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Conrado Moreno-Vivian*, Manfred Schmehl, Bernd Masepohl, Walter Arnold, and Werner Klipp
Lehrstuhl fiir Genetik, Fakultit fiir Biologie, Universitit Bielefeld, Postfach 8640, D-4800 Bielefeld 1,

Federal Republic of Germany

Summary. Rhodobacter capsulatus genes homologous to
Klebsiella pneumoniae nifE, nifN and nifX were identified
by DNA sequence analysis of a 4282 bp fragment of nif
region A. Four open reading frames coding for a 51188
(NifE), 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 a and f§ subunits of the nitrogen-
ase iron-molybdenum protein. In addition, the R. capsulatus
nifE and nif N proteins shared considerable homology with
each other. The map position of nifX downstream of nifEN
corresponded in R. capsulatus and K. prneumoniae and the
deduced molecular weights of both proteins were nearly
identical. Nevertheless, R. capsulatus NifX was more related
to the C-terminal end of NifY from K. pneumoniage 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 »ifB proteins ana-
lyzed so far. This homology indicated an evolutionary rela-
tionship of nifX, nifY 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 nif gene clusters in R. capsulatus and these were des-
ignated nif regions A, B and C (Klipp et al. 1988). Within
nif region A, DNA fragments hybridizing to K. pneumoniae
nif E, nifS, nifB and nif4 were localized (Klipp et al. 1988).
DNA sequencing also established the existence of nif4 and
nifB analogous genes in this region (Masepohl et al. 1988).
A reiteration of nifA and nif B (nifA/nif B copy I1; Masepohl
et al. 1988) is located in nif region B downstream of the
nifHDK 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 nif
genes, were identified by Kranz and Haselkorn (1985) and
mapped in #nif region 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. capsulatus 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 nifT and nifY, two genes
of unknown function (Arnold et al. 1988).

Six K. pneumoniae genes are known to be involved in
FeMoco biosynthesis: nifH, nifQ, nif B, nifV, nifF, and nifN.
A clear function has been assigned only to nifV, 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 #ifB 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®

Source or reference

Bacterial strains

Rhodobacter capsulatus B10S

Spontaneous Sm' mutant of R. capsulatus B10

Escherichia coli TM83 Host for pUCS8 and pSVB plasmids
E. coli S17-1 RP4-2 (Tc:: Mu) (Km: : Tn?)
integrated in the chromosome
E. coli 5605 E. coli C600 Met:: Tn5
Plasmids
pUC8 Ap', Lac*
pSVB20 Ap’, Lac*
pSVB23 Ap*
pSVB25 Apr
pSUP202 Ap*, Tc", Cm", mob
pSUP301 Ap", Km', mob
pSUP2021 pSUP202:: Tn§
pSUP10141 pSUP101:: Tn5-Tc
pWKR31.2 6.8 kb HindlIll fragment of R. capsulatus cloned in pSUP202
pWKR189 3.6 kb BamHI fragment carrying Gm* cloned from pPH1JI® into pUCS8
pWKR300 3 kb EcoRI fragment carrying nifEN cloned into pSUP202
pWKR300.11¢ pWKR300 nifE: : [Km]?
pWKR300.21/11¢ pWKR300 #ifE: : [Km]¢
pWKR300.3I° pWKR300 nifN: : [Km]¢
pWKR300.4I/II° PWKR300 #ifN: : [Km]¢
pWKR42 0.9 kb EcoRI fragment carrying nifX cloned into pSUP202
pWKR298I/11° pWKRA42 nifX:: [Km]*®
pCMV171 2.3 kb HindIII-Xhol fragment carrying ORF4 cloned into pSUP301
pCMV180I/II® pCMV171 ORF4: : [Gm]*
pCMV200L/11¢ pCMV171 ORF4:: [Gm]f, (Tc)®

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

Klipp and Pihler (1984)

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

Klipp et al. (1988)

