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Abstract

The transcription of genes encoding pigment binding
proteins in the facultative photosynthetic bacterium
Rhodobacter capsulatus is regulated in response to
oxygen partial pressure. Previous results identified
RegA and RegB as members of a two component
system involved in oxygen dependent synthesis of the
photosynthetic apparatus. Here we demonstrate that
RegA differentially controls the transcription of the puf
and puc operons which encode proteins of the LHI and
LHII antenna complexes, respectively. In a regA mutant
strain the level of puf specific mRNA reaches about
30% of the wild type levels and transcription is still
responsive to oxygen tension. In contrast, the level of
puc specific mRNA is very low and is no longer oxygen
regulated. RegA binds to DNA sequences upstream of
both the puf and puc operons, although with different
affinities. We provide experimental evidence that a
putative helix-turn-helix motif in the C-terminal region
of RegA is responsible for its specific binding to the
puf and puc promoter regions. In contrast to many
other response regulators, the affinity of RegA for the
target DNA is only slightly modified by
phosphorylation.

Introduction

The formation of pigment protein complexes in facultative
photosynthetic bacteria is regulated by oxygen tension.
Cells grown under high oxygen partial pressure generate
energy by aerobic respiration and contain only very low
amounts of photosynthetic complexes. After a reduction in
oxygen tension below a threshold value, the cells
synthesize large amounts of pigments and pigment binding
proteins and form an intracytoplasmic membrane system.
Many investigations have addressed the cellular factors
and the mechanisms involved in sensing and transmitting
the oxygen signal and in regulating the expression of
photosynthesis genes (summarized in Bauer 1995).

The pigment binding proteins of Rhodobacter
capsulatus are encoded by two polycistronic operons. The
puc operon encodes the proteins of the LHII (light-
harvesting II) complex (Figure1). The puf operon encodes
the proteins of the LHI complex, the pigment binding
proteins of the reaction center (RC), and the proteins PufQ
and PufX that are also required for the correct formation of
photosynthetic complexes (Bauer 1995) (Figure1). The

Figure 1. Schematic maps of the puf and puc operon of R. capsulatus and
the DNA sequences flanking the transcriptional start sites (the puc transla-
tional start is mapped according to Zucconi and Beatty (1988)). mRNA
species detected by Northern blot analysis are represented by arrows be-
low the maps. The DNA sequence of dyad symmetry upstream of the puf
transcriptional start that functions as a protein binding site is indicated by
convergent arrows. Nucleotides where RegA protection (-) or hypersensi-
tive regions (+) occur in footprint experiments are indicated below the se-
quence. Sites of protection only identified for phosphorylated RegA are put
in brackets. The primer used for the footprint studies is indicated by a large
arrow.
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puhA gene codes for a third RC polypeptide in this complex
which does not bind pigments. Reduction of oxygen tension
results in an increase in puf, puc, and puh mRNA levels
(Clark et al., 1984; Klug et al., 1985; Zhu et al., 1986). This
increase in mRNA levels is due to enhanced rates of
transcription under low oxygen tension (Bauer et al., 1988:
Adams et al., 1989) and to a higher stability of certain mRNA
segments (Klug 1991a). A DNA sequence of dyad
symmetry 5' to the transcriptional start was shown to be
involved in oxygen-dependent transcriptional regulation of
the R. capsulatus puf promoter (Narro et al., 1990). Several
sequence motifs have been identified upstream of the puc
promoter of R. sphaeroides which are involved in oxygen
or light control of this operon (Lee and Kaplan, 1992; 1995).

Two strategies have been applied to identify trans-
acting factors involved in the transcriptional regulation of
the R. capsulatus puf and puc operons by oxygen. A
biochemical approach revealed that a DNA sequence with
dyad symmetry located upstream of the puf promoter
functions as a protein binding site. Phosphorylation of the
cognate DNA binding protein (PPBP: puf promoter binding
protein; Taremi and Marrs, 1990) leads to the formation of
different types of DNA protein complexes (Klug 1991b).
However, attempts to purify the PPBP have been
unsuccessful. Sganga and Bauer (1992) selected mutants
that showed light red pigmentation under phototrophic
growth conditions and exhibited reduced ß-galactosidase
activities of puf-lacZ fusions. Complementation of these
mutants identified the regA gene. The amino-terminal
domain of the RegA protein has strong homologies to
response regulators of bacterial two component systems.
RegB was later identified as the cognate sensor kinase

which can phosphorylate RegA (Mosley et al., 1994). A
RegA homologue was also identified in R. sphaeroides
(Phillips-Jones and Hunter, 1994), which was named PrrA
by other groups (Eraso and Kaplan, 1994).
For a long time it was unclear whether RegA constitutes
the DNA binding protein itself or acts as an intermediate in
the oxygen signaling cascade, since attempts to
demonstrate DNA-binding activity of the RegA protein have
been unsuccessful (Sganga and Bauer, 1992). Recently,
a constitutively active RegA mutant was described which
shows an increased DNA affinity (Du et al., 1998).

