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Many nitrogen fixation-associated genes in the soybean symbiont Bradyrhizobium japonicum are regulated by
the transcriptional activator NifA, whose activity is inhibited by aerobiosis. NifA is encoded in the fixR-nifA
operon, which is expressed at a low level under aerobic conditions and induced approximately fivefold under
low-oxygen tension. This induction depends on a 224/212-type promoter (fixRp1) that is recognized by the s54

RNA polymerase and activated by NifA. Low-level aerobic expression and part of the anaerobic expression
originates from a second promoter (fixRp2) that overlaps with fixRp1 and depends on an upstream DNA region
(UAS) located around position 268 (H. Barrios, H. M. Fischer, H. Hennecke, and E. Morett, J. Bacteriol.
177:1760–1765, 1995). A protein binding to the UAS was previously postulated to act as an activator. This
protein has now been purified, and the corresponding gene (regR) has been cloned. On the basis of the pre-
dicted amino acid sequence, RegR belongs to the family of response regulators of two-component regulatory
systems. We identified upstream of the regR gene an additional gene (regS) encoding a putative sensor kinase.
A regR mutant was constructed in which neither a specific UAS-binding activity nor fixRp2-dependent tran-
script formation and fixR*-*lacZ expression was detected in aerobically grown cells. Anaerobic fixR*-*lacZ
expression was also decreased in regR mutants to about 10% of the level observed in the wild type. Similarly,
regR mutants showed only about 2% residual nitrogen fixation activity, but unlike nodules induced by nifA
mutants, the morphology of those nodules was normal, displaying no signs of necrosis. While regR mutants
grew only slightly slower in free-living, aerobic conditions, they displayed a strong growth defect under an-
aerobic conditions. The phenotypic properties of regS mutants differed only marginally, if at all, from those of
the wild type, suggesting the existence of a compensating sensor activity in these strains. The newly identified
RegR protein may be regarded as a master regulator in the NifA-dependent network controlling nif and fix gene
expression in B. japonicum.

Although the key enzyme of biological nitrogen fixation, the
dinitrogenase complex, is highly conserved among diazotrophs,
regulation of its synthesis greatly varies with respect to the
effects of various environmental signals and the mode by which
they are transduced to the level of gene expression (for re-
views, see references 15 and 33). In the presence of combined
nitrogen, free-living diazotrophs suppress expression of nif
genes via the action of the ntr system. Moreover, nitrogen
fixation genes are expressed only under microaerobic or an-
aerobic conditions in many diazotrophs, which prevents futile
synthesis of the oxygen-labile dinitrogenase. For symbiotic ni-
trogen-fixing bacteria such as Rhizobium or Bradyrhizobium
species, it turned out that the low-oxygen conditions prevailing
in root nodules and in free-living microaerobic or anaerobic
cultures are crucial for the synthesis of the nitrogen-fixing
apparatus (for reviews, see references 7, 15, and 16).

The nitrogen-fixing root nodule symbiont of soybean, Bra-
dyrhizobium japonicum, employs two oxygen-responsive cas-
cades to control genes involved in symbiotic nitrogen fixation.
The FixLJ-FixK2 cascade senses low-oxygen conditions by the
FixLJ two-component regulatory pair. Active FixJ then acti-
vates fixK2, whose product, FixK2, is a positive regulator of
genes required for microaerobic respiration (e.g., fixNOQP [2,
40, 45]), and one of two genes encoding an alternative RNA
polymerase sigma factor, s54 (29). This sigma factor forms a

connection to the second cascade in which the NifA protein
acts in concert with the s54-RNA polymerase (36). Under low-
oxygen tension, the NifA protein activates transcription from
224/212 promoters that are associated with many nif and fix
genes, usually by binding to upstream activation sites (UAS)
and by catalyzing open promoter complex formation by the
s54-RNA polymerase bound at the core promoter (54). While
all rhizobial NifA proteins are intrinsically oxygen or redox
sensitive, the precise biochemical basis for this important prop-
erty is not understood (15). Interestingly, NifA-mediated con-
trol in B. japonicum also includes genes not directly related to
nitrogen fixation (e.g., the groESL genes encoding molecular
chaperonins [18]). Furthermore, NifA seems to be required for
an intact bacterium-plant interaction, as indicated by the ne-
crotic phenotype of nodules induced by B. japonicum nifA
mutants (17, 56).

B. japonicum nifA is the promoter-distal gene of the fixR-
nifA operon (58) (Fig. 1). Although FixR shows some sequence
similarity to NAD-dependent dehydrogenases (4), this feature
has not yet been of help in identifying its function. The Fix1

phenotype of nonpolar fixR mutants shows that fixR is not
essential in conditions of symbiotic nitrogen fixation (58). The
fixR-nifA operon is expressed not only under anaerobic but also
under aerobic conditions despite the fact that NifA becomes
rapidly inactivated under the latter conditions (30, 37). Anaer-
obic expression is approximately fivefold higher, and this in-
duction depends on NifA itself and s54 (5, 57) (Fig. 1). Low-
level aerobic expression requires an upstream region located
around position 268 (57). Detailed transcriptional analyses
have shown that the fixR-nifA operon is preceded by two dif-
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ferent overlapping promoters (5, 6) (Fig. 1). The first, desig-
nated fixRp1, is the s54- and NifA-dependent 224/212 pro-
moter, which is responsible for the synthesis of the dominant
transcript T1 under low-oxygen conditions. Transcription from
the second promoter, fixRp2, depends on the upstream region
located around position 268. The fixRp2 promoter is active in
aerobically and anaerobically grown cells and leads to the
synthesis of transcript T2 and the less-abundant transcript T1.
The start site (P2) of transcript T2 is located just two nucleo-
tides downstream of the start (P1) of T1 (Fig. 1). The nucle-
otide sequence in the 235/210 region of fixRp2 looks rather
dissimilar from that in B. japonicum housekeeping promoters
(9), in contrast to a previous suggestion (5), so it remains un-
clear as to whether or not an alternative s factor is required for
its recognition.

