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Purple photosynthetic bacteria are capable of generating cellular energy from several sources, including
photosynthesis, respiration, and H2 oxidation. Under nutrient-limiting conditions, cellular energy can be used
to assimilate carbon and nitrogen. This study provides the first evidence of a molecular link for the coregu-
lation of nitrogenase and hydrogenase biosynthesis in an anoxygenic photosynthetic bacterium. We demon-
strated that molybdenum nitrogenase biosynthesis is under the control of the RegB-RegA two-component
regulatory system in Rhodobacter capsulatus. Footprint analyses and in vivo transcription studies showed that
RegA indirectly activates nitrogenase synthesis by binding to and activating the expression of nifA2, which
encodes one of the two functional copies of the nif-specific transcriptional activator, NifA. Expression of nifA2
but not nifA1 is reduced in the reg mutants up to eightfold under derepressing conditions and is also reduced
under repressing conditions. Thus, although NtrC is absolutely required for nifA2 expression, RegA acts as a
coactivator of nifA2. We also demonstrated that in reg mutants, [NiFe]hydrogenase synthesis and activity are
increased up to sixfold. RegA binds to the promoter of the hydrogenase gene operon and therefore directly
represses its expression. Thus, the RegB-RegA system controls such diverse processes as energy-generating
photosynthesis and H2 oxidation, as well as the energy-demanding processes of N2 fixation and CO2 assimi-
lation.

The purple nonsulfur photosynthetic bacterium Rhodobacter
capsulatus exhibits remarkable metabolic diversity (30). This
bacterium is capable of generating energy from light via pho-
tosynthesis as well as from dark aerobic and anaerobic respi-
ration. Another feature is the capacity to grow heterotrophi-
cally as well as autotrophically. When growing autotrophically,
the cells are also capable of generating cellular energy and
reducing power by the oxidation of H2, which occurs at a
membrane-bound [NiFe]hydrogenase complex. Several de-
cades ago, Gest and colleagues described the presence of re-
dox-related interrelationships among carbon assimilation, N2
fixation, and photophosphorylation (26; reviewed in reference
27). However, the nature and even the existence of specific
molecular mechanisms for balancing the use of reducing equiv-
alents have remained unclear.

Recent studies have suggested that balancing different met-
abolic processes could result, at least partially, from the activity
of a global two-component regulatory system that regulates the
synthesis of the enzymes involved in different energetic pro-
cesses. Indeed, the three fundamental biological processes cat-
alyzed by photosynthetic bacteria, i.e., photosynthesis, CO2
fixation, and N2 assimilation, are affected by the RegB-RegA
global two-component transduction signal system in Rhodo-
bacter sphaeroides (32). In R. capsulatus, the RegB-RegA sys-

tem functions as a classic two-component system, with RegB
being a membrane-spanning histidine kinase capable of auto-
phosphorylating in the presence of ATP (3, 40, 47). The phos-
phate group is then transferred to its cognate partner, the
cytosolic response regulator RegA (3, 31, 47). Phosphorylation
of RegA increases its DNA-binding to the puf and puc photo-
synthesis promoters where it functions as an activator of tran-
scription (3, 15). Homologous systems have been found in
many species of the a proteobacteria, including such photo-
synthetic species as R. sphaeroides, Rhodovulum sulfidophilum,
and Roseobacter denitrificans (21, 22, 37), as well as in nonpho-
tosynthetic species such as Bradyrhizobium japonicum and Rhi-
zobium meliloti (2, 49). RegA and its homologs exhibit an
unprecedented 79% degree of conservation, especially in the
C-terminal DNA-binding helix-turn-helix structure, which is
100% conserved (37). This suggests that the RegB-RegA sys-
tem plays a fundamental role in this group of bacteria.