In this study we demonstrate that RegA is indeed a
DNA binding protein which is involved in regulating puf and
puc operon expression. Binding sites of phosphorylated
and unphosphorylated wild type RegA were mapped for
both operons. Our data also reveal that the expression of
chromosomal copies of the puf and puc operon is
differentially affected by RegA in contrast to previous
reports which used reporter plasmids in trans (Sganga and
Bauer, 1992).

Results

RegA Differentially Affects puf and puc Operon
Expression
The regA mutant MS01 of R. capsulatus (Sganga and
Bauer, 1992) was analyzed to determine the effect of a
regA mutation on mRNA levels and protein synthesis after
a reduction in oxygen tension. Cultures were grown under
20 % oxygen over night and then shifted to 1-2 % oxygen.
Aliquots were removed at various time points after the shift,
followed by incubation with radiolabeled 35S-methionine

A B

Figure 2. Autoradiography of membrane proteins of R. capsulatus mutant MS01 that are synthesized within 3 min during growth under high oxygen tension
(0 min) or after a shift to low oxygen tension for time periods as indicated (15-180 min). A: Equal amounts of radioactivity were loaded per lane which
corresponded to equal amounts of total protein as revealed by silver staining. Mr: Molecular weight standard. Wt: Membrane proteins of the corresponding
wild type strain, SB1003, 180 min after oxygen shift. B: The radioactivity of individual bands was quantified using a phosphoimager. The quantification of puc
encoded proteins in mutant MS01 is plotted as follows: PucA (LHII alpha) (open triangles), PucB (LHII ß) (closed triangles). Quantification of puf encoded
proteins: PufA (LHI alpha) (open diamonds), PufB (LHI ß) (closed squares).
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for 3 min. Membrane proteins were isolated and analyzed
by autoradiography. The R. capsulatus wild type strain
exhibited a strong increase of the amounts of pigment
binding proteins which are synthesized and incorporated
into the membrane within the 3 min pulse after the oxygen
tension was decreased. The formation of the puf encoded
LHI proteins and of the puc encoded LHII proteins
increased by a factor of about 7-11 (data not shown). The
regA mutant strain MS01 also showed a significant increase
(4-8 fold) of the puf encoded LHI proteins α and ß. In
contrast, the puc encoded proteins LHII-α and LHII-ß
showed only little (maximal factor 1.8 fold) or no increase
(Figure 2 A, B).

To determine whether changes in the synthesis of puf
and puc encoded proteins of the regA- mutant MS01 are
mirrored by the level of specific mRNAs, total RNA was
isolated at various time points after the reduction in oxygen
tension. Puf and puc specific mRNA species were
quantified by Northern blot analysis using respective DNA
probes, and maximal expression levels were compared
with each other. After a reduction in oxygen tension, the
amount of the 2.7 kb puf mRNA increased 11-15 fold in
wild type strain SB1003 and 5-8 fold in strain MS01. A 6
fold increase of the 0.5 kb puf mRNA species was detected
for the wild type strain, whereas this mRNA increased only
by a factor of 3-4 in strain MS01 (Figure 3). The total puf
mRNA levels in strain MS01 were significantly lower

(average factor 3) than in the wild type SB1003. The
amount of puc transcript in the regA mutant MS01 differed
markedly from the wild type levels: The amount of 0.5 kb
puc mRNA which increased by 13 fold in wild type cells
showed no increase in strain MS01. In this strain the total
puc mRNA level reached only 5-10 % of the wild type level
(Figure 3). These results demonstrate that oxygen
regulation of puc expression strongly depends on the
presence of RegA, whereas oxygen regulation of puf
expression, albeit at a reduced level, still occurs in the
absence of RegA.