The findings that the 268 region is required for aerobic
fixR-nifA expression and that a protein present in extracts of
aerobically grown B. japonicum cells binds to a double-strand-
ed oligonucleotide spanning this region led Thöny et al. (57) to
raise the hypothesis that aerobic expression of this operon
depends on an activator protein. However, several genetic ap-
proaches employed in our laboratory have so far failed to
provide further support for this hypothesis. Therefore, we set
out to purify the protein binding to the fixR-nifA UAS in order
to eventually clone the respective gene and prove by muta-
tional analysis that it is indeed the hitherto postulated activa-
tor. We report here that this approach has been successful and
that it has resulted in the identification of a two-component
regulatory system, termed RegSR, a new element in the NifA
regulatory cascade of B. japonicum.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The Escherichia coli and
B. japonicum strains and plasmids used in this study are listed in Table 1. E. coli
was grown in Luria-Bertani medium (35) at 37°C. B. japonicum strains were
grown at 30°C, aerobically in PSY medium (48) supplemented with 0.1% (wt/vol)
arabinose and anaerobically in YEM medium (11) supplemented with 10 mM
KNO3. Appropriate concentrations of antibiotics were added as described pre-
viously (39). To measure aerobic and anaerobic growth of regS and regR mutants,
antibiotic-free media were inoculated to an initial optical density at 600 nm
(OD600) of 0.05 with stationary-phase precultures that had been washed with
0.9% NaCl to remove antibiotics present in the precultures. Growth was moni-
tored by measuring the OD600 for 7 days (aerobic cultures) or 25 days (anaerobic
cultures).

Purification of the fixR-nifA upstream binding protein (UBP). About 20 to 25 g
of aerobically grown B. japonicum wild-type cells (wet weight) was suspended in
100 ml of TEPDM buffer (50 mM Tris-HCl, pH 8; 1 mM EDTA; 1 mM phe-
nylmethylsulfonyl fluoride; 2 mM dithiothreitol [DTT]; 25 mM MgCl2; 100 mM
KCl) and disrupted by three passages through a French pressure cell at a
pressure of 11,000 lb/in2. Cell debris and membranes were removed by two
subsequent centrifugation steps at 4°C (30 min at 10,500 rpm [Sorvall SS-34
rotor] and 90 min at 35,000 rpm [Beckman SW55 Ti rotor]) yielding the crude
protein extract.

All of the following purification steps were performed at 4°C except the
high-pressure liquid chromatography (HPLC) procedures, for which the columns
were cooled to 10°C. The crude extract was treated with RNase A (2.5 mg/ml) for
1 h and then loaded onto a 300-ml gravity-flow Sulfopropyl-Sepharose Fast Flow
column (Pharmacia LKB Biotechnology, Uppsala, Sweden). After being washed
with TEDM25 buffer (50 mM Tris-HCl, pH 8; 1 mM EDTA; 2 mM DTT; 25 mM
MgCl2), the protein was eluted with a linear gradient of KCl (0.1 to 1.5 M) in
TEDM25. Fractions exhibiting DNA binding activity in the gel retardation assay
(eluting at 650 to 750 mM KCl) were pooled and diluted 1:4 with TEDM25
buffer. This protein solution was then applied to a second Sulfopropyl-Sepharose
column (110-ml column volume) coupled to an HPLC system. Upon being
washed with TEDM25 and eluted with a discontinuous KCl gradient in the same
buffer, fractions from the 650 to 850 mM KCl eluate were pooled and con-
centrated by ultrafiltration to a volume of 1.5 ml (Amicon ultrafiltration cell
equipped with a PM-10 membrane [10-kDa cutoff size]; Amicon, Beverly, Calif.).
The concentrated solution was further fractionated by HPLC on a 30-ml Seph-
acryl S-300 gel filtration column (Pharmacia LKB Biotechnology) with TEDM25
as the buffer. Pooled fractions exhibiting DNA binding activity were then applied
to a DNA affinity column prepared as follows. A 32-mer double-stranded oligo-
nucleotide (see below) spanning the UBP binding site and containing single-
stranded 59-GATC-39 overhanging ends was self-ligated to form 300- to 2,000-bp
multimers which were then coupled to CNBr-activated Sepharose CL-2B (Phar-
macia LKB Biotechnology). Protein solution (4.4 ml) from the previous step was
diluted 1:1 with TEDM25 buffer, mixed with 1.7 mg of poly(dI-dC) per ml (Fluka,
Buchs, Switzerland) and then loaded onto two consecutive 2-ml DNA-Sepharose
columns equilibrated with TED (50 mM Tris-HCl, pH 8; 1 mM EDTA; 2 mM
DTT) containing 50 mM KCl. Columns were washed with TED containing 200
mM KCl and then eluted with a KCl gradient of 250 to 750 mM in TED.

Protein analysis and immunoblotting. Proteins were resolved by sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) with 10 to 15%
gels that were stained with silver or with Coomassie brilliant blue. For separation
of low-molecular-weight proteins, 15% tricine–SDS–polyacrylamide gels were
used as described by Schägger and von Jagow (52). If required, protein samples
were concentrated by precipitation with trichloroacetic acid. Western blotting
was done according to the method of Babst et al. (3). Proteins were detected by
measuring the binding of a 500-fold dilution of rabbit anti-R. capsulatus RegA
serum (kindly provided by G. Klug, Giessen, Germany) with a chemilumines-
cence detection kit (Boehringer GmbH, Mannheim, Germany). Proteins to be
N-terminally sequenced were blotted on a polyvinylidene fluoride membrane
(Millipore, Bedford, Mass.) and stained with Coomassie brilliant blue. Protein
bands of interest were excised and subjected to automated Edman amino acid
sequence analysis (P. James, Institute of Biochemistry, Eidgenössische Tech-
nische Hochschule, Zürich, Switzerland).

Gel retardation assay. Protein fractions were tested for DNA binding activity
in a gel retardation assay by using an HPLC-purified, double-stranded 32-bp
oligonucleotide (59-CATTCCGCGTGCGCGACATTAGGACGCAAAAC-39)
that spans the region from 283 to 252 upstream of the fixR-nifA transcription
start site P2 (5). This oligonucleotide was end labeled with [g-32P]ATP with T4
polynucleotide kinase and purified by gel filtration through Sepharose–NAP-10
columns (Pharmacia LKB Biotechnology). About 0.1 ng of labeled oligomer (ca.
60,000 cpm) was mixed with protein extracts preincubated with 1 mg of poly(dI-
dC) per ml in binding buffer (12 mM HEPES, pH 7.9; 6 mM KCl; 3 mM MgCl2;
0.5 mM DTT; 4 mM Tris-HCl, pH 8; 6 mM EDTA; Stratagene, La Jolla, Calif.).
Protein amounts ranged between 30 mg for crude extracts and 0.1 mg for highly
enriched fractions. Protein-DNA mixtures were incubated for 5 min at room
temperature, mixed with 0.2 volumes of loading dye (10% glycerol [vol/vol],
0.02% bromphenol blue [wt/vol] in water), and then loaded onto 6% nondena-
turing polyacrylamide gels (cross-linker ratio of 29:1 in 13 TBE [89 mM Tris
base, 89 mM boric acid, 2.5 mM EDTA]). Gels were run at 4°C, dried under
vacuum, and exposed on a phosphorimager screen. To determine the specific
binding activity of individual protein fractions, the ratio of the radioactivity
detected in shifted bands originating from specific UBP-DNA complexes to the
total radioactivity present in the lane was calculated and normalized to the
amount of protein.