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

This work

* Only characteristics relevant for this study are listed. Sm, streptomycin; Ap, ampicillin; Tc, tetracycline; Cm, chloramphenicol; Km,

kanamycin; Gm, gentamicin

b Hirsch and Beringer (1984)

¢ Roman numbers refer to the orientation of the cloned interposon
¢ Tn3$ deletion mutant unable to transpose

¢ Km" interposon derived from pSUP2021

f Gm' interposon derived from pWKR189

£ A Psd fragment from pSUP10141 carrying Tc" was cloned into pCMV180I and pCM V18011

bium meliloti (Buikema et al. 1987), R. leguminosarum (Ros-
sen et al. 1984 ; Buikema et al. 1987), Bradyrhizobium japoni-
cum (Fuhrmann et al. 1985; Noti et al. 1986). Azotobacter
vinelandii (Joerger and Bishop 1988) and R. capsulatus (Ma-
sepohl et al. 1988). DNA sequence analysis revealed a high
degree of homology between the nif EN encoded gene prod-
ucts and the two subunits of the MoFe-protein 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 structurally
analogous to the MoFe-protein (Brigle et al. 1987). In K.
pneumoniae and A. vinelandii, the nifE and nif N genes are
organized in one transcription unit together with #ifX, a
gene of unknown function (Klipp and Pihler 1986; Brigle
et al. 1987), whereas nifE and nifN 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 characterization of a DNA
fragment located in R. capsulatus nif region A, which in-
cludes nifE, nifN and nifX.

Materials and methods

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

Media and growth conditions. R. capsulatus was cultivated
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 N, (Nif ™ phenotype) was tested in ammonium-
free RCV medium in microtiter plates incubated in an an-
aerobic jar (GasPak, BBL Microbiology Systems).
Escherichia coli strains were grown at 37° C in LB medium
(Miller 1972). The antibiotic concentrations used were as
described elsewhere (Masepohl et al. 1988).

DNA biochemistry. DNA isolation, restriction enzyme anal-
ysis, agarose gel electrophoresis and cloning procedures
were performed using standard methods (Maniatis et al.
1982). Restriction endonucleases, T4 DNA ligase and
Klenow polymerase were obtained from Bethesda Research
Laboratories and were used as recommended by the suppli-
er.

DNA sequencing. Sequencing was performed for both DNA
strands according to the chemical degradation method
(Maxam and Gilbert 1980) using «-[*?P]dCTP or »-
[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
appropriate restriction sites of the sequencing vectors



355

AR UL IR L AL o,
A T T | T 1 T 1 11 1
C C £ £ H E E EEE H E EE EC
f— | —
nif E nitS nif A nifB ORF1
_— - J ~— _
o7 T T 200mp
B [ m T T T T T N 1
£ B SP P T P S £ X EE ES
o —_— ~-——e
D — - ——— -
— - -——— —
—-———— — -————— —_—
-———— — -
—— —_—
—— ——
—_— —
——— — - .
— _— ————.
— ~—— g ———
P~ ———

I Tl
S | N B

| [ e

[ 11 ]J%PHHH 1L LlL Frame|

= |

{ Nif E Nif N

—
I

1]
M 11

L 11
[

|
[ 1 T 1 111
171 [ 1

|
LI T L1

oy 01 o W

Fig. 1 A-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 Nif:: Tn5
insertions (Klipp et al. 1988). Open arrows below the physical map show location, size and orientation of nif4, 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), BstEIl (T), Clal (C), EcoRI (E), HindIII (H), PstI (P),