RegA is a DNA Binding Protein that Specifically
Interacts with Sequences Upstream of the puf and puc
Transcriptional Starts
In most bacterial two component systems the response
regulator is a DNA binding protein which affects
transcription levels (Stock et al., 1989). To test whether
RegA from R. capsulatus directly interacts with the puf and
puc promoter regions, recombinant RegA protein was
purified from E. coli (Inoue et al., 1995) to about 95%
homogeneity and was tested for its capacity to bind to DNA
in gel retardation assays. A strong band shift could be
detected with a 100 bp DNA fragment containing the dyad
symmetry sequence upstream of the puf transcriptional
start (Klug and Jock, 1991) (data not shown). Binding of
this fragment was already completely suppressed by

Figure 3. Northern blot analysis of total RNA (7 µg) per lane isolated from wild type strain SB1003 or the RegA mutant MS01 and hybridized to a puf specific
or puc specific DNA fragment. Bands were quantified using a phosphoimager and radioactivity was plotted as cpm/mm2 after background correction. A: puc
mRNAs: 0.5 kb mRNA in wild type (squares, solid line) and in mutant strain MS01 (diamonds, dotted line). B: puf mRNAs: 2.7 kb mRNA in wild type (closed
diamonds, dotted line), 0.5 kb mRNA in wild type (closed squares), 2.7 kb mRNA in mutant MS01 (open triangles, dotted line), 0.5 kb mRNA in mutant MS01
(open triangles, solid line).
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adding a 10 fold molar excess of nonspecific competitor
DNA (data not shown). A similar result was obtained for
DNA fragments carrying the dyad symmetry and extending
120 nucleotides further upstream (-11 to -179) (Figure 4A).
Although adding equimolar concentrations of competitor
DNA changes the conformation of the DNA/protein

complex, leading to an altered mobility in the gel, binding
can still be observed in the presence of a more than 10
fold excess of competitor DNA. More stable DNA-protein
complexes could be observed with fragments carrying the
puc promoter region. A DNA fragment encoding 300 bp
upstream of the puc transcriptional start was efficiently
bound by RegA even in the presence of a 100 fold excess
of competitor DNA (Figure 4B). This complex disappeared
after the addition of a 5 fold excess of the cognate unlabeled
DNA fragment demonstrating that binding of RegA to this
particular region is specific (data not shown). Smaller DNA
fragments containing nucleotides (-235 to -295) or (-175
to -295) of the puc promoter region also showed retardation
in gel shift assays. However, binding of RegA was less
tight and already abolished by the addition of a 10 fold
excess of nonspecific competitor DNA (data not shown)
which suggests that binding of RegA to the puc promoter
fragment is cooperative and requires multiple binding sites.
These results support our hypothesis that RegA specifically
affects puc and puf transcription by directly interacting with
DNA sequences 5' of the transcriptional start.

For many response regulators it was shown that
binding to the target DNA is enhanced by phosphorylation.
Phosphorylation of RegA was first reported by Inoue et al.
(1995) who recorded phosphotransfer from RegB to RegA
under low oxygen tension. When we repeated the isolation
and renaturation procedure as described by Inoue et al.
(1995), we found that the resulting protein poorly
autophosphorylated with [33P-] labeled acetyl phosphate
as phosphoryl donor. Therefore, the regA gene was cloned
into plasmid pQE30 (Qiagen) and His6-tagged protein was
purified by using a Ni-chelate-affinity column and stepwise
elution of the protein with imidazole (0.02-0.5 M). This His6-
tagged RegA protein efficiently autophosphorylated in the
presence of 40 mM [33P]acetyl phosphate and required at
least 5 mM MgCl2 in the reaction mixture (Hemschemeier
et al., 1999). After addition of an excess of non-labeled
acetyl phosphate (cold chase), no dephosphorylation could
be observed over a period of 1 hour, indicating a high
stability of RegA-phosphate in vitro (Hemschemeier et al.,
1999).

Unphosphorylated wild type and His6-tagged RegA
behaved virtually identically in gel shift assays. The KD for
both His-tagged and untagged proteins using a puc specific
promoter fragment was of the order of 50-70 nM (data not
shown). Surprisingly the affinity of His-tagged RegA did
not increase significantly after phosphorylation although
most response regulators are only fully active in their
phosphorylated state (Feng et al., 1992; Han and Winans,
1994).

In order to determine precisely which nucleotides are
recognized by RegA and RegA-phosphate, DNase I
footprint experiments were performed with both wild type
and His6-tagged RegA protein. When RegA was incubated
with the 168 bp DNA fragment containing the puf upstream
region in the presence of 5 fold excess of competitor DNA,
two regions of protection were identified. In addition to
protection from nucleotide -42 to -66 and from -75 to -85
(see Figure 1), a hypersensitive site occurred (-51 to -53)
within a region that spans the left arm of the dyad symmetry
upstream of the puf transcriptional start. Phosphorylated
RegA shows a similar pattern but protects additional sites
in the left and right arm of the dyad symmetry (Figure 5).