Originally the RegB-RegA system was discovered for its role
in anaerobic activation of the puf, puc, and puh photosynthetic
gene operons from R. capsulatus (40, 47). In addition to its
involvement in photosynthesis, a related RegB-RegA system
from R. sphaeroides (PrrB-PrrA) has been implicated in the
positive regulation of the cbbI and cbbII operons that encode
enzymes of the Calvin cycle CO2 fixation pathway (45; J. M.
Dubbs, T. H. Bird, C. E. Bauer, and F. R. Tabita, submitted for
publication). The R. sphaeroides system was also shown to be
involved in the nitrogen fixation process, since the derepres-
sion of nitrogenase synthesis that occurs in the absence of the
CO2 fixation pathway requires a functional regB gene (32). It
has also been shown that inactivation of a RegA homolog in
the nonphotosynthetic bacterium B. japonicum (RegR) re-
duces nitrogen fixation to a level where nodules are ineffective
in fixing nitrogen. This effect on nitrogen fixation is caused by
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a dependence of RegR for optimal expression of NifA, which
is a nif-specific transcriptional activator of nitrogenase struc-
tural genes (2). However, to date, direct binding of RegR to
the nifA promoter has not been established.

In this study, we have demonstrated that the RegB-RegA
system from R. capsulatus indirectly activates the synthesis of
nitrogenase. Indeed, our in vivo and in vitro studies demon-
strate that RegA binds to and activates expression of the nifA2
gene, which encodes one of the two functional copies of the
NifA transcriptional activator of the nitrogenase structural
genes. We also demonstrate that RegA directly represses
[NiFe]hydrogenase structural gene expression by binding to
the hupSLC promoter.

MATERIALS AND METHODS

Bacterial strains, media, and culture conditions. The R. capsulatus strains
used in the study are wild-type strain SB1003 (55), the regA-disrupted strain
MS01 (47), and the regB-disrupted strain SD01 (15). R. capsulatus strains were
grown at 34°C in minimal salts medium (RCV) (54) supplemented with 30 mM
DL-malate as a carbon source and either 7 mM L-glutamate (MG medium) or 7
mM ammonium sulfate (MN medium) as a nitrogen source. RCV malate without
a nitrogen source was used as a nitrogen-free (NF) medium. For hydrogenase
studies, strains were grown either under aerobic dark conditions or under an-
aerobic photosynthetic conditions in the light (about 2,500 lx) as previously
described by Colbeau et al. (10). For the nitrogenase studies, cells were grown
anaerobically overnight in MN medium, washed in NF medium, and induced in
MG or MN medium aerobically or anaerobically for 12 to 14 h as described
previously by Fostner-Hartnett and Kranz (25). Escherichia coli strains were
grown aerobically in Luria-Bertani medium at 37°C (46). Antibiotics were added
at the following concentrations (milligrams per liter) : 100 (ampicillin), 100
(spectinomycin), 50 (trimethoprim), and 10 (tetracycline) for E. coli, and 10
(kanamycin), 10 (spectinomycin), and 1 (tetracycline) for R. capsulatus.

Plasmids and plasmid mobilization. Mobilization of plasmids pNF:Q-ZV
(nifH::lacZ) (43) from E. coli to R. capsulatus was accomplished with mobilizing
strain Tec5 (48) as described by Young et al. (56). Plasmids pDFH100Bcl
(nifA1::lacZ) (25), pDFH200T (nifA2::lacZ) (25), and pAC142 (hupS::lacZ) (12)
were mated into R. capsulatus recipient strains using the triparental mating
system of Ditta et al. (14) using conditions described by Colbeau et al. (9).

Enzyme assays. Hydrogenase activity was assayed in whole cells as previously
described with 0.15 mM methylene blue as the electron acceptor (11). Nitroge-
nase assays were performed as reported by Meyer et al. (39). b-Galactosidase
activity was assayed as described by Elsen et al. (20).