Smal (S), Xhol (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 Haelll. 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 TnS in E. cofi S605 selecting for
the enhanced kanamycin (Km) resistance of strains carrying
Tn35 on multicopy plasmids (Klipp and Piithler 1984). Plas-
mids with the desired nifE: : Tn5 and nifN:: TnS insertions
were subsequently digested with X%ol. Religation and selec-
tion for Km resistance resulted in plasmids containing a
Tn5 deletion derivative unable to transpose. The rifX muta-
tion was constructed by cloning the Xhol fragment of Tn3
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-XAol fragment was first cloned into
the mobilizable vector plasmid pSUP301, resulting in

pCMV180I/I1. Two internal EcoRI fragments were substi-
tuted by an EcoRI fragment encoding gentamicin (Gm)
resistance. This fragment was isolated from plasmid
pWKRI189, which was generated by cloning a BamHI frag-
ment of pPH1JI (Hirsch and Beringer 1984) into the multi-
ple cloning site of pUCS. Since the ampicillin resistance
of pCMV180I/II cannot be used in R. capsulatus, one of
the two Pstl restriction sites of this plasmid was used to
insert a Pstl fragment encoding the tetracycline (Tc) resis-
tance from plasmid pSUP10141.

Homogenotization of interposons. Plasmids containing inter-
posons were mobilized from E. coli S17-1 into R. capsulatus
B10S by filter matings (Masepohl et al. 1988). Since these
plasmids are not able to replicate in R. capsulatus, 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.

Results

DNA sequence analysis

Figure 1A shows the physical map of the R. capsulatus nif
region A as well as TnJ insertions resulting in a Nif - pheno-
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GAATTCACCCGCCGCATGGGGATGCTGGTGCGCAAGGACAACCTCGGCTTCGGCCTGCGGTCCTGGCGCTATGCCGCCATCGTGACGAATGGCGTGATCG
AGGCCTGGTTCGAAGAGCCCGGCCTGATGGACAACTGCCCCGAGGATCCCTATGGCGTCTCCAGCCCGGAAAACGTTCTGGCCTGGCTGAAAACCGCGAA

AGTCGCCTGAGCGATCCGACAGAGGTTCCGAAAGCCCCGCCCGTCCGGCGTGGCTTCTGTTGCAGGCCGTCCGACAATTTGTCGGATATGCTCCAAACCC
MO T T T R ey ey

M 8 E A L K 8 K
GGCGCCGTGGCTGCAAAGACCGGGTCGTTTCACCTGGCACGTTGCTTGCT TCATCCCTCCTGACAGGGGGATGCATCATGTCCGAAGCCTTGAAGTCGAA
PR I A see

I A DVLNE®P»GCATNSTI KTUDVTILRTIEKTI RS GT CHMATETZ RTLTTZPSG A
AATCGCCGATGTCCTGAACGAGCCGGGCTGTGCCACCAACTCGACCAAGACCGATGTTCTGCGCAAGAGGGCCTGCGCCGAGCGGCTGACCCCCEGEGCE

A AGGCATFDGAMTALOQZPTIUVDVAHTULVHATPA BAATCUHSTSN
GCGGCCGGTGGCTGCGCCTTTGACGGCGCGATGACCGCGCTGCAGCCGATCGTGGATGTCGCCCATCTGETCCATGCCCCCGCCGCCTGCTGGTCGAACG

G W DNURS S A S 5 G 8 ELYRIEKSGTPTTTODIULSETLUDTIVMGHTGE
GCTGGGACAACCGCTCTTCGGCCTCGTCGGGCTCGGAGCTTTACCGCAAGGGCTTCACCACCGATCTGTCGGAACTCGACATCGTCATGGGCCACGGCGA

K K L Y RAULRUPVIEAESUPA AMAAV F VY AT CVTATLTITGTDTSD
GAAGAAACTTTACCGCGCGCTCCGCCCGGTGATCGAGGCGGAAAGCCCCGCCGCCGTCTTCGTCTATGCGACCTGCGTGACGGCGCTGATCGGCGACGAT

L G A V C G A AT A KW G A P CV PV GV P G F A G S K N L G N K
CTGGGTGCGGTCTGCGGGGCGGCGACGGECGAAATGGGGCGCGCCCTGCGTTCCGGTCGGTGTGCCGGEETTCGCCGGGTCCAAGAACCTGGGCAACAAGC