Figure 4. Gel retardation analysis. A Gel retardation analysis using a puf
specific DNA fragment and approximately 60 nmol of the wild type RegA
protein. Salmon sperm DNA was added as unspecific competitor in increas-
ing amounts, and the numbers give the molar ratio of competitor DNA to
radiolabeled fragment. B: Gel retardation analysis using a puc specific DNA
fragment and approximately 1 µg of the wild type RegA protein (RegA, first
5 lanes), the truncated RegA protein (RegA*) or the mutant RegA protein
having the Leu 167 —> Pro exchange (RegAPro). Salmon sperm DNA was
added as unspecific competitor in increasing amounts, and the numbers
give the molar ratio of competitor DNA to radiolabeled fragment.

A

B
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At least four weakly protected DNA regions with several
small changes in the protection pattern could be identified
when RegA was incubated with a fragment containing the
puc upstream region (Figure 1, data not shown). No
differences could be observed between wild type and His6-
tagged RegA. Footprint analysis of the same DNA fragment
with phosphorylated His6-RegA protein revealed similar
binding sites, however protection and also the exposure
of hypersensitive sites appeared to be stronger as
compared with footprints using unphosphorylated His6-
RegA. This is particularly the case for a palindromic

sequence (ACATG-10 bp-CCTGT, nucleotides -169 to -
152) which is a hypothetical repressor and/or activator site
for oxygen dependent regulation (Armstrong, 1989). A
similar palindromic site (TGTCA-8 bp-TTACA, nucleotides
-24 to -7) overlapping the putative -10 and -24 region is
not protected by RegA or RegA-phosphate. This is not
surprising since a regulatory protein binding the -10 and -
24 region would be expected to exhibit an inhibitory effect
on gene expression as postulated for the PPBP (Klug,
1991b) or the CrtJ protein (Ponnampalam and Bauer,
1997).

Mutations of the C-Terminal part of RegA Impair DNA
Binding and Impair puf- and puc Operon Expression
in vivo
RegA was long believed to be an intermediate in the O2
signaling cascade (Sganga and Bauer, 1992) rather than
the DNA binding protein itself despite the presence of a
hypothetical helix-turn-helix motif (Du et al., 1998). To
demonstrate that this domain is indeed involved in DNA
binding, two RegA mutants were generated: (I) Plasmid
SP72::regA* contains a truncated regA gene. The resulting
RegA* protein lacks the 13 C-terminal amino acids including
the second helix of the predicted DNA binding motif. (II)
Plasmid SP72::regPro carries an altered regA sequence
leading to the replacement of leucine 167 by proline
(RegAPro). The presence of a proline within the turn of the
predicted DNA binding motif should perturb proper folding
of the protein and consequently prevent DNA binding.

After overexpression in E. coli, the wild type and mutant
RegA proteins were purified and analyzed by SDS page
and Western blot analysis using polyclonal antibodies
raised against the wild type RegA protein. The truncated
RegA* protein showed only weak cross-reaction with the
RegA antibodies (data not shown). Purified RegA wild type
and mutant proteins were analyzed in gel retardation
assays. The wild type RegA protein showed binding to the

Figure 5. DNase I footprint: Protection of the puf upstream DNA region by
unphosphorylated and phosphorylated RegA. 5' labeled DNA fragment (160
bp) was incubated without protein (C, control), with increasing amounts of
BSA (1 and 3 µg BSA), and with RegA protein (0.5 µg, 1 µg, and 3 µg).
Regions of DNase protection and numbers of the respective nucleotides
are given.

Figure 6: Northern blot analysis of total RNA which was isolated from wild type strain SB1003 or mutant MS01 pSP72::regA* and hybridized to a puf specific
or puc specific DNA fragment. Bands were quantified using a phosphoimager and radioactivity was plotted as cpm/mm2 after background correction. Data
shown for the wild type SB1003 are the same as in Figure 3. A: puc mRNAs: 0.5 kb mRNA in wild type (squares, solid line) and in mutant strain MS01
pSP72::regA* (diamonds, dotted line). B: puf mRNAs: 2.7 kb mRNA in wild type (diamonds, dotted line), 0.5 kb mRNA in wild type (closed squares, solid line),
2.7 kb mRNA in mutant MS01 pSP72::regA* (closed triangles, dotted line), 0.5 kb mRNA in mutant MS01 pSP72::regA* (open triangles, solid line).
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puf specific DNA fragment and to the puc DNA fragment
as described above, whereas the mutant RegA proteins
did not bind to either the puf or puc specific DNA fragment
(Figure 4B, data for puf specific binding not shown).