DNase I footprint analysis. RegA* was overexpressed and purified as previ-
ously described by Du et al. (15). Probes were prepared by PCR amplification as
follows. Amplification of the hupSLC promoter utilized primers HOse31 (59-C
GACAATTGTCCCTCCCTTGC) and HOse38 (59-GCGGCGGCAAAATTGG
AAAGC), and plasmid pAC142 (12) previously digested with BamHI was used
as a template. Primers FOse36 (59-GGAAGCGCCATTTTTTTCGGC) and
FOse37 (59CATGTCGAGACTTGGTCAAGC) were used for amplification of
the nifA2 promoter, with genomic DNA as the template. For selective labeling of
DNA strands, one of the primers of the PCR amplification was 59-end labeled
with 32P prior to amplification and the amplified DNA fragments were purified
as described previously (19). A 10-ml binding reaction mixture was first prepared,
containing 1 ml of DNA (50 fmol), 7 ml of H2O, and 2 ml of 53 footprint binding
buffer composed of 125 mM HEPES (pH 8.0), 300 mM potassium acetate, 25
mM magnesium actetate, 10 mM calcium chloride, 5 mM dithiothreitol, and 125
mg of bovine serum albumin per ml. The reaction mixture was then added to a
10-ml solution composed of 2 volumes of 13 footprint binding buffer and 1
volume of protein dialysis buffer (15) containing various amounts of RegA*.
Digestion with DNase I and subsequent termination of the assays were carried

out as previously described by Bird et al. (4). A modified Maxam and Gilbert
G1A chemical sequencing reaction was used to determine the location of DNase
I protection (38).

RESULTS

The RegB-RegA two-component regulatory system is in-
volved in nitrogenase gene regulation. We assessed whether
biosynthesis of the R. capsulatus molybdenum nitrogenase was
affected by the RegB-RegA signal transduction cascade by
assaying nitrogenase enzyme activity in the wild-type parent
strain SB1003, the regA-disrupted mutant strain MS01, and the
regB-disrupted mutant strain SD01. As shown in Table 1, ni-
trogenase activity was high in SB1003 cells that were grown in
MG medium. There was no significant nitrogenase activity
when these cells were grown in MN medium (Table 1) or when
oxygen was present (data not shown). This pattern is similar to
that reported by Pollock et al. (43), which reflects the regula-
tion of nitrogenase synthesis in response to fixed nitrogen
availability by the ntr system and to the oxygen sensitivity of the
NifA proteins which function as transcriptional activators of
the nifHDK operon (reviewed in reference 35). The data in
Table 1 also demonstrate that nitrogenase activity was signif-
icantly affected by regA and regB disruptions, as evidenced by
five- and fourfold reductions observed in MS01 and SD01 cells,
respectively, under derepressing conditions.

We also assayed b-galactosidase activities in strains SB1003,
MS01, and SD01 that contained a nifH::lacZ fusion (pNF:Q-
ZV) to determine if the observed reduction in nitrogenase
activity reflected reduced transcription rates. The b-galactosi-
dase activities shown in Table 1 demonstrate that the nitroge-
nase activities observed for various strains and growth condi-
tions are also reflected by a similar pattern of nifH::lacZ
expression. Thus, the R. capsulatus RegB-RegA two-compo-
nent system appears to be affecting nitrogenase biosynthesis.

RegA indirectly activates nitrogenase gene expression. We
next addressed whether RegA directly controls nitrogenase
expression by binding to the nifHDK promoter region, by per-
forming DNase I protection assays on both DNA strands of a
321-bp fragment that contains the nifHDK promoter region
(from bp 2264 to 157). Using the RegA* protein, which
exhibits constitutive activity in vivo (15) and high DNA-binding
affinity in vitro (3), we observed no RegA*-mediated protec-
tion of either strand of the nifHDK promoter region (data not
shown). This suggests that RegA may indirectly regulate nitro-
genase gene expression.