DNA work. Standard protocols were used for recombinant DNA techniques
and Southern blotting (50). B. japonicum chromosomal DNA was isolated as
described by Hahn and Hennecke (22). Heterologous hybridizations were car-
ried out in 63 SSC (13 SSC is 0.15 M NaCl plus 0.015 M sodium citrate) at 56°C
with probes that were 32P labeled by nick translation. Washing steps were per-
formed at 58°C in 63 SSC. We used digoxigenin-labeled probes generated by
PCR for homologous hybridizations. Hybridizations at 68°C in 23 SSC, wash-
ings, and chemiluminescence detection were done according to the manufactur-
er’s manual (Boehringer GmbH). Double-stranded plasmid DNA was sequenced

FIG. 1. Regulatory scheme and dual promoter of the B. japonicum fixR-nifA
operon. P1 and P2 are the transcriptional start sites of transcripts T1 and T2 (see
text) that originate from the overlapping promoters fixRp1 and fixRp2, respec-
tively.
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by the chain termination method of Sanger et al. (51) with DNA sequencers
(models 373A and 377; Applied Biosystems, Foster City, Calif.). DNA and
deduced protein sequences were analyzed with the GCG software package (ver-
sion 8; Genetics Computer Group, Madison, Wis.) or with the National Center
for Biotechnology Information BLAST network server (http://www.ncbi.nlm.nih
.gov/BLAST/). In the search for putative transmembrane domains in RegS, we
used the services of the ISREC TMpred server (http://ulrec3.unil.ch/software/
TMPRED_form.html).

Construction of B. japonicum regR and regS mutant strains. For construction
of regR mutations, the 3.6-kb EcoRI insert of pRJ2403 was cloned into vector
pUR2, and a BamHI linker was inserted into the blunt-ended NdeI site located
immediately upstream of regR. Subsequently, the 0.5-kb BamHI fragment span-
ning almost the entire regR gene was replaced by the 2-kb V cassette of pHP45V
(Smr Spr) or the 1.7-kb aphII (Kmr) cassette of pUC4-KIXX-PSP. The resulting
5.1- and 4.8-kb EcoRI inserts containing the mutated regR gene were cloned into
the vector pSUP202, yielding plasmids pRJ2426/pRJ2427 and pRJ2428/pRJ2429,
respectively, which differ from each other with respect to the type and orientation
of the inserted cassette (Table 1). To mutate regS, the 2.5-kb EcoRI-BamHI
insert of pRJ2400 was cloned into pUC18. regS was then disrupted by insertion
of the 2-kb SmaI V fragment (Smr Spr) or the 1.7-kb SmaI aphII fragment (Kmr)
derived from pHP45V and pUC4-KIXX-PSP, respectively, into the blunt-ended
regS internal NotI site. The mutated regS gene constructs were cloned as XbaI-
EcoRI fragments into pSUP202pol4, yielding plasmids pRJ2408/pRJ2409 (both

orientations of the V cassette) and pRJ2410/pRJ2411 (both orientations of the
aphII cassette). All pSUP202 derivatives were introduced by conjugation (22)
into B. japonicum strain 110spc4 (wild type). Furthermore, plasmids pRJ2408,
pRJ2409, pRJ2426, and pRJ2427 were mobilized into B. japonicum 7276B, which
carries a chromosomally integrated fixR9-9lacZ fusion. Marker exchange mutants
resulting from double crossovers were selected by their resistance to streptomy-
cin or kanamycin and screened for their sensitivity to tetracycline. The genetic
structure of the mutants was verified by appropriate Southern blot hybridization
of chromosomal DNA. The numbers and relevant characteristics of all con-
structed strains are listed in Table 1.

fixR-nifA transcriptional mapping. Transcription from the two fixR-nifA pro-
moters was studied with primer extension experiments. RNA was isolated from
10 ml of aerobically grown culture (OD600 5 0.8), from 20 ml of anaerobically
grown culture of strains 7276B and 7277C (OD600 5 0.4), and from 100 ml of
anaerobically grown culture of strain 2426R (OD600 5 0.1) by the hot phenol
procedure described previously (3). RNA samples were further purified by using
RNeasy columns (Qiagen AG, Basel, Switzerland). To detect the fixR9-9lacZ
transcripts, the lac4B primer (59-ATTAAGTTGGGTAACGCCAGGGTTTTC
C-39) was elongated with Superscript reverse transcriptase (Gibco-BRL Life
Technologies, Gaithersburg, Md.). As an internal control, the 16S rRNA primary
transcript was reverse transcribed by using the PBj16S oligonucleotide as a
primer (5). At least 100,000 cpm of radiolabeled lac4B primer and 2,000 cpm of
PBj16S primer were used per reaction. Primer extensions were performed ac-

TABLE 1. Bacterial strains and plasmids used in this study

Strain or plasmid Relevant genotype or phenotype Source or referencea

E. coli strains
DH5a supE44 DlacU169 (f80lacZDM15) hsdR17 recA1 gyrA96 thi-1 relA1 BRL
S17-1 Smr Spr hsdR (RP4-2 kan::Tn7 tet::Mu chromosomally integrated) 55
MC1061 D(lacIPOZYA)X74 hsdR 10
UK198 Nxr dam dcm 23

B. japonicum strainsb

110spc4 Spr wild type 48
A9 Spr Kmr nifA::aphII 17
2408 Spr Smr regS::V (same orientation) This work
2409 Spr Smr regS::V (opposite orientation) This work
2408R Spr Smr Kmr fixR9-9lacZ regS::V (same orientation) This work
2409R Spr Smr Kmr fixR9-9lacZ regS::V (opposite orientation) This work
2410 Spr Kmr regS::aphII (same orientation) This work
2411 Spr Kmr regS::aphII (opposite orientation) This work
2426 Spr Smr regR::V (opposite orientation) This work
2427 Spr Smr regR::V (same orientation) This work
2426R Spr Smr Kmr fixR9-9lacZ regR::V (opposite orientation) This work
2427R Spr Smr Kmr fixR9-9lacZ regR::V (same orientation) This work
2428 Spr Kmr regR::aphII (same orientation) This work
2429 Spr Kmr regR::aphII (opposite orientation) This work
7276B Spr Kmr fixR9-9lacZ, chromosomally integrated 57
7277C Spr Kmr DUAS-fixR9-9lacZ, chromosomally integrated 57