To demonstrate that mutations of the HTH motif also
affect the expression of the puf- and puc operon in vivo,
total RNA of mutant strain MS01 regA* was isolated at
various time points after a reduction in oxygen tension and
compared to the wild type SB1003. Puf- and puc-specific
mRNA species were then quantified in Northern blot
experiments using specific DNA probes. The expression
of photosynthesis genes in this mutant strongly resembles
the expression pattern of the regA- mutant MS01 (Figure
6), suggesting that the putative helix-turn-helix motif in the
C-terminal domain of RegA is indeed a motif required for
DNA binding.

Discussion

Although it has been known for many years that facultative
phototrophic bacteria undergo a process of cell
differentiation when the oxygen tension in the environment
drops, the signal transduction pathway transmitting the
oxygen signal within the cell is only poorly understood. The
analysis of mutants with altered expression of
photosynthesis genes revealed the involvement of the
RegB/RegA two component system in this oxygen
dependent regulation. Since there was no experimental
evidence demonstrating that RegA interacts with DNA in
previous studies, it was believed that RegA functioned as
an intermediate in signal transmission (Sganga and Bauer,
1992; Mosley et al., 1994) until recently RegA mutant
protein was shown to bind to DNA (Du et al., 1998).

In this study we demonstrate binding of wild type RegA
to the promoter region of the puf and puc operons and
also demonstrate that RegA exhibits a marked effect on
the expression of both operons. In the absence of RegA,
the synthesis of puc-encoded LHII proteins is drastically
decreased whereas the synthesis of the puf encoded LHI
proteins are only slightly reduced as compared to wild type
cells. Spectral analysis of the regA- mutant MS01 shows
the presence of significant amounts of LHI complexes at
low oxygen tension (data not shown), which is in agreement
with the observation that MS01 strains show almost a wild
type phenotype when grown phototrophically under high
light intensity (Sganga and Bauer, 1992). Under these
growth conditions, LHI complexes harvest sufficient energy
for optimal growth and only low amounts of LHII complexes
are synthesized in wild type cells.

The different amounts of protein synthesis are also
reflected in the differing amounts of specific mRNAs
accumulating in the RegA- mutant after a drop in oxygen
tension. While the total amount of puf mRNA in strain MS01
was about three fold lower than in the wild type cells and
increased after reduction of oxygen, the total amount of
puc mRNA was significantly reduced and showed no
increase after a reduction in oxygen tension. These results
differ from previous studies which examined puf and puc
expression in RegA- strains. Using ß-galactosidase puf-
lacZ fusion constructs, Sganga and Bauer (1992)
demonstrated that puf expression was very low in a RegA-

strain and was not subjected to oxygen regulation. This
investigation however did not take into account that if puf-
lacZ translation fusion are provided in a few copies in trans,

ß-galactosidase levels do not necessarily reflect
transcriptional levels of the chromosomal puf copy. It has
been known for a number of years that the puf operon is
part of a superoperon and is also transcribed from upstream
promoters (reviewed in Beatty, 1995). To confirm our
results, we repeated mRNA determinations after an oxygen
shift with a RegA- strain (Reg1Ωz(pDAY26), Sganga and
Bauer, 1992) carrying an interposon in the upstream bchZ
gene which abolishes transcription of puf by upstream
promoters. The bchCA genes were provided in trans to
allow normal formation of photosynthetic complexes.
Almost no puf and puc mRNA could be detected in this
strain (data not shown) which suggests that a significant
amount of puf transcription in wild type cells originates from
upstream promoters. This transcription is also oxygen
regulated, but by a RegA independent mechanism. In good
accordance is the finding that, in contrast to the puf
promoter, this bchC promoter shows homology to σ70

promoters and is regulated by a trans-acting factor encoded
by the crtJ gene of R. capsulatus (Wellington and Beatty,
1991; Ponnampalam and Bauer, 1995).

RegA directly binds to the promoter regions of puf and
puc, and this interaction requires the presence of the C-
terminal putative helix-turn-helix motif. Removal of either
the second helix or the introduction of a proline into the
turn, a change which is predicted to perturb the proper
folding of the protein, both lead to a loss of DNA binding
activity. Similarly, Eraso and Kaplan (1994) demonstrated
that a R. sphaeroides strain expressing a C-terminal
truncated RegA/PrrA was unable to produce pigment
protein complexes.

