production was 
measured as described by Klein et al. (1991). Acetylene 
reduction with 3 ml of  the culture was carried out in 
25-ml bottles under an argon atmosphere with 10% (v/v) 
acetylene after addition of  4 mM D,L-malate under sat- 
urating light intensity (30 klx). In vitro acetylene reduc- 
tion assays were done after addition of  CDAP (cetyl- 
tr imethyl-ammonium bromide), with dithionite as artifi- 
cial electron donor,  and an ATP regenerating system to 
3 ml of  the culture, as described by Haaker  et al. (1982). 
Samples from the gas phase were analysed by gas chro- 
matographic methods using a Shimadzu GC-8A equip- 
ped with ,an FID detector. 

Immunodetection of  nitrogenase proteins. Gel electro- 
phoresis, Western blotting and immunodetection of ni- 
trogenase proteins with an Amersham ECL system were 
carried out as described by Klein et al. (1993). After 
recording the results on Amersham Hyperfilm ECL, pro- 
tein bands were scanned with an LKB Ultroscan den- 
sitometer. Protein concentrations were determined ac- 
cording to Lowry et al. (1951). Ammonium concentra- 
tions were measured with an ion-sensitive electrode 
(Ingold, Urdorf ,  Switzerland). 

Results 

DNA sequence analysis o f  R. capsulatus genes located 
upstream of  nifE 

Analysis of a contiguous DNA fragment of  13 946 bp 
from R. capsulatus mfregion  A, containing the nifENX- 
ORF4-fdxB-nifQ, ORF6-nifUr-SVW, n i fA  I and nifBr- 
ORFI-n / fZ  transcriptional units, has been described in 
detail (Masepohl et al. 1988, 1993; Moreno-Vivian et al. 
1989a, b). As shown in Fig. 1A, this part  of  n/f  region A 
is preceded by a D N A  fragment of  about  10 kb which is 
characterised by Tn5 insertions resulting in a Ni f -  
phenotype (Klipp et al. 1988). A 12 236 bp fragment 
(Fig. 1 B) located upstream of  nifE was therefore subject- 
ed to D N A  sequence analysis (Fig. 2). The complete 
nucleotide sequence data reported in this paper, which 
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Fig. 1A, B. Genetic organisation and mutational analysis of 
Rhodobacter capsulatus nitrogen fixation genes. The physical and 
genetic map of R. capsulatus nif region A is given in A. Vertical 
arrows indicate the locations of Tn5 insertions in different Nif 
mutants. The location of coding regions as deduced from DNA 
sequence data is given below the restriction map. The DNA frag- 
ment subjected to sequence analysis in this study is given in more 
detail in B and is emphasised by a black line. The location and size 
of coding regions is given by open arrows. Potential membrane 
spanning parts are striped, putative leader peptides are marked by 
black boxes and cysteine motifs are indicated by vertical lines. 
Typical ~S~-dependent promoter sequences are indicated by black 

) L i 
f--~--7 + 

R 3 4 7  R 3 4 9 A  

- 

R213A  

/ \  

I ~ - I  - 

I ~ I - 
R 2 1 3 B  

/ \  

L ~1 + 

R 3 4 6  

4- 

4- 

circles and NifA-binding sites by open diamonds. A potential stem- 
loop structure is indicated downstream of rnfE. The location of 
interposon insertions is shown below the restriction map. Details of 
the construction are given in Table 2. The direction of transcription 
of the antibiotic resistance genes located on the interposons (not 
drawn to scale) is symbolised by arrows. The phenotype of the 
corresponding mutants is given for each interposon mutant (+ ,  
diazotrophic growth like the wild type; + / - ,  slow diazotrophic 
growth, see Table 3; - ,  no growth at all with N2 gas as nitrogen 
source). Only restriction sites relevant for cloning (Table 2) are 
shown in B. Abbreviations: B, BamHI; E, EcoRI; G, Bg/II; H, 
HindIII; L, BclI; P, PstI; S, SmaI; X, XhoI 

also includes  the  n o n - c o d i n g  2280 bp  n o t  p resen ted  in 
Fig.  2, will a p p e a r  in the  E M B L ,  G e n B a n k  and  D D B J  
Nuc l eo t i de  Sequence D a t a  Bases unde r  the access ion 
n u m b e r  X72888. Sequence analys is  o f  an  ove r l app ing  
f r agmen t  d e m o n s t r a t e d  tha t  the  EcoRI  Site at  pos i t i on  
12 236 di rec t ly  abu t s  the sequence o f  the n i f E N X  o p e r o n  
r e p o r t e d  p rev ious ly  ( M o r e n o - V i v i a n  et al. 1989b). 

Ten  open  read ing  f rames  ( O R F s )  were ident if ied 
showing  the c o d o n  usage f requency  typica l  o f  R. cap- 
sulatus n i f  genes (Fig.  1 B; Tab le  3). The  des igna t ion  o f  
two o f  these O R F s  as R. capsu la tus fdxC a n d f d x N  was 
based  on their  a m i n o  acid  sequence h o m o l o g y  to 
[2Fe-2S] p l a n t - t y p e  fe r redoxins  and  [4Fe-4S] bac te r ia l -  
type  fe r redoxins  (Scha t t  et al. 1989; G r a b a u  et al. 1991; 



AGAC~GGTCG~AT~GCGTTCCAGCAG~GTTACA~G~AGCGCGGATGGGCGGCACCAGC~C~AG~GCCGCCTGTGCCCCGGCGGGACCGCGCCGACGATCAC~G~G~GTCCGA~CAA 2400 
' ¢ % 

GGGC~GGCCGATCCCGCCCGCCGCGGCGGCGGCAGAGGTGGCGAA~GAC~AGG~CGAGGTGGCGTCGGGTCA~ACGGTCATCGGAAGT~CTGAC~AGGGG~G~G~GAG~GT 2520 

BglII BglII 
CAA~TTCTC~TT~A~C~TT~GG~TTCGGGAT~ATCGGG~GA~-~-~ACCCGGTCG~CTT~TTCAG~GGCTT~CAGCGG~'~'~G~AGAAAATG~C~T 2640 

GCTC~iG-ATC~CTCGCGGGG~CTGGTCGAGCAGACCGGATTT~CGAT~TCGCGCGCCGTGGCGGTGTC~GCAcAT~ACATGTTTCcAGACCTGCA~GTCGGCTT~CATAGG~A 2760 

CAcCCACGATCATGCCTCTTCTCCGGTTTCCAGTTTCGGTTTCAGCACGCCCGCCGCGGTG~CACGCGTTCGGTGCGCAT~G~TGATTTCCTGTTCGATCGTCGGcTTG~GGCATC 2880 
OPAEEGTELKF'KLVGAATFVRETRMQKIEQEITPKRAD 

GATGATCGGCTTGAGCGCG;u~GCCCcCCCAcCACCAGAAACGCGCCCGGCGGCAGGATCATGATCAGAAAGCCGGGGTA~TCGGGA~GATC~CAG~CCATGAAGG~A~TG~G 3000 
I I P K [ L A F L G G V V L F A G P P L I M I L F G [ P Y D P F I Q L E M [ F A F H P  

cC~CAGAAGCAGCGAGGCCTGGGCGAAAAGCGTCC~CG~C~CAGGATTTCCCG~ATCGC~CCcAcCA~CA~CAGCGCAAGCGTGAAGCCGATCCCCATCATCA~CCCGTC~G~CC~A 3120 
G L L L S A Q A F L T G S G L I I E R I I A G V V V L A L T F G I G M H L G D L A [ S  

GGCGAGCACGCCAAAGCGCGAGGC~AGGCCTCGG~CCGGCCCAGGATGGCGCAGTTGGTCACGATCAGCG~ATG~GAG~CCCAGCACCTTGTGCAGATCGTGCAG~CAGG~TTCAG 3240 
A L V G F R S A F A E A R I G ' L I A C N T V I L A I F L G L V K H L D | H I L W A N L  

CGCCAGATcGACCAcGGTCAcGATGGCGGCGATGATCAGGATGAAGGCCGGAATGCGGATCT~CGGGGCGAT~GT~TGCGCAGcGCGGAAATCA~ACGTTCGACAGGATCAGCA~AC 3360 
A L D V V T V I A A I I L I F A | P I R I E P A I T K R [ L A S I V V N S L I L V V  