Plasmids
pBluescript(SK1) Apr, cloning vector Stratagene
pUC18, pUC19 Apr, cloning vectors 41
pUR2 Apr, cloning vector 49
pSUP202 Apr Cmr Tcr oriT from RP4 55
pSUP202pol4 Tcr (pSUP202) 18
pUC4-KIXX-PSP Apr Kmr (pUC4-KIXX) aphII cassette with PmeI-SwaI-PacI linker in SmaI site 31
pHP45V Apr Spr Smr (V cassette) 46
pSP72::regA Apr (pSP72) R. capsulatus regA on an 857-bp BamHI-SalI fragment 25
pRJ2400 Apr [pBluescript(SK1)] B. japonicum regSR on a 2.5-kb EcoRI-BamHI fragment This work
pRJ2403 Apr (pUC19) B. japonicum regSR on a 3.6-kb EcoRI fragment This work
pRJ2408 Spr Smr Tcr (pSUP202pol4) regS::V (same orientation) This work
pRJ2409 Spr Smr Tcr (pSUP202pol4) regS::V (opposite orientation) This work
pRJ2410 Kmr Apr Tcr (pSUP202pol4) regS::aphII (same orientation) This work
pRJ2411 Kmr Apr Tcr (pSUP202pol4) regS::aphII (opposite orientation) This work
pRJ2426 Spr Smr Apr Tcr (pSUP202) regR::V (opposite orientation) This work
pRJ2427 Spr Smr Apr Tcr (pSUP202) regR::V (same orientation) This work
pRJ2428 Kmr Apr Tcr (pSUP202) regR::aphII (same orientation) This work
pRJ2429 Kmr Apr Tcr (pSUP202) regR::aphII (opposite orientation) This work
pRJ7211 Apr fixR9-9lacZ 58

a BRL, Bethesda Research Laboratories, Inc., Gaithersburg, Md.; Stratagene, La Jolla, Calif.
b The genetic structure of the regS and regR mutant strains is depicted in Fig. 3C.
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cording to a protocol slightly modified from that described by Babst et al. (3).
Primer extension products were purified by a phenol extraction and 10-min
treatment with RNase A (100 mg/ml) followed by ethanol precipitation.

regR transcriptional mapping. Transcription of the regR gene was investigated
with primer extension experiments with strains 110spc4 (wild type) and 2409
(regS mutant) and with the primers PEregR2 (59-AATCAACCACGGCGAAT
GCCGGTGCCGCCTT-39) and PEregR3 (59-AGAAACGGCTTGTCGTCCTC
CACGATGAGAAG-39). Experiments were conducted as described for the fixR-
nifA transcriptional mapping. RNA from strain 2426 (the regR deletion mutant),
to which both primers cannot anneal, served as a control to test the specificity of
the transcription signal.

b-Galactosidase assays and plant infection tests. b-Galactosidase activity of
B. japonicum strains harboring the fixR9-9lacZ fusion was measured in cells grown
aerobically for 2 days and anaerobically for 6 days as described previously (35,
58). The symbiotic phenotypes of regR and regS mutants were determined in
soybean infection tests (20, 22). Nodule ultrastructure was analyzed by transmis-
sion electron microscopy (R. Hermann, Institute for Cell Biology, Eidgenös-
sische Technische Hochschule) (56).

Nucleotide sequence accession number. The nucleotide sequence of the B. ja-
ponicum regSR genes has been deposited in the EMBL Nucleotide Sequence
Database under accession number AJ006100.

RESULTS

Purification of the fixR-nifA UBP and cloning of the corre-
sponding gene. Following the purification protocol specified in
Materials and Methods, we could enrich the fixR-nifA UBP
from B. japonicum crude extracts by a factor of ca. 3,000, as
determined from the specific UAS binding activity detected in
the gel retardation assay (Fig. 2). When subjected to SDS-
PAGE, the purified protein sample showed one dominant pro-
tein band with a relative molecular weight of ca. 21,000 (Fig.
2A) (28). The pooled final fractions from five parallel purifi-
cation series (ca. 1 mg of protein) were precipitated with tri-
chloroacetic acid, separated on a 15% tricine–SDS–polyacryl-
amide gel, and blotted on a polyvinylidene fluoride membrane.
The prominent 21-kDa protein was then subjected to N-ter-
minal amino acid sequence analysis. The resulting sequence
of 20 amino acids, NAIAELNEQTDRSLLIVEDD, displayed
striking similarities to the N termini of RegA (11 identical
amino acids [44, 47, 53]), PrrA (10 identical amino acids [13]),
and ActR (12 identical amino acids [59]), the response regu-
lators of Rhodobacter capsulatus, Rhodobacter sphaeroides, and
Sinorhizobium meliloti, respectively. A Western blot showed
that the purified UBP cross-reacted with an anti-R. capsulatus
RegA antibody (data not shown).

On the basis of these findings, we decided to use a 0.8-kb
NdeI-HindIII fragment of the plasmid pSP72::regA (kindly pro-
vided by G. Klug, Giessen, Germany) containing the regA gene

of R. capsulatus as a radioactive probe for hybridization of
B. japonicum genomic DNA. A weak but reproducible hybrid-
ization to a 2.5-kb EcoRI-BamHI fragment was observed.
EcoRI- plus BamHI-restricted chromosomal DNA of this size
range was isolated from a preparative agarose gel and used for
construction of a partial genomic library in the pBluescript
(SK1) vector. Plasmids isolated from ca. 800 clones were an-
alyzed by Southern blot hybridization with the regA probe. The
dominantly hybridizing plasmid pRJ2400 contained a 2.5-kb
EcoRI-BamHI insert (Fig. 3B). Sequence analysis revealed the
presence of two open reading frames whose deduced products
showed great similarity to RegB (38) and RegA, two-compo-
nent regulatory proteins of R. capsulatus. Accordingly, the
B. japonicum open reading frames were termed regS for the
sensor gene and regR for the regulator gene (Fig. 3A). As it
turned out that the 39 end of regR was lacking on pRJ2400, we
used the insert of this plasmid as a probe to subclone from a
B. japonicum cosmid library a 3.6-kb EcoRI fragment that
spans the complete regSR region (pRJ2403) (Fig. 3B). Its nu-
cleotide sequence was determined, and the sequence of the
regSR region, including an additional open reading frame
(orf1) located on a 2,816-bp PvuII-SmaI fragment (Fig. 3A),
was submitted to the EMBL Nucleotide Sequence Database.

We used the cloned regSR region (PvuII-MscI fragment) as
a probe to look for possible homologs in the B. japonicum
genome. No additional bands were detected in appropriate,
low-stringency Southern blot hybridizations to B. japonicum
total DNA.