Mapping the exact binding sites for RegA has been
difficult due to the very low affinity of RegA to its target
DNA. Du et al. (1998) could only demonstrate DNase I
footprints with a mutated RegA protein which shows higher
affinity for the target DNA than the wild type protein. In this
study we were able to show weak protection by wild type
or His6-tagged RegA for both the puf and puc operon.
Binding sites for RegA were located at the left arm of the
dyad symmetry (-42 to -66) and further upstream of the
puf promoter (-75 to -85). Additional binding sites for
phosphorylated RegA were only observed at the right arm
of the dyad symmetry (-32 to -36). In comparison, Du et al.
(1998) identified more extended areas of protection around
nucleotides (-22 to -51) and (-68 to -80) in the puf promoter
region.

A similar result was obtained for the puc promoter
fragment. Two areas of protection are comparable to the
protected sequences Du et al. (1998) reported (position -
20 to -37 and -41 to -48, numbering of nucleotides
according to the transcriptional start as determined by
Zucconi and Beatty (1988) (Figure 1). Two additional areas
of protection detected in this study are not present on the
shorter promoter fragment Du et al. (1998) used for their
investigations.

Phosphorylated His6-RegA shows a similar affinity as
unphosphorylated RegA and His6-RegA for puf- and puc
specific DNA fragments in gel shift assays, and almost
identical protection patterns in footprint experiments were
observed. Additional sites protected by His6-RegA-
phosphate were only detected for the puf-operon and are
located in the right half of the dyad symmetry, a region
where the oxygen-dependent repressor PPBP might bind
as well and compete with RegA-phosphate for binding. This
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result is rather surprising since in many two component
systems phosphorylation is required to activate a response
regulator and to allow efficient DNA binding. However, it
was also shown for some response regulators such as
OmpR, VirG, and NtrC that the non-phosphorylated form
can specifically bind to its target DNA (Mizuno et al., 1988;
Popham et al., 1989; Jin et al., 1990; Nakashima et al.,
1991). For BvgA and CheY, only the phosphorylated forms
are transcriptionally active although the unphosphorylated
proteins bind equally well to DNA (Boucher et al., 1994;
Bourret et al., 1990).

Although RegA appears to bind to regions containing
long stretches of C-residues, a clear consensus site has
not been identified so far (Du et al., 1998). Wild type- and
His6-tagged RegA behaved virtually identical in gel shift
assays and footprint experiments, indicating that the His-
tag does not affect the DNA-binding capacity of RegA.
These results clearly show that His6-tagged RegA can be
used for DNA binding experiments which may be of
advantage for further studies rather than using a RegA
mutant. This is particularly the case for investigating the
influence of the RegB kinase- and phosphatase activity on
RegA which may be different in the constitutively active
RegA mutant Du et al. (1998) isolated.

Previous studies suggest the binding of additional
proteins to the puf promoter region of R. capsulatus (Klug,
1991b; Kirndörfer et al., 1998) which may be required to
enhance DNA binding and/or translational activation.
Further regulators such as the repressor PPBP may
modulate the expression of photosynthesis genes. Since
RegA is postulated to activate transcription under low
oxygen tension and PPBP was suggested to repress
transcription under high oxygen tension it is likely that both
proteins influence gene expression under different
physiological conditions. RegA does not only regulate the
genes for pigment binding proteins but also genes required
for CO2- and nitrogen fixation in R. sphaeroides (Joshi and
Tabita, 1996; Quian and Tabita 1996). The binding sites of
RegA within the cbbI and cbbII Calvin cycle CO2- and
nitrogen fixation operons have not yet been determined.

Based on our findings we propose the following model
for oxygen regulated transcription of the puf and puc
operon. The sensor kinase RegB phosphorylates RegA
when oxygen tension is low. Unphosphorylated RegA can
also bind to its DNA target sequences but may be
transcriptionally inactive. Phosphorylation could result in
an activation of puf and puc transcription by a yet unknown
mechanism which may also involve additional proteins such
as IHF (Kirndörfer et al., 1998). Under high oxygen tension
the puf promoter is repressed by phosphorylated PPBP,
but the puf genes are transcribed from upstream promoters
at remarkably high levels. The exact role of phosphorylation
still has to be elucidated. Furthermore, purification of the
PPBP, construction of a PPBP mutant, and in vivo binding
studies will be required to test this model.