L GG EALLDW RV VYV GAULEZPETVTU?POCDV NTITIGUDYGEEL 8 G
TGGGCGGAGAGGCGCTTCTGGATCGCGTCGTCGGCGCGCTGGAACCCGAGACGGTGACGCCCTGTGACGTCAACATCATCGGCGATTACGGCCTGTCGGG

E L W Q V K P L L DKL GTIURTIULG S I A G D AURY K QQV a M AH
CGAGCTGTGGCAGGTGAAGCCGCTGCTCGACAAGCTCGGCATCCGCATTCTGGGCTCGATCGCCGGGGATGCGCGCTACAAGCAGGTGGCGATGGCGCAT

R A K VvV T M L V. C S8 .Q A L I N V AR KMOQETRY G I P Y FEGSTF
CGGGCCAAGGTGACGATGCTGGTCTGTTCGCAGGCGCTGATCAATGTCGCGCGCAAGATGCAGGAGCGCTACGGCATCCCCTATTTCGAGGGGTCATTCT

Yy 6 I 8 bT s Qs LRRTIUCEULULV VDU QGAPI KU DU LILUNIRTGCEUVLUV
ACGGCATTTCCGACACTTCGCAATCGCTGCGCAGGATATGCGAATTGCTGGTGGATCAGGGCGCGCCGAAGGACCTTCTGAACCGCTGCGAGGTGCTGGT

A R EEAIZ KA BAWAALI KZPT FRPRVAGRIRVILILYTU GGHI KSW
CGCCAGGGAAGAGGCAAAGGCCTGGGCGGCGCTGAAACCATTTCGCCCGCGCGTCGCGGGGCGTAGGGTGCTGCTTTACACCGGCGGGCACARATCCTGG

s VvV A S AL @ ELGMEV V GGT S MRIEKV T ANDI RDI® RV I ETIHN
TCCGTCGCCTCGGCGCTGCAGGAACTGGGGATGGAGGTCGTCGGCACCTCGATGCGCAAGGTGACGGCGAATGACCGCGACCGGGTGATCGAGATCATGG

G DD KHMGCENMAPTR REMY YO QETCT CARIZ RADUYVILILSG G R S Q
GCGACGACAAGCACATGTGTGAAMACATGGCCCCGCGCGAGATGTATCAAGAATGCTGCGCACGCCGGGCGGATGTGCTTTTGTCGGGCGGGCGGTCGCA

F VAL KA L V P S V DV NQEI KHEUPVYAGY M GMVYV DLV RA
ATTCGTCGCCCTGAAGGCGCTGGTGCCCTCGGTCGATGTCAATCAGGAARAGCACGAACCCTATGCCGGGTATATGGGCATGGTCGATCTGGTTCGCGCC

I DR S V NNPMWADTULU®RA AP AUPUWDASTLT®TGS V V S v P S G
ATCGACCGATCGGTGAACAACCCGATGTGGGCCGATCTGCGCGCCCCGGCGCCCTGGGATGCGTCCTTGACCGGATCGGTCGTGTCCGTCCCTTCGGGCT

P A R *
CTGCCCGGTGACCGGGATTTCCGCGCCGATGGGGCGAGTCCCGGTGCTGGTGTCGCAACAGGTCGTCGCGGCGCTGCTGATCCCGGTCGCGCCCAGTCTG

M A VL THSRIRALSTNZPILIKTS
GTCGCGATGACCAATTCCGTCACCGATTTCGAGGATTGCTGACATGGCCGTGCTGACCCATTCCCGTCGCGCCCTTTCGACCAATCCGCTGAAGACCTCG
XYY
A P L GA A MAY L GIEGAVPILTFHSGAQSGT TCTATFS GV V HL
GCTCCCCTTGGCGCGGCCATGGCCTATCTGGGCATCGAGGGCGCGGTGCCGCTGTTTCACGGTGCGCAGGGCTGCACCGCCTTCGGCGTGGTTCACCTTG