In species where it has been tested, the direct activator of
nifHDK expression under conditions of fixed nitrogen and ox-
ygen limitation is the NifA protein (reviewed in references 23
and 35). Two identical copies of nifA, termed nifA1 and nifA2,
are present in R. capsulatus, and the product of either gene is
sufficient for diazotrophic growth (36). To determine whether

TABLE 1. Nitrogenase and b-galactosidase activities of the wild-type (SB1003), regA-disrupted (MS01),
and regB-disrupted (SD01) strains harboring plasmid pNF:Q-ZV (nifH::lacZ)

Strain Genotype

MGa MNa

Nitrogenase
activity

b-Galactosidase
activity

Nitrogenase
activity

b-Galactosidase
activity

SB1003 Wild type 63.6 23,868 ,0.1 3.3
MS01 regA 13.1 6,485 ,0.1 1.1
SD01 regB 16.3 8,138 ,0.1 1.2

a The cells were grown under anaerobiosis in MG or MN medium. Nitrogenase activities represent nanomoles of C2H4 formed per minute per milligram of protein.
b-Galactosidase activities are given in nanomoles of o-nitrophenol formed per minute per milligram of protein. These results represent the means of at least three
independent measurements.
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RegB-RegA indirectly controls nifHDK expression by affect-
ing the transcription of nifA1 and/or nifA2, we introduced
nifA1::lacZ (pDFH100Bcl) and nifA2::lacZ (pDFH200T) fu-
sion plasmids into SB1003, MS01, and SD01 cells and subse-
quently measured b-galactosidase activities under different
growth conditions. As shown in Table 2, nifA1 and nifA2 ex-
pression in the wild-type strain SB1003 had a similar pattern of
high expression in MG medium and an approximate 10-fold
reduction in activity when the cells were grown in presence of
ammonium (MN medium). The reduction of activity observed
in MN medium-grown cells is in agreement with a role of the
transcriptional activator NtrC, which activates nifA expression
only in ammonium-free medium (25, 29).

When nifA1::lacZ expression was measured in the regA- and
regB-disrupted strains MS01 and SD01, respectively, no effect
on b-galactosidase activities in cells grown in all of the tested
media was observed (Table 2). There was also no evidence of
RegA* binding to the nifA1 promoter region as measured by
DNase I protection assays (data not shown). On the other
hand, expression of nifA2 is significantly reduced in both MS01
and SD01 cells relative to the level observed in wild-type cells
under all of the tested growth conditions (Table 2). Specifi-
cally, nifA2 expression in MS01 was reduced 8.3-fold in MG
medium and 17-fold in MN medium under anaerobiosis. Sim-
ilarly, strain SD01 exhibited a 7.5-fold reduction in MG me-
dium and a 10.6-fold reduction in MN medium. The RegB-
RegA system also appears to control nifA2 expression in the
presence of oxygen, as illustrated by a 5.5- and 7-fold reduction
of expression in MG and MN media, respectively, in the regA-
disrupted strain under aerobic growth conditions (Table 2).
Furthermore, expression of nifA2 is still under the control of
nitrogen availability, as evidenced by higher b-galactosidase
activities in MG than MN medium. The strong effect of regB
and regA inactivation on nifA2 expression could explain the
reduction in nifHDK gene expression in the mutants described
above.

nifA2 expression is directly controlled by RegA. DNase I
protection analyses of RegA* binding to the nifA2 promoter
were undertaken to determine if RegA directly regulates nifA2
expression. As illustrated by a protected region from bp 243 to
261 on the top strand (Fig. 1A) and from bp 243 to 272 on
the bottom strand (Fig. 1B), RegA does indeed bind to the
nifA2 promoter. A hypersensitive site was also observed on
each strand, which corresponds to position 261. As shown in
Fig. 2A, RegA binds to the nifA2 promoter between the tran-
scription start sites and the previously mapped NtrC DNA-
binding sites (24, 25). These results indicate that RegA indi-
rectly activates nifHDK gene expression by participating in the
activation of nifA2 gene expression.