Properties of the deduced regS, regR, and orf1 gene products.
The predicted gene product of regR has 185 amino acids (Fig.
4A), resulting in a protein with a molecular mass of 20,160 Da
and an isoelectric point of 9.29. The N terminus of the pre-
dicted RegR protein minus the N-formylmethionine is identi-
cal to the experimentally determined N-terminal amino acid
sequence of purified UBP (Fig. 4A). The RegR sequence has
all of the features of a response regulator belonging to the FixJ
subfamily (60), including the putative phosphorylation site
(Asp-63) and a proposed helix-turn-helix motif in a highly con-
served region near the C terminus (sequence motif N159VSET
ARRLNMHRRTLQRILAK180; GCG Program HELIXTURN
HELIX). RegR shows the highest degree of similarity to the
response regulators ActR of S. meliloti (81% similar amino
acids), RegA of R. capsulatus (80%), and RegA and PrrA of
R. sphaeroides (76%). The regS gene codes for a putative his-

FIG. 2. Purified UBP. (A) Silver-stained SDS–13% PAGE gel of protein fractions taken after elution from the DNA-Sepharose affinity column, the last purification
step (see Materials and Methods). One microgram of protein from the fractions that were eluted with 250 mM (lane 1), 300 mM (lane 2), 350 mM (lane 3), and 400
mM KCl (lane 4) and 0.5 mg of protein from the fraction that was eluted with 450 mM KCl (lane 5) were loaded. The prominent 21-kDa bands in fractions 2 to 4 were
excised and subjected to N-terminal amino acid sequencing as described in Materials and Methods. (B) Gel retardation assay of the samples shown in panel A. Protein
(0.1 mg) was mixed with 0.1 ng of 32P-labeled double-stranded 32-bp oligonucleotide spanning the fixR-nifA 268 region (UAS) and incubated in the presence of
poly(dI-dC) as a nonspecific competitor. The binding products were separated on a 6% nondenaturing polyacrylamide gel and visualized by phosphorimager analysis.
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tidine kinase consisting of 441 amino acids (Fig. 4B) with a
predicted molecular mass of 48,077 Da and an isoelectric point
of 5.14. RegS is most homologous to ActS of S. meliloti (65%)
(59), RegB of R. capsulatus (59%) (38), and PrrB of R. sphaer-
oides (62%) (14). Sequence alignments to RegB, PrrB, and
ActS (Fig. 4B) imply that the conserved autophosphorylation
site in RegS is His-219, and the protein also contains the pre-
sumptive conserved kinase domains in the C terminus (60).
The N terminus of RegS up to Val-183 is very hydrophobic,
suggesting that RegS is membrane associated. However, no
clearly defined transmembrane domains interrupted by hydro-
philic loops are detectable. The open reading frame orf1 lo-
cated downstream of, and divergently oriented to, regR en-
codes a protein consisting of 163 amino acids with no obvious
sequence similarity to any database entry. We did not further
analyze orf1.

The regR and regS genes were mutated by deletion plus
cassette insertion or by simple insertion of the V and aphII
antibiotic resistance cassettes (Fig. 3C). The mutated genes
were then integrated via homologous double crossover into the
chromosomes of B. japonicum wild type and strain 7276B. The
latter strain harbors a chromosomally integrated fixR9-9lacZ
fusion and thus allows a test for potential consequences of regS
and regR mutations on fixR-nifA expression.

Growth characteristics of regS and regR mutants. All regS
and regR mutants were initially characterized by their growth
behavior under aerobic conditions in PSY medium and under
anaerobic conditions in YEM medium supplemented with
KNO3. The aerobic growth rates of all regR mutants were
slightly reduced compared with that of the wild type, and the

mutants tended to synthesize higher levels of exopolysaccha-
rides during the exponential growth phase. In contrast, all regS
mutants grew like the wild type (data not shown). Under an-
aerobic conditions growth of all of the mutants was affected to
different extents (Fig. 5). While regS mutants grew like the wild
type, the generation time of the regR mutants 2426 and 2427
was threefold higher (6 days compared to 2 days for the wild
type), and these mutants reached much lower final cell densi-
ties. Interestingly, regR mutants 2428 and 2429 did not grow at
all under anaerobic conditions. Growth of the nifA mutant
control strain A9 was only marginally slower than that of the
wild type. Aerobic growth in YEM medium could not be
assayed because of excessive exopolysaccharide production of
all strains, including the wild type.

fixR-nifA UAS binding activity in extracts of regS and regR
mutants. Crude protein extracts of aerobically grown regR and
regS mutants were tested for binding activity to the fixR-nifA
UAS in a gel retardation assay (Fig. 6). Extracts of regR mu-
tants 2426 and 2427 reproducibly failed to form one of sev-
eral protein-DNA complexes. The remaining, slower migrating
complexes of unknown identity had been observed previously
during RegR (UBP) purification, and their intensities varied.
These additional complexes disappeared when enriched RegR
preparations were used (Fig. 2B). Thus, it is likely that the
complex formed by wild-type extracts but not by the extracts of
regR mutants reflects the specific RegR-UAS complex. Inter-
estingly, the regS mutations present in strains 2408 and 2409
had no effect on the formation of this complex.

Effect of regS and regR mutations on fixR-nifA expression.
The presumed role of regR in the control of fixR-nifA expres-
sion was analyzed by monitoring the expression of a fixR9-9lacZ
fusion present in regS and regR mutants and in the wild-type
background at the levels of both b-galactosidase activity and
mRNA. The results of the b-galactosidase activity tests are
presented in Table 2. As known from previous studies (57),
expression of fixR9-9lacZ in the wild-type background (strain
7276B) is about fivefold higher in anaerobically grown cells
compared to aerobic cells, and the low expression level under
aerobic conditions is dependent on the UAS located around
position 268 (compare with strain 7277C). The regS mutations
in strains 2408R and 2409R interfered only marginally, if at all,
with the expression pattern of fixR9-9lacZ observed in the wild
type. In contrast, the regR mutations present in strains 2426R
and 2427R completely abolished aerobic fixR9-9lacZ expres-
sion, and anaerobic expression was reduced to ca. 10% of the
level observed in the wild type.

Next, we determined the effect of the regR mutation on the
activity of the promoters fixRp1 and fixRp2 from which the
fixR9-9lacZ reporter fusion is transcribed. The results of the
corresponding primer extension experiments are shown in Fig.
7. The primer extension products derived from the fixR9-9lacZ
fusion in the control strains 7276B and 7277C corresponded in
length and abundance to those described previously by Barrios
et al. (5). The dominant transcript under aerobic conditions
(T2) originates from start point P2 (see also Fig. 1), and no
transcript is detectable under these conditions in the UAS
mutant strain 7277C. Under anaerobic conditions the major
transcript (T1) is synthesized from start point P1 (see also Fig.
1), and this transcript is present also in strain 7277C. In agree-
ment with the b-galactosidase activity tests, no transcript was
found in aerobically grown cells of the regR mutant 2426R, and
the intensity of the signal of transcript T1 as well as transcript
T2 present in anaerobic cells was significantly reduced. Taken
together, these results indicate that regR is absolutely required
for aerobic fixR-nifA expression and that it also contributes to
the expression of this operon under anaerobic conditions.