VRHFIKEA AUV PLAQTTAMMNUEVYV ST IULGS GG GEUG QTITETEA ATITDN
TCCGCCATTTCAAGGAAGCCGTGCCGCTGCAGACCACCGCGATGAACGAGGTCTCGACGATCCTTGGCGGGGGCGAGCAGATCGAGGAAGCCATCGACAA

I R X RANUPIKTV FTIOGIASTATLTETR®RTGEUDTHA AGTETLTZ RAM
CATCCGCAAGCGGGCGAACCCGAAATTCATCGGCATCGCCTCCACCGCGCTGACCGAAACCCGGGGCGAGGATATCGCGGGCGAATTGCGCGCGATGCAG

vV R R K DW V G TAV V HUVYV I TUPWDTFUETGG GG QDG W AI K AV E A
GTCCGGCGCAAGGATTGGGTCGGGACCGCGGTCCTTCATGTCATCACCCCGGATTTCGAGGECGGTCAGCAGGACGGCTGGGCGAAGGCTGTCGAGGCGA

I1 VAALV PV TAEIRDUPUDILR RIGQVTILULV®PSOCFTTTAETITDE
TCGTCGCCGCGCTGGTCCCGGTGACGGCCGAACGCGACCCCGATCTGCGGCAGGTGACGCTGCTGGTGCCGAGCTGCTTCACCACCGCCGAGATTGACGA

A VR M I RAPFPGL S P I VL P DL S TS L DG HUL S DDW S G H
GGCGGTGCGGATGATCCGCGCCTTTGGTCTGTCGCCCATCGTGCTGCCCGATCTCTCCACTTCGCTCGACGGGCATCTGTCGGATGACTGGTCGGGCCAT

$§$ LG TRULDDTIARTIPU®RSAVTTILATIGE QMR RAAMLMAMPMKI
TCGCTCGGCGGCACCCGTCTGGACGACATCGCCCGCATTCCCCGTTCGGCCGTGACGCTGGCGATCGGCCAGCAGATGCGCGCCGCCGCGCCGATGATCG

E DRAIL VYV PY RV F QS L TGUL XV V DAV FV RV L METULSGMHMQ
AGGACCGCGCGCTGGTGCCCTATCGCGTCTTTCAAAGCCTGACCGGGCTGAAGGTCGTCGATGCCTTTGTCCGGGTGCTGATGGAGCTTTCGGGGATGCA

D PP P ST KRDRARMMDAALD AMHT ¥ FTGGTUILRUVAIGA
GGACCCGCCCCTCCTCGACCAAGCGCGACCGGGCGCGGATGATGGATGCGGCGCTTGATGCGCATTTCTTCACCCGGGGCTTGCGCGTCGCCATCGGCGCC

D P DL M PF AL S TAULV S M G A EI V T AV T T T QNS A L I E
GATCCCGATCTGATGTTCCCGCTCTCCACCGCGCTTGTGTCGATGGGGGCGGAGATCGTCACCGCCGTCACCACCACGCAGAATTCCGCGCTGATCGAGA

K M P ¢CA EVILGDULGDUVERTGAGU QA AMEA-AGQTIULTITHSHGR
AAATGCCCTGCGCCGAGGTCATTCTGGGCGATCTGGGCGATGTCGAACGCGGCGCAGGGCAGGCCGAGGCGCAGATCCTGATCACCCACAGCCACGGCCG
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H A A AALHULUPULVRAGT FUPTIUFDIRTISGA D T CRTIGYRG
CCATGCCGCCGCGGCGCTGCATCTGCCGCTGGTCCGCGCCGGTTTCCCGATCTTCGACCGCATCGGCGCGCAGGATACCTGCCGCATCGGCTATCGCGGT

T R A F F F EIANA AMOQATIHHRUPIRUPEDTFGAAPTITFP E F
ACCCGCGCGTTCTTTTTCGAAATCGCCAATGCGATGCAGGCGATCCATCACCGCCCCCGCCCCGAGGATTTCGGGGCAGCCCCCATCCCTC?EE%GTTTG
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ACGCGCATTTCGGCTCGGCCCGGCAGATCGCGGTTTACGAGGTCTGGAAGACCGGCGCCCGTTTCGTCGAGGTGCATCAGTTTTCCTCGGCCACCGACCA