RegB-RegA controls hydrogenase biosynthesis. Nitrogenase
is capable of generating hydrogen as a by-product of N2 fixa-
tion. Thus, there appears to be a metabolic link between ni-
trogenase and hydrogenase synthesis, since the presence of
hydrogen stimulates synthesis of the H2 uptake hydrogenase
(reviewed in reference 53). Consequently, we also addressed
whether disruption of regB or regA could directly or indirectly
affect the expression of the uptake hydrogenase. For this anal-
ysis, we assayed hydrogenase activity and hup expression pat-
terns in wild-type and regB- and regA-disrupted strains that
contained the hupS::lacZ reporter plasmid, pAC142 (12). The
data in Table 3 show that hydrogenase activity values and
b-galactosidase measurements of hupS::lacZ expression varied
in parallel for each of the various strains and growth conditions
tested. In the wild-type strain, SB1003, activity was high when
H2 was evolved from nitrogenase, which occurs under anaer-
obic growth conditions in MG medium. In contrast, activity
was low when the hydrogen concentration was low or absent,
which occurs when cells are grown in MN medium under
aerobic or anaerobic conditions, when nitrogenase does not
evolve hydrogen. However, activity was restored to high levels
when 10% hydrogen was exogenously added to MN medium.
This demonstrates that there is a dependence of hup expres-
sion on hydrogen, and not simply on synthesis of nitrogenase.
The pattern of H2 dependence of hup expression in SB1003 is
very similar to that previously reported by Colbeau and Vignais
(12) with wild-type strain B10 of R. capsulatus. An involvement
of RegA and RegB in the control of hydrogenase synthesis is
evidenced by a strong increase in b-galactosidase and hydro-
genase activities in the reg mutants under all growth conditions
tested (Table 3). Indeed, disruption of regA or regB both led to
the same three- to sixfold increase in hupS::lacZ expression
and hydrogenase enzyme activity under the various tested
growth conditions. Interestingly, hydrogenase synthesis is still
regulated by H2 in the regA- and regB-disrupted strains, as
evidenced by the stimulation of hup expression in the presence
of endogenously produced (MG medium) or exogenously
added H2 in strains MS01 and SD01 (Table 3). Thus, the
RegB-RegA signal transduction system represses hydrogenase
synthesis by a mechanism that is independent of the HupT-
HupR system, which activates hupSLC synthesis in response to
the presence of H2 (13, 51). Interestingly, the RegB-RegA
system appears to be modulating hup expression under both
aerobic and anaerobic growth conditions even though RegB
kinase activity is thought to be affected by the oxygen status of
the cell.

RegA directly represses hydrogenase gene expression. We
also tested whether RegA affects hup expression by direct
binding to the hupSLC promoter region, by performing a

TABLE 2. b-Galactosidase activity measurements of nifA1::lacZ and nifA2::lacZ reporter gene fusions in
wild-type strain SB1003, regA-disrupted strain MS01, and regB-disrupted strain SD01

Plasmid Strain Genotype

b-Galactosidase activitya under:

Anaerobiosis Aerobiosis

MG MN MG MN

nifA1::lacZ SB1003 Wild type 1,950 199 1,226 125
MS01 regA 1,825 115 1,157 149
SD01 regB 1,949 255 NDb ND

nifA2::lacZ SB1003 Wild type 11,023 902 6,626 454
MS01 regA 1,329 53 1,214 66
SD01 regB 1,466 85 ND ND

a b-Galactosidase activities are given in nanomoles of o-nitrophenol produced per minute per milligram of protein. Results are means of at least three independent
measurements.

b ND, not determined.

VOL. 182, 2000 RegB-RegA CONTROL OF Nif AND Hup 2833



DNase I protection analysis with RegA*. A RegA* DNA-
binding site, which extends from bp 237 to 258 on the top
strand (Fig. 1C) and from bp 244 to 261 on the bottom strand
(Fig. 1D), was observed with as little as 5 mM RegA*. As also
indicated in Fig. 1, when the RegA* concentration was in-
creased from 10 to 30 mM, a second protected region was
detected from bp 279 to 298 on the top strand and from bp
278 to 2103 on the bottom strand. This second RegA*-pro-
tected region overlaps with a previously described integration
host factor (IHF) DNA-binding site (50) that is located from
bp 293 to 281 (Fig. 2B). Expression of hupSLC is known to be
strongly activated in the presence of IHF (50), indicating that

RegA may function as a repressor of hydrogenase gene expres-
sion in R. capsulatus by competing with IHF for binding to this
region. Hydrogenase expression is also highly dependent on
the presence of H2, which is mediated by the two-component
transcriptional regulator HupR, which binds upstream from
the IHF-binding site, as indicated in Fig. 2B (13, 51).