CGTCGT~GCCAGCCCCATGCcCAGccCGTTCGTGGCGGTG~CGGTGATGGCCAGCGTCGGG~A~AG~G~CAGCAT~GGCC~T~ACGATG~CTTGTC~CACAAG~CGTCG~G~AT 3480 
T T A L G M G L I G N I T A T G T I A L T P C L A L M Q G T V I N [ K D W L G D R A I  

CTTGGCGTAAcTCTCcGA~ATGGGcGCGCTCCTCAGGATTTCGGGGGCAGGGGGGG~GTcAGcGC~CCTTGTTG~GGTCAAAGAACATCAGCccG~GATAGAT~TC~GAC~ACL~C 3600 
K A Y S E S M P A S R L I E P A P P A T L A A K N R D F F M L G R Y I T K V V A  

8amHI 
GCGGGGGGTGATCGTGGCCCcCGAGAACTGGTCG~ACGC~GCCGTCGCGTTTcACCTTCCAGTGGC~GG~GGATCGGC~AG~GACTTGgCGGCG~GCCC~y~--qAGTCATC 3720 
R P T I T A G S F Q D F V G G D R K V K W H G P E P .  D A L S K ~ A F G L I W D D  

CTTCGCCACTTCGATCTTGTCGCCCAGACCCGGGGTTTCGGTATGCGAcAGACCCCGCA~CCCA~GCGGGCCATCGGGGGCGATGCCCAGCA~ACCCGGAT~GA~G~GTAGCC 3840 
K A V E I K D G L G P T E T H S L G R V G L L P G D P A I G L L V R I Q G S Y G  

GGGGCCGGAAAGTTCATAGGC~GGCCCCCGTCACCG~CCCGCTTTGGTGGCGAcATAGACCTTGATCGTGCCC~TCCTCGGCGTCGCTGACCGGGCCAT~GC~C~GATCATT 3960 
P G S L E Y A L G G D G R G S Q H R C L G Q D H G K R P T A S R A M A A A L D N  

GTCGTGCAGGTCGTGCGGGATCACCTGTTCCAGCGAGGCGGCCAGATCTTCGGCGCGcGGCGCGATCGG~CCGAGGTGCTGTCGTTCGCCACGGCCAGCAGCAC~CGGTGACCAGCGC 4080 
D H L D H P I ' V Q E L S A A L D E A R P A I P A S T S D N A V ~ A L L V A T V L A  

AAACATc~CcAGCATGATcCcGTGGccAGAGGcGAGGCCTTG~CCAGGGCAGTTTCGGTTT~cG~GGGGGGGCGTGTCGGTCATTTCTG~TCC~TT~CGGGTTTGGCGG~CAAG 4200 
F H A L M RnfE 

CGGCTTGcCGGTGCGGGACCGTCCGAAGATCCGcGGCCGGATGTAGGTTTCGATCAGGGGCGTGACCGA~TTCATC~GAGCACCGCA~GGCCACG~CGGGGAAGG~G~GTGGG 4320 
O P S ~ R L P W A R P L R R L P  

ATCACG~GACCAGCGTGCCGATGCCGATGCCATAGACCCATTTGCCTGCGGTGGTGAC~GTGAGGTGACGTAATCGGTGGCGATGAAGAAGGCGCAGAGCATCGTCGAGCCCGAGGT C 4440 
I V F V [ L T G I G I G Y V W K G A T T V P S T V Y I D T [ A I F F A C L M T S G S T  

~ ~ I p D P A L F S V S R R ~ R S I L T G L L G L P I . T P T I I R T V  LAGATGCAGGATCGGCGGGGCG~CGGGTCCGGCGCAAGG~GGAGACAGATCGCCGA AGCGTGACAGCGTGCCCAGCAGGCCCAGCGGGATCGTCGGTGTGATGATCCTTGTGA~AGC 4560 

AGCCA~AGCCCCGCCCAGTGCCAGAAGCA~GTCGAGGTCTCGCCAGGCTGCCGGGCACGAAGCCCAG~GACGGCTTTCCAGATCCGCCAGCTCGGGAGGATCTGCCA~TGGCCCGG 4680 
L W F ] G R G T G S A R D L D R W A A P ~ S A W F V A K W I R W S P L I Q W T A R  

CTGATCTGCTCTTGATGTG~TAGCTGAGCAGG~TGACTG~CGAACAGAGTGATCGAAGCCTCCAGCAGGCCGACCGGCGCGATcCAGGTGGTCAT~GCACCGGCAGCG~ACGA~ 4800 
S I Q E Q H A L Q A P V H S G F L T I S A E [ L L G V P A I W T T M Q V P L A V V  

AGCATGGCGCGGGCGACCATCGCCGGGTTGAACAGGTTCTGCCCCAGCCCGCCGAACAGGTGTTTCGCGATGACGATGGCGATG~GGACC~ATCA~C~ACCCACCAGGG~CATAG 4920 
L M A ] R A V M A P N F L N Q G L G G F L H K [ A I V I A I F S G I V G V W W P A Y  

GGCGGCAGCGTCATCGCGAC~GcCAGCCCGACAGGATCGCCGAGCCGTCGGTGGGAAAGGGCCGGATCGGCTTGTGCG~ATCTTCAGGCAGGCGAc~AAGACCCAGGC~AGA~ 5040 
p p L ] T M A V L W G S L I A S G D T P F P R I P K H A I K L ~ A ~ V E F V W A S V  

EcoRI 
ACCGTGGTCAGG~CAGG~TCGCGGGCCAGCC~-~-T~CCACAGCCCG~CAGGG~GCGGGCGTCACGGCCGCCACCACCGTcAGCATCG~CGGG~ACGGTGAACAG~TGTGG 5160 
V T T L F L F I A P W G F ] E [ W L G F L T A P T V A A V V T L M T R S V I T F L T H  

GTGTGCGGGCCCGC~CGGGCATGTGCATGGTCACGGCGTGGCCTCCCCCTGGATGGCGGTTGCGGTCG~GGGCGGGGGCATCGCTGC~CAGCGGCcG~TCTTCGGCTTTCT~T~ 5280 
T H P G A V P M H H O P P T A E G Q I A T A T A P P P M A A A A A A E E A K K K A R n E D  

CGGCCATCTCGGCCTTG~T~AGCATCATCTGTTTCTTCGCCTCGGCGATCGCCTCTTCGCGGG~CTTGCGGGCGG~GCGAGACG~TGGTTTCCTC~GCTGGTGCT~G~TT 5400 
A M E A K R K L M M Q K K A E A I A E E R A K R A A A L R K T E E Q Q H K R S Q  

~CCG~CCGAGA~CTTGCCCTTGGC~AACTG~C~ACTGCACCAGCGGCAGGTTGGCGGGGCAGTT~TAGG~CA~C~GCCGCA~GC~GGCAGTCCATCAGCC~AC~TGG~G~C 5520 
R E S L K G K A F Q F S Q V L P L N A ~ N Y S ~ G G ~ A L ~ D M L G V K A A G  

CCTCCAGATCGCCCGCGTGGATGCGGGCGTTCAGCTCGAAGGGCGTCAGCCCCACCGGGCAGCCCTGCACGCAGCGGCCGCAG~GATGCAGGGcATGGT~TCGCCT~GGGCGTTTCCG 5640 
E L O G A H I R A N L E F P T L G V ~ G Q V ~ R G ~ R I ~ P M T K A E P T E A  

CCGC~GTCAGC~CCA~AA~GCCG~CGTGCCC~GACCACC~GCACCCGCG~GTTCTGGATCGGCATCCCCATCA~GCCCGCCCAGAAGCAGCCGG~C~G~C~TCGGTGAAGCCGC 5760 
A T L A L I G N T G K V V p V R P N Q I P M G M M P G G L L L R D P E E T F G G  

CG~GGGCGATGATC~C~AC~C~GCGTGCCG~CAG~ACCC~CAGGT~GCGG~GCGGCGGA~GC~GTCCCG~C~TC~C~TCC~CGCG~TCA~C~A~GCGCA 5880 
C H A I I E S V P T G I L V R L N A P R R I G H G S V T V T R A I L P E G Y R V  