K ¢ R H D ELED RTIGE®P KTILEALSGCTULV FAULAVGG P S
GAAGGGCCGCCATGACGAGCTGGAGGACCGCATCGGCCCGAAGCTCGAGGCGCTTTCGGGCTGCACGCTGGTCTITGCCCTGGCCGTCGGCGGGCCGTCT

A ARMVYV R A GMUHZPTII KR RIKEU®PEUPTISAVIEA QVYVQV MTILNG
GCCGCGCGGATGGTGCGGGCGGGGATGCATCCGATCAAGCGCAAGGAACCCGAGCCGATTTCGGCGGTGATCGAGCAGGTGCAGGTGATGCTGAACGGCA

T P PP F L RKXK VL GTWEIZXKUPUDT FTA ATUDTFTETETZETEUV *MTMTTIL D

CCCCGCCGCCCTTCCTGCGCAAGGTTCTGGGCACCTGGGARAAACCCGATTTCACCGCCGATTTCGAAGAGGAAGAGGTCTGATGACGATGACGCTGGAT
sese

A AR GGEMUVESU?PTFULNA L vV AV I RAED S H G L WDUDIK T

GCCGCCCGCGGCGGCGAGATGGTGGAGAGCCCGTTTCTGGCACAACTTGTTGCGGTGATCCGCGCCGAGGACAGCCACGGGCTGTGGGACGACAAGACGA

N 8 EI L REF I VTAZEZEIRI RSMMEPITIGDUPDU®PETILTIWZ RMTK
ATTCGGAAATCCTGCGCGAATTCATCGTCACCGCCGAGGAACGCCGGTCGATGCCGATCATCGGCGACCCGGACCCGGAGCTGATCTGGCGGATGACGAA

F Y DATIGULILV EZ K RT GO CMAS QM K M HHE G F G R V V L
ATTCTATGACGCGATCGGGCTTCTGGTCGAAAAGCGCACCGGCTGCATGGCGAGCCAGATGCAGAAGATGCACCACGAGGGCTTCGGCCGCGTCGTCCTG
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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-N,,-ACA) are
underlined. Nucleotides which conform to the consensus sequence are marked by filled bars, mismatches are indicated by open bars.
A nif consensus promoter sequence at position 334 is underlined and nucleotides which are identical to the promoter found in front
of the R. capsulatus nif B gene (Masepoh! et al. 1988) are marked by filled bars

type (Klipp et al. 1988). The 4.2 kb EcoRI-Smal fragment,
including the 3 kb EcoRI fragment homologous to XK. pneu-
moniae nifE, was now subjected to DNA sequence analysis.
A detailed restriction map and the sequencing strategy is
shown in Fig. 1B, C. The complete nucleotide sequence
of this 4282 bp EcoRI-Smal 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. capsulatus 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 51188 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. 3A).

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 49459 dalton (Fig. 3 B).
The identification of this coding region as the R. capsulatus
nifN 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. preumoniae
(Arnold et al. 1988; Setterquist et al. 1988) and A. vinelandii
(Brigle et al. 1987).

A third ORF with a coding capacity of 159 amino acids

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

The 5" end of nifX overlaps the 3’ end of nifN 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. 4B).