FIG. 3. Physical map of the B. japonicum regSR region and genetic structure
of regS and regR mutations. (A) The physical map shows relevant restriction sites
(B, BamHI; E, EcoRI; H, HindIII; M, MscI; N, NotI; Nd, NdeI; P, PstI; Pv, PvuII,
S, SmaI), the location and orientation of regS and regR, and one additional open
reading frame, orf1. Numbers at the top denote the nucleotide positions starting
from the PvuII site upstream of regS. The hatched bar indicates the extent of the
sequence submitted to the EMBL Nucleotide Sequence Database. (B) The
inserts of plasmids pRJ2400 and pRJ2403 are depicted. (C) The structure of regS
and regR mutations is shown along with the corresponding strain numbers.
Horizontal arrows indicate the orientation of the inserted resistance cassettes, V
(Smr Spr) or aphII (Kmr). Restriction sites in parentheses were lost during
cloning.
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Symbiotic phenotypes of regS and regR mutants. The ability
of the regS::V and regR::V mutants to nodulate and to fix
nitrogen symbiotically was examined in a plant infection test
(Table 3). All mutants elicited nodules on soybean. The mu-
tants produced about the same number of nodules as had the
wild type, but mutant-elicited nodules were slightly smaller.
However, nodules of regS mutants had an interior of slightly
lighter pink color than wild-type nodules, and regR mutants

produced nodules with a greenish interior. Necrotic nodule
tissue as observed previously in nodules elicited by a nifA mu-
tant (17, 56) was not found. The ultrastructure of nodules
induced by regS mutants was indistinguishable from that of
those induced by the wild type (data not shown). In contrast,
only very few normally shaped bacteroids could be seen in
nodules elicited by the regR mutants 2426 and 2427 (Fig. 8).
Furthermore, more starch granules were present in these plant

FIG. 4. Sequence alignments of the predicted B. japonicum RegR and RegS proteins to their homologs of R. capsulatus, R. sphaeroides, and S. meliloti. The
consensus sequence (cons) in the bottom line was determined from amino acids identical in all four sequences. Putative essential domains are indicated by numbers
in parentheses. Numbers above the sequence refer to positions in RegR and RegS. The sequences of RegA and RegB from R. sphaeroides, published in references 44
and 47, which are very similar to those of PrrA and PrrB, have been omitted for clarity. (A) Alignment of B. japonicum RegR (BjRegR) to S. meliloti ActR (RmActR
[59]), R. capsulatus RegA (RcRegA [53]), and R. sphaeroides PrrA (RsPrrA [13]). The experimentally determined N terminus of Ubp (RegR) is shaded in gray. The
presumptive phosphorylation site is indicated by “(1),” and the helix-turn-helix motif is indicated by “(2).” (B) Alignment of B. japonicum RegS (BjRegS) to S. meliloti
ActS (RmActS [59]), R. capsulatus RegB (RcRegB [38]), and R. sphaeroides PrrB (RsPrrB [14]). The presumptive autophosphorylation site is indicated by “(3)”; the
putative kinase domain, composed of three essential regions, is indicated by “(4).”
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cells than in wild-type-infected cells. As with the nodulation
phenotype, the regS and regR mutants also differed in their
capacities to fix nitrogen. While regS mutants showed wild-type
fixation activity, symbiotic nitrogen fixation of regR mutants
was more than 97% reduced. Interestingly, however, it was not
completely abolished as in nifA mutants.

Transcriptional mapping of regR. In all of the aforemen-
tioned tests it turned out that only regR but not regS mutations
caused phenotypes distinguishable from those of the wild type.

One possible interpretation of this phenomenon was that regR
is expressed independently from regS. To test this inference, we
performed extension experiments with primers that annealed
to regR mRNA. In fact, the 59 end of an mRNA species was
detected that corresponded to a likely transcription start point

FIG. 5. Anaerobic growth of B. japonicum wild type and nifA, regR, and regS
mutants in YEM medium supplemented with KNO3. Symbols: F, wild type; E,
nifA mutant A9; Œ, regS mutant 2409; ‚, regR mutant 2426. Samples were taken
from three parallel cultures of each strain, and growth was determined by mea-
suring the OD600.

FIG. 6. UAS binding activity in extracts of regR and regS mutants analyzed by
gel retardation. Crude extracts of aerobically grown cells of the strains indicated
were prepared as described in Materials and Methods. Approximately 4 mg of
protein was mixed with 0.1 ng of 32P-labeled double-stranded 32-bp oligonucle-
otide spanning the fixR-nifA 268 region (UAS) and incubated in the presence of
poly(dI-dC) as a nonspecific competitor. The binding products were separated
on a 6% nondenaturing polyacrylamide gel and visualized by phosphorimager
analysis. The identity of the nonspecific, slow-migrating complexes is not known.

FIG. 7. Primer extension analysis of the promoter fixRp1- and fixRp2-depen-
dent fixR9-9lacZ transcripts in wild type and DUAS and regR mutants containing
a chromosomally integrated fixR9-9lacZ fusion. Total RNA was purified from the
indicated B. japonicum strains grown aerobically (1O2) in PSY medium or
anaerobically (2O2) in YEM medium plus KNO3. Hybridization to RNA with
the 32P-labeled oligonucleotides lac4B and PBj16S and reverse transcription of
the fixR9-9lacZ mRNA and the 16S rRNA primary transcript, respectively, were
performed as described in Materials and Methods. The products were separated
on a 6% polyacrylamide gel next to a sequence ladder of plasmid pRJ7211 made
with oligonucleotide lac4B. Transcripts T1, T2, and Bj16S (control) are marked.
The origin of the unmarked reverse transcription products present in all lanes is
not known; they had not been observed in similar, previous studies in which a
shorter lacZ-specific oligonucleotide (lac4 [5]) was used.