DISCUSSION

Hydrogenase and nitrogenase syntheses are coregulated by
the RegB-RegA system. In the present study, we have identified
two important new elements of the reg regulon controlled by

FIG. 1. DNase I footprint analysis of RegA* binding to the nifA2 and hupSLC promoters. RegA*-mediated DNase I protection patterns to the top (A) and bottom
(B) strands of the nifA2 promoter and to the top (C) and bottom (D) strands of the hupSLC promoter are presented. G1A indicates a Maxam-Gilbert sequencing
ladder. Each of the subsequent lanes are protection patterns generated in the presence of increasing micromolar concentrations of purified RegA*. The thick and thin
vertical bars represent the major and minor RegA* DNA-binding sites, respectively. The arrows show the start and direction of transcription of the genes. DNase
I-hypersensitive sites are indicated by asterisks.

TABLE 3. Hydrogenase and b-galactosidase activities of the wild-type (SB1003), regA-disrupted (MS01),
and regB-disrupted (SD01) strains harboring plasmid pAC142 (hupS::lacZ)

Growth conditiona

SB1003 MS01 SD01

Hydrogenase
activityb

b-Galactosidase
activityb

Hydrogenase
activity

b-Galactosidase
activity

Hydrogenase
activity

b-Galactosidase
activity

MG, anaerobiosis 43.4 4,360 122.2 10,790 75.5 9,680
MN, anaerobiosis 6.6 730 37.3 3,230 30.0 3,750
MN, aerobiosis 7.3 750 37.4 4,100 31.9 4,770
MN, aerobiosis, H2 33.3 4,700 60.0 10,800 55.4 10,810

a The cells were grown under anaerobiosis or aerobiosis in MG or MN medium, in the presence or absence of exogenous 10% hydrogen.
b Hydrogenase activities are given in micromoles of methylene blue reduced per hour per milligram of protein, and b-galactosidase activities are given in nanomoles

of o-nitrophenol formed per minute per milligram of protein. These results represent the means of at least three independent measurements.
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the RegB-RegA two-component regulatory system in R. cap-
sulatus (Fig. 3). Using in vitro footprint analysis and in vivo
lacZ fusion studies, we have demonstrated that the response
regulator RegA indirectly activates the nifHDK nitrogenase
genes and directly represses the hupSLC hydrogenase struc-
tural genes. Uptake hydrogenase and nitrogenase synthesis are
coregulated in Rhizobium leguminosarum bv. viciae by the ni-
trogen fixation regulator NifA (7) and two FnrN proteins (28).
However, no genetic relationship had yet been established
between nitrogenase and hydrogenase in R. capsulatus. This
study is the first demonstration of coregulation between hy-
drogenase and nitrogenase synthesis in R. capsulatus which
occurs by the RegB-RegA two-component regulatory system.

The nif genes required for biosynthesis and assembly of the
molybdenum nitrogenase are activated under conditions of
both fixed nitrogen and oxygen limitation (reviewed in refer-
ence 35). Under nitrogen limitation, the ntr system activates
the expression of the two functional copies of nifA in R. cap-
sulatus. It has been demonstrated that NtrC binds to two tan-
dem sites centered more than 100 bp upstream of the nifA1
and nifA2 transcriptional start sites and that NtrC;P activates
the s70-containing RNA polymerase holoenzyme (6, 24). The
two NifA proteins then activate the expression of all the other
nif genes in the absence of oxygen (35). Our results indicate
that RegA enhances nifA2 expression under all growth condi-
tions tested. Since it has previously been shown that NtrC is
absolutely required for nifA2 expression (25), RegA appears to
function as a coactivator with NtrC to ensure optimal nifA2
expression.