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 of nifE (Fig. 2). The R. capsu-
latus nifE gene is preceded by a DNA sequence resembling
the consensus nif promoter CTGG-Ng-TTGC (Beynon
et al. 1983). However, no sequence which agreed perfectly
with the putative NifA binding site TGT-N,,-ACA (Buck
et al. 1986) could be identified within the 333 bp sequence
upstream of the consensus nif promoter. Instead, two se-
quences (TGC-N;,~ACA and TGT-N,,-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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Fig. 3A and B. Comparison of the predicted amino acid sequences of the Rhodobacter capsulatus (Re) nifE and nifN proteins with
analogous gene products from Klebsiella pneumoniae (Kp), Azotobacter 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-X,-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 nifN proteins are compared and the same symbols are used. Only the R. capsulatus NifE 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 of the R. capsula-
tus nif E 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. preumoniae 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. 3A) 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. 3B). The nifN
gene products show a higher degree of conservation in their
N-terminal regions. Only one of the five cysteine residues
present in the R. capsulatus nif N protein is conserved in
the #ifN proteins of the other three organisms (marked by
an arrow in Fig. 3B).

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
Kiebsiella 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 (ReX) is aligned for maximum matching with the complete sequence of K. pneumoniae
NifX (KpX) and with the C-terminal part of K. preumoniae NifY (KpY). Identical amino acids of adjacent sequences are indicated
by asterisks. A conserved cysteine residue is marked by a friangle. A comparison of R. capsulatus ORF4 (Rcd) 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. capsulatus 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 4. 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 nif E gene product with the R. capsulatus
nif D 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. 3A). 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. 3B).

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

NifE and NifN of 4. 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 nifN 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 NifE 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, nif DK 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 nifT, encoding a low molecular
weight polypeptide, and nifY 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. preumoniae (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 nifX
proteins shared only 18% homology. Relationship between
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Fig. 5. Interposon mutagenesis of the Rhodobacter capsulatus region carrying nif ENX and ORF4. The restriction map of the R. capsulatus
nif E-N-X-ORF4 gene region is given for the enzymes EcoRI (E), HindIIlI (H) and Xhol (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. capsulatus 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 (Gm") interposon. The direction of transcription of
the Gm" 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 nifX 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. 4C, the alignment of the C-terminal parts of K. preu-
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. 4C).

Genetic analysis of the nifE-N-X-ORF4 gene region

In order to confirm the Nif™ phenotype of nifE and nifN
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. nifE and nifN mutants. To construct insertions in these
two genes, the 2986 bp EcoRI fragment carrying nifE and
most of nifN was first mutagenized by Tn5 in E. coli. The
resulting random TnJ insertions were mapped by restriction
analysis and two different mutations in #ifE and #nifN, re-
spectively, were chosen. To avoid further transposition of
TnS5, one of the two internal Xhol 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 Xhol fragment in both orientations
were isolated. As shown in Fig. 5, homogenotization of
these six interposon insertions in #nifE and #ifN
(pWKR300.1-4) resulted in a Nif~ phenotype.

B. nifX mutants. Mutations in nifX were constructed by
cloning a kanamycin resistance interposon into the Xhol
site of the 918 bp EcoRI fragment (Fig. 5). The resulting
plasmids pWKR298I and pWKR298II contain the X#hol
fragment from TnJ, which encodes the kanamycin resis-
tance gene, in both orientations. Homogenotization of these
two nifX: : [Km'] insertions revealed a Nif ™ phenotype only
if the direction of transcription of the kanamycin resistance
gene was in agreement with the direction of nifF-N-X-
ORF4, but a Nif ™ phenotype if orientated in opposite direc-
tion.

C. ORF4 mutants. The HindIII-XAol fragment containing
the C-terminal part of nifX, ORF4 and the adjacent DNA
region was cloned and the internal two EcoRI fragments
encompassing most of the ORF4 coding region were re-
placed by a Gm® interposon resulting in an interposon/
deletion mutation (Fig. 5). The two resulting ORF4 dele-
tions carrying the Gm" interposon in both orientations were



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 #nif E-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 A4. vinelandii, but showed no homology to any
of the known nif genes in K. pneumoniae (Arnold et al.
1988). The arrangement of the R. capsulatus nif ENX genes
is identical to those of K. pneumoniae and A. vinelandii.
In contrast to these two organisms, the nif ENX gene region
of R. capsulatus is not located adjacent to the nitrogenase
structural genes nif HDK (Klipp et al. 1988).