TABLE 2. Expression of chromosomally integrated fixR9-9lacZ
fusions in B. japonicum regR and regS mutants

Strain Relevant genotype

b-Galactosidase activity
(Miller U [mean 6 SE])a

Aerobic Anaerobic

110spc4 Wild type 1 6 1 1 6 1
7276B fixR9-9lacZ 246 6 12 958 6 63
7277C fixR9-9lacZ DUAS 11 6 2 511 6 43
2408R fixR9-9lacZ regS::V 270 6 48 775 6 100
2409R fixR9-9lacZ regS::V 170 6 14 850 6 144
2426R fixR9-9lacZ regR::V 3 6 1 98 6 36
2427R fixR9-9lacZ regR::V 1 6 1 81 6 14

a Numbers are the mean values 6 standard errors of at least three indepen-
dent experiments. In each experiment at least two cultures of all strains were
grown in parallel and assayed in duplicate. Bacteria were grown to mid expo-
nential phase, i.e., for 2 days in PSY medium supplemented with 0.1% (wt/vol)
arabinose in the case of aerobic cultures and for 6 days in YEM medium plus
KNO3 in the case of anaerobic cultures.
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in the regS-regR intergenic region (Fig. 9). This start point was
located 20 nucleotides upstream of the regR open reading
frame, and it was preceded by a 235/210-type promoter re-
gion (Fig. 9). The same transcript was detectable with RNA
from the regS mutant 2409 but not with RNA from the regR
deletion strain 2426 (control), to which the primers cannot
anneal (data not shown).

DISCUSSION

We have identified a new two-component regulatory system,
RegSR, of which at least the RegR protein is involved in the
control of both aerobic and anaerobic expression of the fixR-
nifA operon in B. japonicum. The existence of a positive reg-
ulator required for aerobic fixR-nifA expression had been im-

plied by previous work of Thöny et al. (57, 58), in which a DNA
region upstream of fixR-nifA (UAS) was shown to be necessary
for expression of fixR9-9lacZ fusions. An as yet unknown pro-
tein from crude extracts could bind to this UAS in gel retar-
dation experiments.

This predicted activator protein has now been discovered.
Using different chromatography steps including a UAS affinity
column, we could successfully enrich minute quantities of this
cellular regulator in an active, DNA-binding form. The corre-
sponding gene, regR, was cloned, and its predicted N-terminal
amino acid sequence was shown to be identical to that of the
purified DNA-binding protein. Functional characterization of
the regR gene confirmed the regulatory model of Thöny et al.
(57, 58). The regR mutants lacked specific fixR-nifA UAS bind-
ing activity, and aerobic fixR9-9lacZ expression was completely
abolished in them. Moreover, anaerobic fixR9-9lacZ expression
was also drastically reduced. The primer extension experiments
documented that RegR is absolutely required for the synthesis
of transcript T2 under all oxygen conditions and for the syn-
thesis of transcript T1 under aerobic conditions and that RegR
also contributes to the level of T1 in anaerobic cells. These
results led us to propose an expanded model of the control of
fixR-nifA expression in B. japonicum (Fig. 1). Regardless of the
cellular oxygen status, RegR binds to the fixR-nifA UAS and
activates transcription from the fixRp2 promoter, leading to a
low level of NifA synthesis. The s factor involved in this pro-
cess remains to be identified. Under aerobic conditions the
NifA protein is instantaneously degraded (37), but if the envi-
ronment is anaerobic NifA activates its own expression via the
s54-dependent promoter fixRp1. Under these conditions, NifA
also activates transcription of all of its other target genes, e.g.,
the nif and fix genes.

This model is in perfect agreement with the previous results

FIG. 8. Electron micrographs showing the structure of soybean nodule cells infected by the regR mutant 2426 (A) and the wild-type 110spc4 (B). Black and white
arrowheads in panel A mark starch granules and empty membrane vesicles, respectively. Bar 5 5 mm.

TABLE 3. Symbiotic phenotypes of regR and regS mutants
compared to those of the wild type and the nifA mutant A9

Strain Relevant
genotype

Characteristics (mean 6 SE)a

Nodule
no.

Dry wt/
nodule (mg)

Fix activity
(% of wild type)

110spc4 Wild type 31 6 1 1.3 6 0.06 100 6 5
A9 nifAb 59 0.3 0
2408 regS 36 6 3 0.8 6 0.05 69 6 12
2409 regS 32 6 3 1.0 6 0.09 109 6 8
2426 regR 28 6 2 0.9 6 0.05 2.3 6 0.7
2427 regR 33 6 2 0.8 6 0.05 1.8 6 0.4

a Values are the means 6 standard errors of at least 10 individual plants.
Fixation (Fix) activity was measured as the amount of C2H2 reduced per minute
per milligram of nodule weight (dry weight).

b Values shown for the nifA mutant are taken from Fischer et al. (17) for
comparison. The assay conditions were identical to those described here.
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of Thöny et al. (57) and Barrios et al. (5), who demonstrated
the requirement of an intact UAS for fixRp2-dependent tran-
scription. Under anaerobic conditions, residual NifA-depen-
dent fixR-nifA expression was observed from the fixRp1 pro-
moter. This means that some NifA protein must be synthesized
in regR mutants enabling autoactivation of the operon upon
switching to anaerobic conditions where NifA becomes active.
The reduced level of fixR-nifA expression in regR mutants un-
der anaerobic conditions may have two causes. First, the RegR-
dependent transcripts are absent there. Second, the synthesis
of the NifA-dependent transcript T1 originating from fixRp1
might be diminished because of a potential interference of the
s54-RNA polymerase with that RNA polymerase which, in the
wild type, acts in concert with RegR but which may be unable
to clear the promoter in the regR mutant. Indeed, Barrios et al.
(5, 6) have found competition of the two RNA polymerase
holoenzymes for the overlapping fixRp1 and fixRp2 promoter
regions.

Another open reading frame, regS, was found upstream of
the regR gene. The newly identified RegS and RegR two-com-
ponent regulatory proteins exhibit the typical features of mem-
brane-bound histidine kinases and soluble response regulators,
respectively. The greatest degree of similarity was found with
the ActSR system involved in acid tolerance in S. meliloti (59)
and with RegBA and PrrBA of R. capsulatus and R. sphaer-
oides, respectively (13, 14, 38, 44, 47, 53). RegBA and PrrBA
are integrated in a complex regulatory network which induces
at the transcriptional level the synthesis of photosynthetic
light-harvesting complexes, reaction centers, photosynthetic
pigments, and cytochrome c2 in response to cellular oxygen
deprivation (for a review, see reference 8). The signal that is
transduced to RegR in B. japonicum remains to be identified.
Given its involvement in both aerobic and anaerobic fixR-nifA
expression it seems very unlikely to be oxygen per se. This
notion is further supported by the absence in RegS of a heme-
binding domain and cysteine motifs known to be involved in
oxygen-sensing by the FixL protein of S. meliloti (1) and the
Fnr protein of E. coli (26), respectively.