CG~CC~GGT~GAC~C~TGG~CGGTG~CGA~GTTG~GCACG~G~C~C~CAGATCGGCGG~CAGCGCCC~G~C~GG~T~CT~C~GGT~TCAT~C~CAG~TGC~TTTC~AGC 6000 
A L H V A H A T A I N H V V V G L D A T L A R A P T E Q G T I M K V L H K E S G  

~CATC~GATA~GT~GC~C~CAT~G~TCT~G~CGTGTA~cCA~CG~CGGTT~TAACGCGTC~TC~C~AT~c~GGcT~GTT~TT~A~CC~GACCTG~T 8120 
H P Y Q T P V V H I K F T Y G L A R N Y R T M A E I A Q P K N S E I A V F V Q K  

TCACGCCCA•CG•CCGGG•CA•GA•G•C•ATGCCG•CGGCGATTTCC•CGGC•CGTTCGCGCATCAGCCGG•CA•C•CAGG•CAGATAGGGTTCG•ATTC•GCGCCGTTGATGATC•GCG 6240 
V G L A R A M I G I G D A I E E A R E R M L R D D C T L Y P E C E A G N I I L T  

TCGT~AGATCGTAT~CGCCCGCAGGTTCAGCTTCACCGCCG~GGGAAGGTGGCGCCCCCCATGCCGACGATCCCCGCCGCCGCCACCTG~C~GC~ATCTCTT~GGCG~G~TTCT 6960 
T L D Y K A R L N L K V A S P F T A G G M G V I G A A A V Q A A I E E P A A N E  

CGGG~CGGAGGCGCGGCAGGTGCGGGCCCCATTTGTCCTCGCCGTCGG~GCGGATGGTGATCGTCGGCACCGGCAGGCCCGA~GCATGCGG~GCCACGA~TG~CCACCG~ATCACCC 6480 
p R L R P L H P G W K D E G D P R I T I T P V P L G S A H P A V F H G V A I V R  

Fig. 2 (for legend see page 608) 



GCCCCGAGGTCGGCGCATGGATGTTGGCCGACAGCGGCCCCCGGGCCTTGG••ATCAGCTGGCCCTTCAGCACCAGATCGTCGCGTTTcACGATCGGCTCCGCCTCGGCGCCGATATGCT 6600 
G S T P A H I N A S L P G R A K A I L Q G K L V L D D R K V I P E A E A G I H Q 

BamHX 
GCTGCAAGGGCAGGcG~ATCAGCG~GGGCATcGGCAT~GTCTCGATCTcGCATTcCGAGGTCAGAT~CTTGTGGGTTT~CGGGT~-~-~GC~GCGGATCGAAAAGGATTGCAGCGGAT 6720 

Q L P L R I L A P M P M T E I E C E S T L H K H T E P H I G G R I S F S Q L P H 

G AAACAGGGTGG CG ATCGAGGGAAGTCTCATGCTGCGG TCTCCGCGCTTG CCG CGACCAGACCCGGTTGCGGCTTGTCCCAATACCAGGTCTTGAGGGTCTTCGGCTTGACGCGGCTGAC 6840 
F L T A I S P L R M RnfC 

OP A A T E A S A A V L G P Q P K D W Y W T K L T K P K V R S V 

G ATCGCCTCGG TCGGGCAGACCTCG ATGCAGGCGTCGCAGCCG ATGCAGG CGTCCATCACCACGGTATGGATCTGCTTGGCGCCG CCGACGATCGCATCGGTCGG GCAG CGCTTGARACA 6960 
[ A E T ~ V  E I~)A D ~ G  I ~ A  D M V V T 8 I Q K A G G V I A 0 T ~ R  K ¥ ~  

TTTCTGG CAG CCGGTG CAGTG ATCCTCG AA~CAAAGGCGACCATCGGCTCG ATCTCGG CG ATCGGG CCTGCGTCGG CGCCCGCCTCG ACGGTGACG ATCTCGGCCAAGGCCAGCGCCAC 7080 
~) G T ~ H D E F V F A V M P E I E A I P G A D A G A E V T V I K Q E A L A L A V 

Smal 
ATCG CG CCCG~GTGCAGG CGGTCACCGGCGCGTTG CCCTCGG CCATCG CCTCGGCCAG ACCG TTGCAGCCGG GAAAGCCG CAGGCGCCGCAATTGGTG CCGGGCAGGATCTTGGC 7200 
D R G  G P T ~ A T V  P A N G  E A M  A E A LG N ~ G  P F G N A G ~ N  TG P L I KA 

G ATTTCCTCG ACG ATCGGCGGGGTCTCGACGTGG AACTTG CGGGCGGCG GCGCCG AGCAGGTAGCCC AG CCCGAG CCCGAGGGCCGACATGGAAGCGGCGGCTGCGATCATGGCAGGTCT 7320 
I E E V I P P T E V H F K R A A [, A G L L Y G L G L G L A S M S A A A A I M I Rnf8 

C CTTTCG Ace AT C AG ACGTGCACG AGCCCGGCAAAGCCCATG AAGGCGAGGCCCAGAAGCCCTGCGGACACG AAGGCGATGGGGGTTCCGGCAAAGG C CGCGGGCACCGAAAGCTGCGCC 7440 
OP V HIV L G A F G M F A L G L L G A S V F A I PIT G A F A A P V S L Q A 

AG CCG TTCG CGCATGCCCG C AAAG ATCA CCAG AACGAGCGTGAAACCG ACCG AGGCGCCAAAG CCGCTCAGCGTGCTCATCGCAAGG CTCAGATGGCCCTGAATG TACATCAGCGGCAGG 7560 
L R E R[M G A F I V L V L T F G V S A G F G S L T[S M A L S L H G Q I Y [M L P L 

8Cli 
~GAGGACGGCG~AGTTcGTGG~-~'~cGGcAGATAGATGCCGAG~G~TTGTGCAGGTcGGGGGTGACCTTGCGCATCAcc~TcTcGATGAAcTGCACGAT~GCGG~ATGACCAGG 7680 
G L V A C N T T I L P L Y I G L A] K H L D P T V K R MLV T E 1 F Q V I A A I V L 

BClI 
ATCATG CTCAGG ATG CGCAGGAATTTCAGGTCG AG CGGTTCCAGGAT CAGCG CCTCGACCAGCCAGCAGGCGGCCGAGG CG ACGG~-G~-~CGAAGGTCGTGGCCAGCCCCATGCCGATC 7800 
I M $ L I R L F] K L D L P E L I L A EIV L W C A A S A V T I V F T T A L G M G I ] 

G CGGCATCGGTCTTG CGCG AGACGCCCATGAACGGGCAGAGCCCGAGGAATTTCACCAGCACG ACGTTGTTCACG AG CGCGGTG CTCAAG AGGACGAG AAG GAAGTCTTGCATCGGTCTC 7920 
A A D T K R S V G M F P ~ L[G L F K V L V V N N V L A T S L L V L L F[ D Q M RnfA 

c•CGGTTGGCTGTGCcGT•GcGcCAAGGcGTGGCGAAGGG•TTCATcGGGGATCAAGCAAGGGCTGTGcCAAGCGGGCGGATCGCGG•CTGTCGCGC•CCcGCGTGC••G•CCGCACGCG 8040 

TGTCcGCGCGcGCAT•CGc•C•cGCGCCCGCGATAAAGATGTGA•CGCTcCCGCcGCAGCGGcAAAGCC•GTCGGTTTcGGGGGGAAATCGCCCCGATCAcGGCTTcGGGAGCCGGTTTT 8160 

CCGCGTGTTTTcG•CGCTTTCGCCGCATTGTCGGGTTTCCGACAATTTGTCGGGGC•GCGCCGCGTTCTGTCGTCTTGCGGCCC•GcACCccTGTTTCcTTGGGCTTcCG•GCTTGGCAC 8280 

GGTTCTTGcTG•ACATCTGATGCGGCCTGCCCG•AAcCACAGGAGTGTTCCcTTGTCcGTTCcGCCTTTCAccATCCGcCCGGCCGCGCCCCGcCTTGACGGcCcCACCGGCCCTGTcG• 8400 