Comparison of the deduced amino acid sequences of
the R. capsulatus nif E and nif N 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. pnewmoniae. 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. preumoniae (Arnold et al.
1988). Our data confirmed the strict conservation of four
cysteine and two histidine residues in all #ifE/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-X,-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-X,-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. 3A, 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
(Thény 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 nifN 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. 4 A, 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. preumoniae; (2) the map position
downstream of nifEN is in agreement with the localization
of nifX in K. pneumoniae; and (3) an overlapping of the
3" end of nifN and the 5 end of nifX is found in both

organisms.
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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. preu-
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. 4C), 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-
cum (Noti et al. 1986) and only 1 amino acid is different
in NifB of 4. vinelandii (Joerger and Bishop 1988). The
homology between nifB, nifX and nifY indicated an evolu-
tionary relationship among these genes. The rifX and nif Y
genes may have had as their origins a nifB-like gene and
have now evolved to something else. Considering in addi-
tion the sequence relationship between nifE, nif N, 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 ; Nif Y
may play a similar role for the NifDK complex.

A nifY 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. 4C) was
not found in ORF4 and, therefore, a role for ORF4 in
FeMoco synthesis remains speculative.

To analyze the role of nifE, 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 »ifN, independent of the ori-
entation of the cartridge carrying the kanamycin resistance
gene, revealed a Nif~ phenotype. This result demonstrates
that #ifE and nifN are essential for nitrogen fixation in
R. capsulatus as already shown for K. preumoniae (Roberts
et al. 1978). B. japonicum (Ebeling et al. 1987), A. vinelandii
(Brigle et al. 1987) and for nif N in R. meliloti (Aguilar et al.
1987). The Nif phenotype of #ifX 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 ORT4. 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 #ifEN in different organisms suggest a role
of nifX and ORF4 in nitrogen fixation. Since there is no
duplication of the nif E-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 ORF4 mutants is the existence of
genes with analogous functions. This hypothesis is sup-
ported by the homology found between NifX and NifY
in K. prneumoniae and the existence of conserved domains
between NifX, NifY and NifB, which implies a functional
relationship of these gene products. Another possibility for
the observed Nif* phenotype of these mutants is that nifX’
and ORF4 are necessary for efficient nitrogen fixation
under growth conditions that have not been used.

The organization of nifE, nifN, nifX and ORF4 into
a single transcription unit is supported by the existence
of a typical nif consensus promoter only in front of nifE.
In addition, overlapping of nifN/nifX and nifX/ORF4 indi-
cates translational coupling of these genes (Oppenheim and
Yanofsky 1980). A similar overlapping between x#if N and
nifX was also found in K. pneumoniae (Arnold et al. 1988).
However, it is remarkable that the R. capsulatus nifE and
nifN genes are separated by 133 bp whereas these two genes
are closely linked in K. pneumoniae (Arnold et al. 1988;
Setterquist et al. 1988) and A. vinelandii (Brigle et al. 1987).
The promoter structure in front of R. capsulatus nifE agreed
with the consensus sequence of NifA activated promoters
found in other organisms (Beynon et al. 1983) and a com-
parison of the R. capsulatus nifE, nif B (Masepohl et al.
1988) and nifH (Pollock et al. 1988) promoters revealed
an even higher degree of homology: 15 out of 17 bp are
identical to the nifB promoter (Fig. 2) and 13 out of 17 bp
to the nifH promoter. In contrast to the nifB and nifH
promoters, which are preceded by perfect putative NifA
binding sites TGT-N,4,-ACA (Buck et al. 1986), only two
imperfect motifs could be localized in front of R. capsulatus
nifE. One or both of these structures, which are separated
only by 3 bp (Fig. 2), could be involved in NifA dependent
activation of the nifE promoter in R. capsulatus. Two im-
perfect NifA binding sites (TGT-N,,-GCA) were also
found in front of the R. leguminosarum dctA gene, which
is known to be activated by NifA in this organism (Ronson
1988).
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