The recent findings that the PrrBA system in R. sphaeroides

is required for transcriptional activation of the cbb operons I
and II encoding two forms of ribulose 1,5-bisphosphate car-
boxylase-oxygenase (Rubisco) and, most strikingly, also for di-
azotrophic growth suggested a more global control function in
fundamental processes such as photosynthesis and CO2 and N2
fixation (27, 47). Common to these processes is their require-
ment for reducing equivalents; thus, they are strictly dependent
on the cellular redox state. In fact, mutations that affect elec-
tron transport in R. sphaeroides led to the induction of photo-
synthesis genes, possibly via activation of the PrrBA system by
the accumulation of a critical redox intermediate (24, 42, 62).
Similarly, activation of the ActSR system of S. meliloti by low
pH may occur via sensing of the redox state of a pH-sensitive
compound. If the RegSR system of B. japonicum were to be
redox responsive, one must assume, however, that it is at least
partially active under both aerobic and anaerobic conditions,
since RegR-dependent expression of fixR-nifA was observed
under both growth conditions.

Aerobic growth of the regS and regR mutants was almost
indistinguishable from that of the wild type, indicating that
genes essential for heterotrophic aerobic growth do not belong
to the RegSR regulon. In contrast, anaerobic growth of regR
mutants was drastically retarded. This defect cannot solely be
attributed to reduced fixR-nifA expression since growth was
much less affected in the nifA mutant A9. Hence, one might
speculate about the existence of other RegR-dependent tar-
gets whose products, unlike those of fixR-nifA, are required for
anaerobic growth under nitrate-respiring conditions. By anal-
ogy with the critical role that PrrBA plays in CO2 fixation of R.
sphaeroides (47), alternative targets for RegR control in B. ja-
ponicum might also include the CO2 fixation genes that enable
B. japonicum to grow chemoautotrophically (reference 32 and
references therein).

B. japonicum regR mutants were symbiotically defective, as
indicated by the almost complete lack of nitrogen fixation
activity and the altered nodule ultrastructure. Interestingly,
however, the symbiotic defect was clearly less drastic than that
described previously for nifA mutants (17, 56). This difference
is possibly due to the residual level of nifA expression observed
in regR mutants, which might lead to the synthesis of small
amounts of NifA protein sufficient to suppress the plant de-
fense reaction but insufficient for optimal expression of the
nitrogen fixation genes. Electron micrographs of infected nod-
ules imply that regR mutants fail to efficiently multiply and/or
persist in plant cells. It is possible that this is a consequence of
the impaired growth of regR mutants under oxygen-limiting
conditions. Alternatively, a specific function required for the
symbiotic lifestyle might be affected in these mutants. Al-
though several lines of evidence clearly show that RegR ac-
tivates the expression of nifA, we cannot rule out the formal
possibility that the Fix2 phenotype is caused by the hampered
bacteroid development. It is interesting to note here that, in
the wild type, the UAS- and RegR-dependent fixR-nifA tran-
script T2 is not detectable in 30-day-old nodules (5), indicating
that the RegR-controlled functions are required during the
earlier stages of the symbiotic interaction.

An intriguing observation was the striking phenotypic dif-
ference between regS and regR mutants. A similar phenome-
non has been described for regB and regA mutants of R. cap-
sulatus (38). The genetic linkage of the regSR genes along with
the pronounced similarity of RegS and RegR to other bacterial
histidine kinases and response regulators, respectively, would
suggest that they are cognate two-component regulatory part-
ners. In fact, recent in vitro phosphorylation experiments pro-
vided solid support for this assumption (12). Although we
presently cannot exclude the possibility that RegR functions

FIG. 9. Transcriptional mapping of the regR promoter region. Total RNA
was purified from B. japonicum wild type grown aerobically in PSY medium and
used for primer extension. Hybridization to RNA with the 32P-labeled oligonu-
cleotide PEregR2 and reverse transcription of the regR mRNA were performed
as described in Materials and Methods. The products were separated on a 6%
polyacrylamide gel next to a sequence ladder of plasmid pRJ2403 made with
oligonucleotide PEregR2. The sequence of the indicated region (positions 1448
to 1520 of the database-submitted nucleotide sequence) is denoted in the box. It
contains the transcription start point (11), the putative 210 and 235 regions,
and the probable translation start site (TTG).
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as a transcriptional activator in its nonphosphorylated form, we
favor the idea that it is phosphorylated via cross talk by an
alternative protein kinase in the regS mutant, i.e., this implies
the existence of a second RegS-like protein in B. japonicum.
Cross talk among two-component regulatory systems is well
documented in vivo and in vitro (for a review, see reference
61). For example, a mutation in the prrB gene of R. sphaeroides
could be partly complemented in vivo by overexpression of
hupT, the sensor gene for regulation of the hydrogen uptake
system (19). Similarly, cross talk was observed in B. japonicum
between the nodulation regulatory proteins NodV and NwsB
(21). Regardless of which mechanism is responsible for sup-
pression of the effect of regS mutations, expression of regR
seems to be little (if at all) affected by the mutations intro-
duced into the regS gene. This was apparently not due to
transcriptional outreading from the resistance gene cassette.
Instead, we obtained evidence for the presence of a promoter
located immediately upstream of regR, which was active not
only in the wild type but also in a regS mutant background. This
suggests that, even if regS and regR were to form an operon, a
substantial amount of regR mRNA can be synthesized inde-
pendently of the regS promoter. Further transcriptional anal-
yses of the regSR region should clarify this point.

With the regR gene described in this study we have added a
new element to the complex regulatory network controlling nif
and fix gene expression in B. japonicum (Fig. 1). As with the
FixLJ-FixK2 cascade, the NifA cascade now also includes a
response regulator of a two-component regulatory system at
the (currently known) top level. As long as the signal for the
RegSR system is unidentified the physiological meaning of this
additional control level remains speculative. Quite likely, it
provides B. japonicum cells with the possibility to integrate into
the regulatory circuits an additional external or internal signal.
Moreover, given the global function of the RegSR homologs
described in other bacteria, it seems possible that RegR forms
a link between the nitrogen fixation system and other meta-
bolic routes. It might be of interest to examine whether a
RegR-like protein plays a role in nifA regulation in those di-
azotrophs in which this gene is expressed under aerobic con-
ditions (e.g., Rhizobium etli [34] or Rhizobium leguminosarum
bv. viciae [43]).
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57. Thöny, B., D. Anthamatten, and H. Hennecke. 1989. Dual control of the
Bradyrhizobium japonicum symbiotic nitrogen fixation regulatory operon fixR
nifA: analysis of cis- and trans-acting elements. J. Bacteriol. 171:4162–4169.
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