GGTGGCGc•CGGCGTGCATTGGGTGGGGGCGCTCGATCCGGGGCTGCGCAATTTCGA•GTGAT••TGAAAACCGcGAATGGcACcAccTAcAATGCCTATG•CGTGCGCGGGTCAGAGGG 8520 

V I D T V K A E F A G D F F A R L E A V A R Y D E I R L I V L N H L E P D H ORFI4 
GG T CG CGGTG A TCGACACGGTCAAGG CC~-~--~-~G CGG G CG ACT TCTTTGCCCGG CTGG AAG C CGTTGCCCGCTATGACGA~ATCCGCCTGATCGTGCTG AACCATCTGGAGCCCGATCA 8640 

EcoRI 

T G A V P E L L R R A P Q A Q V R L S P R G L P M L R A L L K D D F E R Y D I K 
CA C CGGCG C CGTG C CCGAACTCTTGCG C CGCGCACCGCAGGCGCAGG T CCGGCTGTCG CCCCG CGGCCTGCCGATGCTGCG CGCG CTTTTGAAGG ACGACTTCGAG CGTTACG ACATCAA 8760 

G V T T G Q S V S L G D R I C S F F T T P F V H W P D T Q C T W L A A E R V L F 
GGG CGTCACCACCGGGCAATCGGTCAGCCTG GG CGACCGCAT~-T~-~CTTCTTCACCACGCCTTTCGTGCATTGGCCCGACACGCAATGCACCTGGCTGGCGG CGGAACGGGTGCTGTT 8880 

PstI 

T C D L F G S H Y C D G R L F N D L V G D F R F S F E Y Y F D R I M R P F R S F  
~A~TGTGAC~TGTT~GGCAGCcATTATTGcGACGGG~GCTG~c~TGACCTTGTc~G~GA~TCcGGTTTTcTT~GAGTATTACTTCGACCGGATCATGCGccCCTTcCGCAGT~ 9000 

V A Q V L D L I E P L D F G I I A P A H G P I L R S H P R D Y L T H T R R L I S  
~TGGCGCAGGTGCTCGACCTGATCGAGCCGcTCGA~TCGGCATCATCGCCCCCGCGCATGGGCCGATCCTGCGCAGCCATCCGCGCGATTATCTGACcCATACGCGG~G~GAT~C 9120 

S W L A A E T G S E K T L L I F Y V S A Y R A T A Q L A Q A I H D G A A E S P D  
~TCGTGGCTCGCCGCCGA~CCGGCAGCGAAAAGACGCTGCTGATCTTTTACGTCTCGGCCTATCG~CCACCGCGCAGCTGGCGCAG~CGATCCATGACGGTGCCGCCG~GCCCCGA 9240 

V R V S L F D L E G G E I T P F L D L I E E A D G I A L G T P T I N G D A V R T 
TGTG CGGGTGTCG CTCTTTG ATCTGGAGGG CGGCGAG ATCACCCCCTT CCTGG ATCTG ATCGAGGAGGCCGACGG CATTG CGCTGGG CACG CCG ACGATCAACGGCGATGCGGTGCGCAC 9360 

I W E M L A A L V D I E T R G K L G A A F G S Y 0 W S G E A V R L V E T R L Q G 
G AT CTGGG AAATGCTGGCGG C G CTGGT CGATATCG AAACCCG C GG C AAG C TGGG G GCGG CTTTCG G CTCCTATGG CTGGTCGGGCGAGG CGGTGCGGCTGGTCG A ~ C C C G ~ G  9480 

PstI 

L K M R L P E P G L R V K L H P S A A E L E E G R A F G R R L A D H L T G R A R  
GcTG~GATGCGTcTGcCGG~CcGGGGTT~cGG~TG~G~TGCAcCCCTCcGCGGcGGAAcTGG~GA~GGGcGGGCCTTcGGGcGCCGC~TG~CGATCA~CTGAcCGGC~GGCCCG 9600 

P R E V D F A E I A A R O P  M D K A T L T F T D V S I T V N V P T G T R F d x C  
GCcccGcGAGGTcGACTTCGCCG~TCGCGGcG~GcTGAAAC~GGACGGACcATGGAc~GGCCACACTGACGTTCA~CGATGT~TcGAT~ACGGT~cGTGCcCAc~G~CCcG 9720 

~ I E H S E K V G S G I T Y G ~ R E G E ~ G T ~ N T H I L E G S E N L S E P T A  
CATCAT~GAGATGTCGG~AAGGTCGGCTCGGGCATCACCTACGGCTGCCGCGAGGGCGAATGCGGCACCTGCATGACC~ATATCCTCG~GGGTCGGAAAA~CTGT~GG~cCGACCGC 9840 

L E M R V L E E N L G G K D D R L A ~ Q ~ R V L G G A V K V R P A O P  
~ ~ c ~ ~ c T ~ G ~ c ~ c ~ T ~ A c ° ~ T c ~ c c ~ c c ~ G ~ c ~ ~ c ~ c G c c ~ c ~ c ~ c c c G c c T G ~ c G ~ c G ~ G c ~  9960 

~ ~ M K I D p E L © T s © G  D © E P v © ®  T ~ A i A p K K ~ ~ ~ ~d~ 
CCATTTGCTAGGA~GG~CCAGATGGC~ATG~GATCGAT~CCG~CTcTGCACCTcTTGcGGCGACTGCG~cCGGT~GCCCGACC~TG~GATCGCGCCG~GAAAGG~GTTTAT 10080 

V I N A D T ~ T E @ E G E H D L P Q ~ V N A @ M T D N C I N P A A O C M T G C C D R n f F  
~CGCCGACAccTGcACCG~TGcGAAGGcGAGCATGACCTGCCGC~TGCGTC~CGC~TGcATGACCGAC~CTGCATc~CcCGGCGGCGT~GATGACcGG~GcTGCGA 10200 

8clI 

D G P A T G P R D L R E R L R V V A V R G E S L V V A A D R A S A C A A C A ~ E A  
CGACGGTCCGGCGACCG~ACCG~CGATCTGCGCGA~GACTGCGCGTGGTCGCGGTCAGGGGCGAAAGCCTTGTCGTCGCGGCAGACCGCGcCTCGGCCTGTGCCGC~GcGC~GAGGC 10320 

K G C G T R A L M S M H R T D L M T I A R P A G L I V A P G D E V E V A M S G N  
G~GGGCTGCGGCACTAGGGCGCTGATGTCGATGCACCGCACCGATCTGATGACGATCGCGCGTCCGGCCGGGCTGATCGTCGCGCC~GGGGACGAGGTCGAGGTGGCGATGT~GGC~ 10440 

N [ L L A G A G L A Y L L P A L A F V V A L A ] L A S G A G L S D [ G G A A L V G G V  
C AAT h~TC~G GC CG GG ~G G~G C~TGC~ A T ~G C~TC~G G ~G C~ ~CT~TG~GTCGCT T ~ G  CTG G C C TC CG GG G CGG G C CTG T CG G ACG~G GGCG ~ ~C ~TG~TGGG~C~ 10560 

Fig. 2 (continued; for legend see page 608) 
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V L M F S F L P L V L L I E A A R G ~ R G R ~ R ~ S T ~ I R G T A D D G R R A A F  
~TGCTGATGTTTTCCTTCCTGC~CTGG~GC~G~GCCGCGCGC~C~TCGCGGGCGTTGCAGGTGCT~AcGTGCATCcGGGG~C~C~ATGACGGC~CA~GC~TT 10680 

R T [ G L A L A A G L V L A G G V R V L T A P A ] P D V S E T F Y V F G T L L E V E  
T~ACCGGT~T~CGCTTGC~CGGG~GTccTTGcGGGGGGCGTG~GTGCTGACCGCACCGGC~CCcGATGTATC~AGACCTTTTA~TCTTCGGcA~~T~A 10800 

Xhol 

T H G V P E A Q A R D A M A V L G A H F R Q M H R D W H A W A P G E L E S L N A  
~CC~AT~TGTCCCCGA~CG~CC~A~CGAT~c~TGCTTGG~CGCATTTCCGGCAGATGCAC~cGATT~CACGCcTGGGCCCCCGGTG~CTCGAAAGc~G~TGC~92~ 