The membrane-bound [NiFe]hydrogenase, encoded by the
hupSLC operon, catalyzes hydrogen oxidation in R. capsulatus.
This enzyme allows cells to grow autotrophically, with hydro-
gen as an electron source. Under photoheterotrophic growth
conditions, hupSLC expression is activated by hydrogen gas
evolved by nitrogenase as a by-product of nitrogen assimilation
(reviewed in reference 53). Hydrogenase synthesis is known to
be activated in the presence of hydrogen by the two-compo-
nent system HupT-HupR. The HupU and HupV proteins have
been proposed to sense the hydrogen stimulus and to transfer
information to the histidine protein kinase HupT (17, 18, 52).
HupT is then thought to control the phosphorylated state of
the response regulator HupR, which activates hupSLC tran-

scription by directly binding to the promoter (13, 51). Another
regulatory factor required for hupSLC expression is the his-
tone-like IHF protein that binds to a region between RNA
polymerase and HupR DNA-binding sites (13, 50). Our results
indicate that the RegB-RegA two-component regulatory sys-
tem is involved in repression of hydrogenase gene expression
under heterotrophic growth conditions. We have also observed
that RegA* binds to a region that overlaps the IHF DNA-
binding site. Presumably, competition between IHF and RegA
for binding to this region is the reason for the repressing effect
of RegA.

In earlier studies, RegB and RegA were demonstrated to be
required for direct activation of transcription of the photosyn-
thesis genes (reviewed in reference 1). It has also recently been
demonstrated that RegA directly activates the cbb operons
that code for enzymes of the Calvin CO2 fixation cycle in R.
capsulatus (P. Vichivanives, C. E. Bauer, and R. Tabita, sub-
mitted). Furthermore a functional regB gene is required for the
derepression of nitrogenase synthesis that occurs in R. spha-
eroides when the Calvin cycle is mutationally disrupted, even in
the presence of ammonium (32). Recent studies have shown
that the system also regulates aerobic respiration, by control-
ling the biosynthesis of the two identified terminal oxidases in
R. capsulatus, as well as the electron transfer system shared by
respiration and photosynthesis processes (L. Swem, S. Elsen,
T. H. Bird, H. Myllykallio, F. Daldal, and C. E. Bauer, unpub-
lished data). Therefore, the RegB-RegA system appears to
control energy-generating and energy-consuming metabolisms
involved in the consumption and production of reduced equiv-
alents. Specifically, this two-component system represses hy-
drogenase synthesis that catalyzes H2 oxidation, which is a net
generator of reducing equivalents, and activates CO2 assimi-
lation and N2 fixation, which are processes that utilize reducing
equivalents. RegB-RegA appears to function in a manner that
would lower the reducing-equivalent level in the cell. The
system appears to be a master cellular redox regulator that
ensures that cells do not become overreduced.

The RegB-RegA system functions as a global regulator. A
common occurrence among many RegB-RegA-controlled
genes is the presence of additional activators and/or repressors
that regulate their expression. Indeed, RegA activity appears
to involve competition or synergy at its target promoters, with