Experimental Procedures

Bacterial Strains and Growth Conditions
R. capsulatus wild type strain SB1003 (Taylor et al., 1983) and the mutant
strain MS01 (Sganga and Bauer, 1992) which has a kanamycin cassette
introduced into the regA gene were grown in a minimal malate salt medium
(Drews 1983) at 32°C. Kanamycin was added to a final concentration of 20
µg/ ml. Growth at high oxygen tension (20%) was performed by incubating
200 ml of culture in 1000 ml baffled flasks under vigorous shaking. For

semiaerobic growth (1-2 % oxygen), 75 ml of culture were incubated in 100
ml flasks and subjected to gentle agitation. The oxygen tension was
monitored using a Ag/Pt electrode (Bachofer).

In Vivo Labeling of Rhodobacter Cells
Cultures were grown over night under high oxygen tension to an optical
density of 0.6-0.8 (660 nm, 1 cm) and then shifted to growth under low
oxygen tension. Aliquots of 4-5 ml from aerobic cultures or from cultures
grown at low oxygen tension for different time periods were incubated with
40 mCi [35S]methionine (Amersham) for 3 min in a small vessel at 32°C.
The oxygen tension was measured with an Ag/Pt electrode and regulated
by variation of stirring velocity and air bubbling. The reaction was stopped
by adding chilled STOP buffer (0.25 M HCl pH 7.6, 0.05 M EDTA, 0.15 M
NaN3), and chloramphenicol and phenylmethyl-sulfonylfluoride were added
to final concentrations of 0.1 mg/ml and 1 mM, respectively. Subsequently,
the cells were washed several times in 0.1x STOP buffer.

Plasmid Constructions
To mutagenize the RegA protein, the regA sequence was altered by PCR,
cloned into plasmid SP72 (Promega), and expressed as described below.
The truncated RegA protein (RegA*) lacking part of the helix-turn-helix (HTH)
domain was generated using the following oligonucleotides in a PCR
reaction with plasmid pSP72::regA (Inoue et al., 1995) as a template: 5'
GCTGCCGGATCCGAAGCTTGGC, 5' GGGTCGGTACCGTGCATATT
CAGCC. To introduce mutation Leu167 -> Pro (RegAPro), the second primer
was replaced by 5' GGTCGGTACCTTATCGCGGGCTGCGTTTGGC
CAAAATCCGCTGCGGGGTGCG. The PCR products of 710 and 760 bp
were digested with BamHI and KpnI and inserted into the BamHI/ KpnI
sites of plasmid pSP72, resulting in pSP72::regA* and pSP72::regAPro,
respectively. All mutations were confirmed by DNA sequencing (Sanger et
al., 1977).

For the isolation of His6-tagged protein, the regA gene was amplified
by PCR with the following oligonucleotides to introduce flanking BamHI
and KpnI restriction sites (GAACTCGGAtcCGACAGGTC and
GAGTGGTacCATGGATATCG, respectively, lower case letters indicate
mismatches introduced in order to generate the restriction sites). The
resulting 574 bp fragment was cloned into BamHI/KpnI sites in pQE30
(Qiagen), resulting in a construct (pQE:His6-regA) which adds a His6-tag to
the N-terminus of the RegA protein. The correct insertion of the regA gene
was confirmed by sequencing (Sanger et al., 1977).

Strain Construction
To construct the HTH mutant MS01 regA*, the insert of plasmid pSP72:reg*
was transferred into the BamH1/ Kpn1 restriction site of plasmid pRK415
(Keen et al., 1988) which can also be established in R. capsulatus. After
propagation in E. coli, pRK415:regA* was transferred to R. capsulatus by
triparental mating as described previously (Klug and Drews, 1984) using
pRK2013 (Figurski and Helinski, 1979) as a helper plasmid. The
transconjugant strains were grown in a malate minimal medium containing
tetracycline at a concentration of 2 µg/ml.

Protein Expression, Purification, and Analysis
The RegA wild type protein and mutants RegA* and RegAPro were purified
from strain BL21(DE3)/pLysS harboring plasmid pSP72::regA or respective
derivatives. After induction with 0.5 mM IPTG, cultures were incubated at
37°C for additional 4 hours. Cells were then collected by centrifugation,
disrupted by freeze-thaw cycles and sonication, and cation exchange
chromatography was performed as described by Inoue et al. (1995). During
this purification, protein fractions were analyzed on 12% polyacrylamide
gels using the Laemmli buffer system (Laemmli 1970) and silver staining
(Blum et al., 1987). Protein concentrations were determined according to
Bradford (1976).