A M A A G Q S F E V D P G L A K L L Q Q G R D L A C R S E G L F D P A V G G M V  
CG~ATGGC~CCG~c/~-~AGGTCGATC~GGGcT~CA/~cTcTTGCAGCAG~cAGGGACCT'~CCTGcCGCTcC~AGG~G~G~ATCC~C~CA~GT 11040 

Hindlll 

E A W G F H A D T P P E A I R S D A V V A K L L A G A P K M T D L T I T G T T V  
CGAGGCCTG~G~I'TTCA~CCGACACCCCGCCCGAGGCGATc~CTCTGACG~GTGGTGGC~TGGCG~cGCTCCG~TGAC~AT~GACGATCAC~G~C~A~7~GT 11160 

Hindlll 

R S S N P A V Q L D L G A Y A K G A A L D L A E A D L T A A G I R D A V L N A G  
cCG~TCGTCG~CCC~CGGTGCAGCTGGATCTGGGCGcCTATGCC~GGGCGC~CGCTGGACTTGGCCGA~CGGACCTGA~Gc~CGGG~TCCG~ATGCGG~G~CGCGGG 11280 

G G V Q V L G D H G S R P W R V A I R D P F E W G V V G A V S L R P G E A L H T  
CGGCGGCGTGCA~TTCTG~CGATCA~GGT~CGGCCCTGGCGGGTGGCGATCcGCGATc~TTCG~TGGGGCGTCGTC~CGcGG~TCGCTGCGGCCGGG~A~CTTTGCACAC 11400 

S G N Y E R Y F D R G G I R F S H I I D P R T A R P M R G V V S V S V L S D N G  
TTcGGGC~TTA~CGCTA~TCGACAGG~CGGCATcCGC~TTCCCATATCATCGATCCCCGCACCGc~GGcCGATGCG~GGGTGGTCTC~TCTCGGTC~GTCCGAC~G 11520 

A L S D A A A T A L C V A G E E D W P R I A A Q M G V R A V L R I T D D G S I F  
CGCGcTCTCGGATGCcGccGcCACCGCGCTTTGCGTCGCGGGcG~GAGGACTGGCcGCGGATCGcCGcGcAGATGGGGGTCCGCGCCGTGCTCAGGATCACcGATGAcGGATcGAT~T 11640 

A T P E M R A R L E A V E G G F P A P I T V V D L P K D V A I P L C P E G O P  
CGCCACCCcCGAGATGAGGGCG~ACT~GCGGT~GAGGGC~CTTcCCCGCGCCGATCA~CGT~T~ATCTGCCC~GGA~Gc~TCcCCc~TGTCCcGAG~cTG~cG 11760 

CTTTGGCACGGGCTTTGCCCGCCGCTTCTGTCACATTCTGGATTTGG~CGATTCCATGTTGCAGCGCGGCGACGATcAcGCTACCCCCTC~AcCGGGATTTc~CG~GACCGACCCc 11880 

M K T N S K L P D V T F H T R V R D E S V G G P N P Y R W Q D M O R F I 0  
cGcCTGACCGCAGCTGGAGCCAAAGATGAAAAcC~CAGcAAATTGCCCGACGTGAc~TTTCACACCCGcGTGcGcGACGAAAG~TC~CGGCCCG~CCC~ACcG~CAGGACAT 12000 

T T A D Y F A G K R V I L F S L P G A F T P T C S T Y Q L P G F E K G F P E F A  
GAccACCGCCGA~A~TCGC~GC~C~GTGATCCTGTTCTCGcTGCCGGGCGCTTTcACGCCGACCTGcTCGAcCTAT~AGCTGCCGGGCTTCGAAAAGGGcTTCCC~T~GC 12120 

A Q G I D E I Y C L S V N D S F V M N Q W A K A Q G L E N V Q V I P D G S G E F  
CGCGCAGGGCATCGA~TTGCCTCTC~TC~CGAcAG~TTCG~ATG~CC~TGGGCC~GGCGCAGGGTCTGG/~CGTCCA~TGATCCCGGACGGTTC~G~TT 12240 

BglII EcoRI 

T R R M G M L V R K D N L G F G L R S W R Y A A I V T N G V I E A W F E E P G L  
~CCCGCCGCATGG~ATGcTGGTGCGC~GGAC~CCTc~GCTTCGGCCTGCGGTCCTGGcGCTATGCCGCCATCGTGACG~TGGCG~ATCGA~CCTGGTTCG~GAGcCCGGCCT 12360 

M D N C P E D P Y G V S S P E N V L A W L K T A K V A O P  
GATGGAC~CT~CCCcGAGGATcCCTATGGCGT~CCAGCCCGGAAAACGTTCTGGCCTGGCTGAAAACcGC~AAAGTCGCCTGAGCGATC~ACAGA~cCGAAAGCCCcGCC~TC 12480 

Fig. 2. Nucleotide sequence of a 12 480 bp D N A  fragment located 
upstream of nifE in R. capsulatus mfregion A. The D N A  sequence 
is given in the 5' to 3' direction and numbering corresponds to the 
data base entry. The first non-coding 2280 bp are not  shown. The 
predicted amino acid sequences of  rnfE, rnfD, rnfC, rnfB and rnfA 
are given in single letter code below the nucleotide sequence and for 
ORF 14, fdxC, fdxN, rnfF and ORF10 above the sequence. Trans- 
membrane segments predicted by the method of Eisenberg et al. 
(1984) are boxed and putative cleavage sites of leader peptides are 

marked by arrows. Cysteine residues discussed in the text are circled 
and a motif  in ORF14 which is homologous to Clostridium MP 
flavodoxin (Jouanneau et al. 1990) is emphasized by overlining. An 
inverted repeat located downstream of rnfE is marked by arrows. 
D N A  motifs conforming to the consensus sequence for cy54-depen- 
dent promoters are underlined and conserved nucleotides are 
marked by filled bars. The same symbols Were used to indicate a 
D N A  sequence which corresponds to NifA-binding sites. Restric- 
tion sites used for the construction of mutants  are boxed 

Table 3, Features of  proposed products encoded by genes located upstream of Rhodobacter capsulatus nile 

Designation Phenotype Total amino Product molecular Predicted characteristics 
of mutants  a acids mass (daltons) 

rnfE Nif-  441 46 627 Secretory membrane protein 
rnfD Nif-  304 33 277 Membrane protein 
rnfC Ni l -  519 55 587 Iron-sulphur protein 
rnfB Nif-  187 19 090 Iron-sulphur protein 
rnfA Ni l -  193 20 424 Membrane protein 

ORF14 Nif  + 370 41 433 Flavin-binding protein 
fdxC n.d. 95 10 163 [2Fe-2S] ferredoxin b 
fdxN Nif  +/- ~ 65 6 865 [4Fe-4S] ferredoxin d 
rnfF Nif  523 54 142 Secretory membrane protein 
ORF10 Nif  + 179 19 988 

a See Fig. 1 
b Grabau  et al. (1991); Saeki et al. (1991) 
° Slow diazotrophic growth (no growth could be observed after 50 h 

as for wild type and Nif  + strains, however, in contrast  to Nif  
strains, this mutant  showed diazotrophic growth after 100 h) 

d Schatt et al. (1989); Saeki et al. (1991) 
n.d., not  determined 
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! 
rnfA T T G G C A C lA G 

ORFI4 T T G G C A C G G 

nifE C T G G C A C G T 

ORF6 T G G C A C G C 

nifB I T G G C A C G G 

nifBii T G G C A C G G 

nifUii T G G C A C G C 

nifH T G G C A C G A 

Pnif 

c__~c 

T T C 

T T  C 

TT CTTGCT G CAT C C C TGAT GA 

~ T C T T G C T G ~ A  T C C C T G A T G A 

] F - - - - - - ]  T C T T G C T G A ~ T  G A 

l I t i 

T T G C T T~A T C C C~G A T G~A G 

T T G C T G C A ~ - - - ~ C  T G A T G G G 

T T G C T~C A T C C C T ~ T  G A C A 

TTGCTGCAT C C C T G A T G A A C  

CC 

CC 

AG 

GC 

TG G C A C G  . . . .  TT G C A  

Fig. 3. Comparison of R. capsulatus 
mfpromoters. The DNA sequence of 
~S4-dependent promoters located in 
front of rnfA and ORF14 are com- 
pared to R. capsulatus promoters in 
front of nifE (Moreno-Vivian et al. 
1989b), ORF6 (Masepohl et al. 
1993), nifB 1 and nifB n (Masepohl et 
al. 1988), n/fUH (Preker et al. 1992) 
and nifH (Pollock et al. 1988). Identi- 
cal nucleotides are boxed and com- 
pared to the consensus sequence of 
c~S4-dependent promoters (P, is) 
proposed by Morett and Buck (1989) 