FIG. 2. Features of the nifA2 (A) and hupSLC (B) promoters. Horizontal arrows in nifA2 (25) and hupSLC (51) indicate previously published transcription start
sites. Putative 235 and 210 promoter sequences are underlined. Black boxes indicate regions of top- and bottom-strand protection from DNase I digestion by RegA*,
and asterisks correspond to DNase I-hypersensitive sites. Also indicated are the DNA-binding sites of NtrC (gray boxes) (24), HupR (white box) (13), and IHF (bracket)
(50).
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a broad range of transcription factors such as histone-like
proteins (IHF), LysR family proteins (CbbR), and response
regulators (HupR, NtrC). For example, expression of the light-
harvesting photosystem II apoproteins encoded by the puc
operon is anaerobically activated by RegA as well as aerobi-
cally repressed by CrtJ (15, 19, 44). For H2 oxidation, hup
expression is activated by the presence of H2 via the response
regulator HupR (13, 51) and repressed by RegA. In N2 fixa-
tion, nifA2 expression is clearly dependent on limitation of
fixed nitrogen via activation by NtrC (24; reviewed in reference
35), as well as activation by RegA. In carbon fixation, regula-
tion of the cbb operons that code for Calvin cycle enzymes
involves activation by CbbR in response to fixed carbon levels
as well as activated by RegA (16; J. M. Dubbs, T. H. Bird, C. E.
Bauer, and F. R. Tabita, submitted for publication). Hence,
the RegB-RegA two-component system appears to function as
a secondary regulator that provides an overlying layer of con-
trol on these otherwise specifically regulated processes. In
many respects, the global nature of the reg regulon is similar to
what has been observed for the ArcB-ArcA two-component
system in E. coli. The ArcB-ArcA global system provides re-
dox-responsive regulation of a variety of metabolic genes,
many of which are also regulated by additional transcription
factors (reviewed in reference 33).

A question that is currently being addressed involves the
mechanisms that allow RegA to interact with such diverse
transcription factors to control target gene expression. Re-
cently, Bowman et al. (5) demonstrated that RegA and CrtJ
proteins compete for overlapping DNA-binding sites on the
puc promoter. As suggested above, one could envision that
repression exerted by RegA on hupS expression may also result
from competition with IHF for binding to the hup promoter,
since IHF and RegA DNA-binding sites overlap. Bowman et
al. (5) also demonstrated that RegA recruits RNA polymerase-
s70 to the puf and puc promoters by establishing protein-
protein interactions. It is interesting that the nifA1 and nifA2
promoters in R. capsulatus are atypical in that, although they
do require NtrC for activation, they are recognized by the
housekeeping RNA polymerase-s70 rather than RNA poly-
merase-s54 (6). As observed for puc and puf, RegA could play
a role in recruiting RNA polymerase-s70 to the nifA2 pro-
moter, with NtrC then playing a role in promoting activation.
In such a case, RegA would not directly activate transcription

but instead would increase expression by providing more RNA
polymerase bound to the promoter region that would then be
activated by NtrC. Clearly, continued studies of the mechanism
of RegA activities on these target promoters are warranted,
given the diversity of promoter types that RegA regulates.

Oxygen is not a direct inhibitor of the histidine protein
kinase, RegB. The RegB-RegA system was first identified as
being responsible for anaerobic activation of photosynthesis
gene expression (40, 47). Oxygen was originally thought to
directly inhibit RegB kinase activity, but this has never been
directly demonstrated. The results of this study indicate that
RegB and RegA are capable of repressing hup gene expression
even under conditions where oxygen is present (chemohetero-
trophic conditions), suggesting that RegB may be phosphory-
lating RegA in the presence of oxygen (Table 3). This conclu-
sion is supported by a previous study by Madigan and Gest
(34), which demonstrated that R. capsulatus cells exhibited full
pigment production under chemoautotrophic conditions where
O2, H2, and CO2 are present. The current model is that the
RegB-RegA system responds to the overall redox state of the
cell rather than to oxygen directly. This model is supported by
studies which demonstrate that R. capsulatus and R. spha-
eroides mutants lacking cbb3-type cytochrome c oxidase exhibit
elevated photosynthesis gene expression under both aerobic
and anaerobic conditions (8, 41). Presumably electron flow
through a functional cbb3-type cytochrome c oxidase is re-
quired for a normal regulation of photosystem synthesis by
transmitting a redox signal to RegB. The redox pathway in R.
sphaeroides appears to involve the protein CcoQ, one of the
cytochrome c oxidase components, and the protein RdxB (41,
42). However, it is not yet clear if these proteins are also
involved in RegB sensing in R. capsulatus. A better under-
standing of the redox-sensing pathway is needed to elucidate
how RegB-RegA is able to control the expression of such
different metabolic processes in R. capsulatus.
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