Saeki et al. 1991). All other ORFs in this part of the R. 
capsulatus mfregion A exhibited no significant homology 
to known n/f genes or to other sequences present in data 
bases. Therefore, these ORFs were called rnf genes (for 
Rhodobacter nitrogenJixation) if they were essential for 
nitrogen fixation or ORFs if mutations resulted in a Nif ÷ 
phenotype. Five of these genes (rnfABCDE) are tran- 
scribed in the opposite direction to all other genes in n/f 
region A (Fig. 1B; Fig. 2), whereas ORF14-fdxC-fdxN- 
rnfF-ORF 10 are transcribed in the same direction. These 
two putative operons are preceded by DNA sequences 
corresponding to the consensus sequence of cy54-depen- 
dent promoters (Morett and Buck 1989). As shown in 
Fig. 2, only one sequence agreed perfectly with the NifA- 
binding motif TGT-Nlo-ACA (Cannon et al. 1991), 
which is located between these two putative ~S4-depen- 
dent promoters. This NifA-binding motif is located 
197 bp upstream of the rnfABCDE promoter, whereas 
only 70 bp separate this element from the cySt-dependent 
promoter of the ORF14-fdxC-fdxN-rnfF-ORFlO tran- 
scriptional unit. 

Figure 3 shows a comparison of all c¢~-dependent 
promoters located in R. capsulatus nif region A (Pr,~A, 
PORF14, PnlfE, PORF6, PnlfBl) and n/f region B (P,iin, PnifVll, 
P,~IBn), respectively. In contrast to ~54-dependent pro- 
moters found in front of nitrogen fixation genes from a 
variety of diazotrophs, the R. capsulatus nif promoters 
contain not only the canonical -- 12/-  24 motif but also 
additional invariant nucleotides between position - 1 2  
and the transcriptional start. 

It is interesting to note that, based on the availability 
of start and stop codons and the codon usage frequen- 
cies, no putative coding regions could be localised within 
the 2769 bp sequence downstream of rnfE. However, a 
perfect stem-loop structure consisting of an 11 bp stem 
and a 6 bp loop (AG, -31.4 kcal), which might be the 
transcriptional stop signal of the rnfABCDE operon, was 
found 378 bp downstream of the rnfE stop codon 
(marked in Figs. 1B and 2). 

Structure predictions bases on deduced amino acid 
sequences 

Analyses based on three different methods (Eisenberg et 
al. 1984; Klein et al. 1985; Rao and Argos 1986) predict- 

ed RnfA, RnfD, RnfE and RnfF to be membrane pro- 
teins. As shown in Fig. 4, RnfA is predicted to contain 
six transmembrane segments, both RnfD and RnfE in- 
clude seven of these elements and RnfF contains only 
three transmembrane segments. The exact localisation of 
these putative transmembrane segments is indicated in 
Fig. 2. The hydrophobic N-terminal parts of RnfE and 
RnfF are very likely to represent prokaryotic secretory 
signal sequences. According to the 3/ 1 rule (for 
review see von Heijne 1988) RnfE is predicted to be a 
secretory membrane protein which is cleaved between 
amino acid residues 14 and 15 (marked in Fig. 2), where- 
as the putative cleavage site of RnfF is located between 
residues 44 and 45. The locations of connecting loops 
between transmembrane segments at the cytosolic or 
periplasmic side of the membrane could be predicted by 
the distribution of positively charged amino acid residues 
(von Heijne 1986). According to these rules, the loop 
separating the transmembrane segments I and II of 
RnfF, which contains no positively charged amino acid 
residues, should be exposed at the periplasmic side of the 
membrane. A cysteine motif C-X3-C-X-C-Xz-C, which 
is located between transmembrane segments II and III of 
RnfF (marked in Fig. 2) would be located at the cytosolic 
side of the membrane, since this loop contains eight 
positively charged arginine residues. The large hydro- 
philic C-terminal part of this protein is predicted to be 
located at the periplasmic side of the membrane. 

As shown in Fig. 2, the gene products of RnfB and 
RnfC are characterised by cysteine motifs typical for 
[4Fe-4S] proteins. Both proteins contain two C-X2-C-Xz- 
C-X3-C-P motifs, which are separated by 18 amino acid 
residues in RnfB and 27 residues in RnfC. In addition to 
these motifs, RnfB contains a further cysteine cluster 
C-Xz-C-Xg-C-X16-C in the N-terminal region. This mo- 
tif in RnfB is preceded by a putative transmembrane 
helix (Fig. 2), whereas RnfC is predicted to be a soluble 
protein. 

A domain exhibiting significant similarities to FMN- 
binding sites was found in the C-terminal part of ORF 14 
(marked in Fig. 2). According to our DNA sequence data 
this domain is part of a large protein encoded by ORF14, 
which is predicted to consist of 370 amino acid residues. 
This is in contrast to data presented by Jouanneau et al. 
(1990) who proposed that the DNA region upstream of 
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also marked in Fig. 2 

fdxC codes for a low molecular weight flavodoxin. Dif- 
ferences between the D N A  sequence presented in this 
study and sequences published previously were also 
found downstream of  fdxN. These changes cause the 
fusion of  URF1 with the beginning of  an ORF proposed 
by Saeki et al. (1991), resulting in the coding region of  
rnfF. 

Mutational analysis 

The D N A  region sequenced in this study had initially 
been characterised by 13 transposon Tn5-induced muta- 
tions (Klipp et al. 1988). The Nif -  phenotype of the 
corresponding mutants demonstrated that genes essen- 
tial for nitrogen fixation are located in this part of  R. cap- 
sulatus n/f region A. To analyse the role of  the sequenced 
genes in more detail, plasmids carrying defined insertions 
or deletions were constructed (Table 2, Fig. 1B). The 
interposons used for the construction of  these mutations 
were previously shown to induce polar or non-polar 
mutations depending on their orientation (Moreno- 
Vivian et al. 1989a; Masepohl et al. 1993; Schfiddekopf 
et al. 1993). The corresponding interposon-induced 
mutations were subsequently homogenotised into the 
R. capsulatus genome and the Nif  phenotype of  the result- 
ing mutants was determined by analysing diazotrophic 

growth (Table 3; Fig. 1B). A clear Nif -  phenotype was 
found for rnfA, rnfB, rnfC, rnfD or rnfE mutants, where- 
as deletion of a BamHI fragment located 984 bp down- 
stream of  the stem-loop structure adjacent to rnfE re- 
sulted in a Nif  + phenotype. Depending on the orientation 
of  the interposon, ORF14 mutants exhibited a Nif  ÷ or 
a Ni f -  phenotype. This result demonstrated that the gene 
product  of  ORF14 itself is not essential for nitrogen 
fixation but the expression of  genes absolutely required 
for this process, which are located downstream of  
ORF 14, is dependent on the putative ~54-dependent pro- 
moter  located in front of ORF14. The analysis of  inser- 
tion/deletion mutations located downstream of  ORF14 
proved that rnfF is the only gene of  this transcriptional 
unit which is essential for diazotrophic growth. A very 
slow diazotrophic growth was found for a non-polar  
fdxN mutant. This is in contrast to data reported 
previously by Saeki et al. (1991) who described a Nif -  
phenotype for an fdxN mutant. Differences in the ex- 
pression of  rnfF, which was shown to be essential for 
nitrogen fixation (this study), may account for this dis- 
crepancy. Saeki et al. (1991) used a kanamycin cassette 
to inactivatefdxN and to drive expression of rnfF, where- 
as a gentamicin interposon was used in this study. 



Determination of in vivo and in vitro nitrogenase 
activities of R. capsulatus wild type and mutant strains 

During growth on D,L-malate and NH2, no significant 
differences in growth rate or protein levels in the station- 
ary phase of growth were observed between R. capsulatus 
wild type and the mutant strains described in this study 
(data not shown). As shown in Fig. 5, three different 
types of time courses for nitrogenase activity were found 
for R. capsulatus wild type and mutants carrying inser- 
tions/deletions in the sequenced part of R. capsulatus nif 
region A. The wild type (Fig. 5A) and the non-polar 
ORF 14 mutant (R347I, data not shown) showed essential- 
ly the same behaviour. After exhaustion of NH 2, both 
strains produced considerable amounts of H2 (data not 
shown) and exhibited specific activities of in vivo acety- 
lene reduction of about 150 nmol per min per mg. The 
non-polarfdxN mutant (R346I) showed a low but signifi- 
cant nitrogenase activity of about 2 nmol per min per mg, 
which decreased slowly over 50 h (Fig. 5B). Almost iden- 
tical values were found for the non-polar rnfA mutant 
(R363I, data not shown). In contrast, strains carrying 
mutations in rnfE (R112AI/II), rnfC (R155CI/II) and 
rnfF (R213AI/II, R213BI/II), as well as the polar rnfA 
and fdxN mutants (R363II and R346II), exhibited a 
short-lived increase in nitrogenase activity (0.5-2.5 nmol 
per min per mg), which was followed by a rapid decrease 
culminating in lack of activity after 30 h growth (Fig. 
5C). 

In addition to in vivo nitrogenase activities, in vitro 
nitrogenase activities of R. capsulatus wild type and re- 
presentatives of both other types of time courses of the 
nitrogenase activity were analysed. The in vitro nitroge- 
nase activities were tested after destruction of the cell 
envelope by CDAP, using an ATP-regenerating system 
and dithionite as an artificial electron donor. As shown 
in Table 4, after 20 h of growth the rnfE mutant 
(R112AII) and both fdxN mutants (R346I/II) exhibited 
significantly higher activities in vitro than in vivo 
(15.3 26.3% of wild type in vitro activity compared to 
0.6 1.6% in vivo activity). Even after 50 h of growth, 
when rnfE, polar ORF14 and polar fdxN mutants 
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Fig. 5A-C.  Time course of  N H 2  consumption and nitrogenase 
activity. The NH,~ consumption (filled circles) and nitrogenase 
activity measured as acetylene reduction (open triangles) was 
followed for R. capsulatus wild type (A), for the non-polar fdxN 
insertion mutant R346I (B) and for the rnfE deletion mutant R 112AI 
(C). Details of  the construction of  these mutants are given in Fig. 1B 

(R112AII, R347II, R346II) showed no in vivo activity at 
all (Fig. 5C), considerable in vitro activity could still be 
detected (Table 4). 

To analyse the correlation between nitrogenase activi- 
ties and the relative amounts of nitrogenase proteins 
present in R. capsulatus wild type and mutant strains 
described in this study, Western blotting and immuno- 

Table 4. Percentage of  in vivo and in vitro acetylene reduction activity of  R. capsulatus wild type and mutants 

Strain Genotype a Type of  time Acetylene reduction c 
course b 

% in vivo (20 h) % in vitro (20 h) % in vitro (50 h) 

B10 Wild type A 

R112AII  rnfEA : :Tc < C 

R347I  O R F 1 4 A :  : G m >  A 
R347II  O R F 1 4 A :  : G m <  C 

R346I  fdxN: : G m  > B 
R346II  fdxN: : G m  < C 

100 100 100 

1.4 26.3 19.8 

86.5 n.d.  75.0 
1.6 n.d. 19.1 

1.3 17.1 11.3 
0.6 15.3 5.3 

"De ta i l s  of the construction of  mutant strains are given in Table 2 
and Fig. 1. Arrowheads indicate non-polar ( > )  and polar ( < )  
insertions 

b See Fig. 5 
c Cells were grown on RCVB medium supplemented with 2.5 m M  

(NH4)2SO 4. In vivo activity of  100% was 150 nmol acetylene 

reduced per min per mg; 100% of  in vitro activity was 6.3 nmol 
acetylene reduced per min per rag. The values shown are derived 
from at least two independent experiments with two determina- 
tions 
n.d., not determined 
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Table 5. Relative levels of nitrogenase pro- 
teins in R. capsulatus mutants and wild 
type 

Strain Genotype" 20 h b 50 h b 

Rclct Rc113 Rc2 Rclu Rcll3 Rc2 

B10 Wild type 100 100 100 100 100 100 

R112AII rnfEA : :Tc < 39 38 46 18 38 22 

R155CI rnfC: :Gm> 44 28 36 13 20 18 
R155CII rnfC: :Gin< 60 30 33 14 17 23 

R363I rnfAA: :Tc> 40 31 38 35 34 27 
R363II rnfAA: :Tc< 52 35 12 39 31 39 

R347I ORF14A: :Gm> 70 60 130 83 100 96 
R347II ORF14A: :Gm< 20 36 25 14 35 31 

R346I fdxN: :Gm > 18 43 25 30 59 50 
R346II fdxN: :Gm < 20 43 26 11 27 27 

R213AI rnfFA: :Km> 9 35 30 19 38 46 
R213AII rnfFA: :Km< 7 21 31 13 37 41 

a Details of the construction of mutant strains are given in Table 2 and Fig. 1 
b Cells were grown on RCVB medium containing 2.5 mM (NH4)2SO4. Samples were harvest- 

ed after 20 h and 50 h, respectively, and subjected to gel electrophoresis followed by 
immunodetection of nitrogenase subunits Rclc~, Rc113 and Rc2 (see Fig. 6). Protein bands 
were scanned and relative amounts are given as percentage of levels in wild type 

Rclc~ ,, 

R c 2  * 

1 2 3 4 5 6 7 8 9 10 

Fig. 6. Immunodetection of nitrogenase subunits. Cells were grown 
on RCVB medium containing 2.5 mM (NH4)2SO 4. Samples were 
harvested after 50 h. Equal amounts of total proteins were 
separated in SDS-polyacrylamide gels prior to Western blotting. 
Nitrogenase subunits were visualised using antisera against com- 
ponent 1 of R. capsulatus and component 2 of Azotobacter vinelan- 
dii. Lane 1, R. capsulatus B10 (wild type); lane 2, R347I (non-polar 
ORF14 mutant); lane 3, R347II (polar ORF14 mutant); lane 4, 
R346I (non-polarfdxN mutant); lane 5, R346II (polarfdxN mu- 
tant); lane 6, R213BI (non-polar rnfF mutant); lane 7, R213BII 
(polar rnfF mutant); lane 8, R213AI (non-polar rnfF deletion mu- 
tant); lane 9, R213AII (polar rnfF deletion mutant); lane 10, puri- 
fied nitrogenase components of R. capsulatus 

detect ion were per formed (Fig. 6). As shown in Table  5, 
all m u t a n t s  tha t  were unab le  to grow diazot rophica l ly  or 
showed reduced abil i ty to grow with N2 (R346I) con-  
ta ined significantly lower a m o u n t s  of  the cz and  13 sub- 
uni ts  of  c o m p o n e n t  1, as well as lower a m o u n t s  of  com- 
p o n e n t  2 of  ni t rogenase.  

Inhibition of growth by metronidazole 

Analyses  of  the in vitro n i t rogenase  activities of  R. cap- 
sulatus m u t a n t s  carrying inser t ions/dele t ions  in rnfgenes 
and  the ferredoxin-encodingfdxN gene indicated  that  the 
products  of  these genes are involved in electron t ransfer  
to ni t rogenase.  The an t imicrob ia l  d rug  met ron idazo le  
can accept electrons f rom reduced ferredoxins and  is 

Table 6. Effect of 0.5 mM metronidazole on growth of R. capsulatus 
wild type and mutants 

Strain Genotype a Percentage growth b 

B10 Wild type 15 

R112AII rnfEA : :Tc < 95 

R155CI rnfC: :Gm> 88 
R155CII rnfC: :Gm < 75 

R363I rnfAA: :Tc > 70 
R363II rnfAA: :Tc < 60 

R347I ORF14A: :Gm> 18 
R347II ORF14A: :Gm< 69 

R346I fdxN: :Gm > 85 
R346II fdxN: :Gm < 78 

R213AI rnfFA : :Km > 75 
R213AII rnfFA : :Km < 76 

a Details of the construction of mutant strains are given in Table 2 
and Fig. 1 

b Cells were grown on RCVB medium containing 5 mM L-serine as 
nitrogen source and 0.5mM metronidazole. The percentage 
growth is the ratio of protein values for strains grown with and 
without added metronidazole 

reduced to lethal derivatives of the drug (Schmidt  et al. 
1977; Hal lenbeck  and  Vignais 1981). Therefore,  met-  
ronidazole  can be used to select m u t a n t s  defective in 
electron t r anspor t  to n i t rogenase  (Wil l ison and  Vignais 
1982; Wal l  et al. 1984). To  analyse the effect of  met-  
ronidazole  on  the m u t a n t s  cons t ruc ted  in this study, 
growth  unde r  condi t ions  of  n i t rogenase  derepression (L- 
serine as n i t rogen  source) was compared  in the absence 
and  presence of  0.5 m M  metronidazole .  As shown in 
Table  6, the wild type and  the non - po l a r  O R F 1 4  m u t a n t  
(Nif  ÷ phenotype)  reached only 15-18% of  the b iomass  
(protein)  levels of  cul tures g rown wi thou t  met ronidazole ,  
whereas all other m u t a n t s  reached 60-95% even in the 
presence of  metronidazole .  



Discussion 

The DNA sequence data presented in this study complete 
the nucleotide sequence of R. capsulatus nif region A. 
A detailed genetic analysis of a contiguous DNA frag- 
ment of 26 182 bp containing 26 genes is now available. 
The Nif ÷ phenotype of different insertion and deletion 
mutants upstream and downstream of mf region A 
proved that no further nitrogen fixation genes are located 
immediately adjacent to this gene cluster. In addition to 
genes which were identified in other nitrogen-fixing or- 
ganisms, R. capsulatus nif region A harbours two tran- 
scriptional units that encode a new class of nitrogen 
fixation genes. Six of these so-called rnf genes, which 
exhibited no homology to known mf genes or other 
sequences present in data bases, were shown to be essen- 
tial for nitrogen fixation, whereas the gene products of 
ORF14 and ORF10 were not required for this process. 
One of these newly identified transcriptional units also 
contains two genes, fdxC and fdxN, encoding a plant- 
type [2Fe-2S] and a bacterial-type [4Fe-4S] ferredoxin 
(Schatt et al. 1989; Grabau et al. 1991 ; Saeki et al. 1991), 
respectively. It was shown previously that purified fer- 
redoxin I of R. capsulatus, which is encoded by fdxN, is 
capable of in vitro electron transfer to nitrogenase (Hal- 
lenbeck et al. 1982; Yakunin and Gogotov 1983). 
Therefore, it was assumed that the fdxN gene product is 
the actual physiological electron donor to nitrogenase. 
To test whether the gene products of rnf genes are also 
involved in electron transfer to nitrogenase, in vitro ni- 
trogenase activities were determined using dithionite as an 
artificial electron donor. Extracts prepared from fdxN 
mutants as well as from rnf mutants could be com- 
plemented in vitro by dithionite (Table 4), indicating that 
the products of these genes are involved in electron trans- 
fer. However, the mutants could be complemented only 
to 5-26 % of the activity found for wild type extracts. In 
K. pneumoniae, only two mf gene products, the pyru- 
vate:flavodoxin-oxidoreductase NifJ and the flavodoxin 
NifF, are necessary for electron transfer to nitrogenase 
(Shah et al. 1983; Nieva-Gomez et al. 1980). In vitro ni- 
trogenase activities of crude extracts of nifJ and nifF 
mutants could also be restored only partially by dithio- 
nite (Hill and Kavanagh 1980). To test if the reduced in 
vitro activities in R. capsulatus fdxN and rnf mutants 
correlate with the amount of nitrogenase proteins present 
in the cells, the nitrogenase components were quantified 
by immunological methods. All mutants defective in 
electron transfer to nitrogenase contained only about 
30% components 1 and 2 ofnitrogenase (Table 5; Fig. 6). 
Since this decrease in nitrogenase components was in- 
dependent of the mutation site, a more general mecha- 
nism, influencing either the synthesis or stability of both 
nitrogenase components, must be responsible for the 
decrease of nitrogenase subunits and not a regulatory 
gene located in this part of n/f region A. The hypothesis 
thatfdxN and rnfgene products are involved in electron 
transport was corroborated by analysing the effect of 
metronidazole. These experiments (Table 6) demon- 
strated that all mutants analysed in this study had a 
higher growth yield in the presence of metronidazole 
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compared to the wild type, indicating that the cells con- 
tained lesser amounts of reduced ferredoxins. 

Analysis of in vivo nitrogenase activities demon- 
strated that all mutants in this part of R. capsulatus nif 
region A exhibited very low but significant acetylene 
reduction activities after ammonia depletion (Fig. 5). 
This activity disappeared completely in rnfC, rnfE and 
rnfF mutants after 30 h. In contrast, fdxN and rnfA mu- 
tants retained low nitrogenase activities for more than 
50 h, indicating that the electron transport to nitrogenase 
can be maintained in these two mutants at a very low 
level by some other unidentified component. These re- 
sults suggested that RnfC, RnfE and RnfF might be 
components of a ferredoxin-reducing system, which is 
necessary to reduce the not yet identified low efficiency 
electron donor under nitrogen-fixing conditions, whereas 
FdxN and RnfA are involved in supplying electrons to 
nitrogenase reductase directly. 

Since the rnfgene products exhibited no homology to 
known proteins, possible functions can be deduced only 
from secondary structure analysis. These predictions sug- 
gested that the rnfgenes encode four potential membrane 
proteins and two putative iron-sulphur proteins, each of 
which might contain at least two [4Fe-4S] clusters. Cys- 
teine residues within the membrane proteins predicted to 
be exposed on the cytosolic side of the membrane, sup- 
ported the hypothesis that these rnfgene products, and 
probably also the plant-type ferredoxin FdxC, might 
form a membrane complex involved in the reduction of 
the fdxN-encoded [4Fe-4S] ferredoxin. At the moment 
one can only speculate that this putative membrane com- 
plex might be an oxido-reductase with an unknown sub- 
strate or a system responsible for reverse electron flux, 
which uses the membrane potential generated by the 
photosystem to reduce ferredoxins, or that a direct, non- 
cyclic electron flux occurs to nitrogenase, which is catal- 
ysed by these gene products. 

The two transcriptional units containing fdx and rnf 
genes are preceded by putative NifA- and c~54-dependent 
promoters. This is in line with the finding that the ex- 
pression offdxN is negatively regulated by ammonium 
and oxygen (Schatt et al. 1989; Suetsugu et al. 1991). 
Only under nitrogenase-derepressing conditions were 
two mRNAs of approximately 330 and 750 nucleotides, 
which are homologous tofdxN, identified by Schatt et al. 
(1989). According to our sequence data and the analysis 
of polar and non-polar insertion mutants, fdxN is co- 
transcribed with ORF 14-fdxC-fdxN-rnfF from a ~54-de- 
pendent promoter in front of ORF 14 (Fig. 2). Therefore, 
it is likely that cleavage of a long primary transcript 
results in one transcript species containing bothfdxC and 
fdxN, and one transcript species containing only fdxN. 

Comparison of all R. capsulatus nif promoters re- 
vealed a high degree of sequence conservation not only 
of the canonical - 12/-  24 promoter but also of addi- 
tional nucleotides (Fig. 3). This extended motif might 
reflect differences in the regulation of n/f genes in R. cap- 
sulatus compared to other nitrogen fixing organisms. 
In contrast to other diazotrophs, n/f gene expression in 
R. capsulatus is not directly regulated by a general ni- 
trogen regulation (ntr) system. Homologues to NtrA, 
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Nt rB  and  Nt rC ,  which are encoded by nifR4, ni fR2 and  
nifR1 in R. capsulatus are specific for the expression of  
ni f  genes (for reviews see Hf ibner  et al. 1991 ;  Foster-  
Ha r tne t t  and  K r a n z  1992). The extended conserved mot i f  
in R. capsulatus n / f  p romoters  might  therefore be neces- 
sary for the recogni t ion  by the N i f R 4 - R N A  polymerase  
complex or might  be a target  for add i t iona l  regula tory  
proteins.  
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