For the isolation of His6-RegA, plasmid pQE:His6-regA was propagated
in E. coli strain M15 pRep4 (Qiagen). After induction with 0.5 mM IPTG and
subsequent incubation for an additional 4 hours, cells were sonicated,
centrifuged to remove the cell debris, and the supernatant was added to
Ni-NTA-resin (Qiagen) according to the manufacturer’s instructions. His-
tagged RegA protein was eluted from the column with an imidazole gradient
(0.01-0.5 M) and dialyzed against buffer containing 50 mM Tris-HCl, pH
7.6, 200 mM KCl, 2 mM MgCl2, and 20 % glycerol v/v prior to storage at
4°C. This preparation was about 90-95% pure.

For the isolation of membrane proteins, radiolabeled cells of
Rhodobacter were disrupted by sonication in a total volume of 0.5 ml. After
centrifugation at 13 000 rpm in a microfuge for 10 min, the supernatant was
submitted to ultracentrifugation at 200 000 x g for 3h. The sediment
containing the membrane fraction was resuspended in 0.1 ml sample buffer
(0.25 M Tris-HCl, pH 6.8, 20 % glycerol v/v, 8% SDS w/v, 10 % ß-
mercaptoethanol v/v). 200 000 cpm per sample were analyzed on 10-18%
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polyacrylamide gradient gels using the Laemmli system (1970). Silver
staining of the gels confirmed that equal amounts of total protein were loaded
by applying equal amounts of radioactivity. After drying, gels were analyzed
on a phosphoimager (Fuji BAS 1000) and the radioactivity of specific protein
bands was quantified using the program TINA (Raytest). Densities of the
individual bands were corrected by subtracting the background radioactivity
values of representative regions.

RegA Phosphorylation in the Presence of Acetyl Phosphate
[33P]orthophosphate was purchased from Amersham and acetyl phosphate
was synthesized as described by Stadtmann (1957). RegA
autophosphorylation in the presence of acetyl phosphate was carried out
in a buffer containing 50 mM Tris-HCl, pH 7.6, 5 mM KCl, and 10 mM
MgCl2. The phosphorylation reaction was initiated by adding 40 mM
[33P]acetyl phosphate and kept at 37°C for 40 minutes. To monitor the
phosphorylation reaction, 15 µl samples were removed, added to 5 µl 4x
sample buffer, and separated on 12% polyacrylamide gradient gels as
described above. Polyacrylamide gels were dried and analyzed on a
phosphoimager (Fuji BAS 1000). The radioactivity associated with the RegA
protein was calculated from the densities of individual bands using the
program TINA (Raytest).

Protein DNA Binding Studies
DNA fragments were radiolabeled using T4 polynucleotide kinase (Biolabs)
and [γ-32P]ATP as described elsewhere (Sambrook et al., 1989). Binding
buffer, protein, and competitor DNA were preincubated at room temperature
for 10 min in a total volume of 20 µl as described previously (Klug 1991b).
After addition of the radiolabeled DNA fragments (0.01-0.02 pmol),
incubation was continued at room temperature for 30 min. The reaction
mixture was then analyzed on a 4% acrylamide gel containing 0.25 x TBE
(1 x TBE: 90 mM Tris-HCl, pH 8.3, 90 mM borate, 2.5 mM EDTA).

Analysis of DNA binding by nuclease protection assay was performed
using DNase I and reagents supplied by the SureTrack Footprinting Kit
(Pharmacia). Puf or puc fragments were cleaved with BspEI followed by
end-labeling using Klenow enzyme and [(32P]dCTP. DNA binding reactions
were carried out by the addition of labeled DNA (approximately 100 000
cpm) to binding buffer that contained RegA protein (0-40 nmol) and 40 ng
of poly(dIdC). The reaction mixture was incubated for 30 min at 37°C in a
total volume of 50 µl. DNase I (2 U, Pharmacia) was added and incubation
was continued for 5 min at 37°C. After phenol/chloroform treatment and
ethanol precipitation the DNA was analyzed on 6% polyacrylamide urea
gels.

Amplification of DNA Fragments by PCR
Specific DNA fragments were amplified by polymerase chain reaction using
plasmid pGGK3 (Klug and Cohen, 1990) containing the puf genes and
plasmid pG3-EP4.5 (Tichy et al., 1989) containing the puc genes from R.
capsulatus as templates. Oligonucleotides used as primers are: 5'
CGTCCGGATCCGGATCCGCCAAACTCGCCC (nucleotides-167 to -150
plus restriciton site) and 5' CCCATGAAGGGGGTGCC (nucleotides -11 to
-27) for the puf promoter fragment, and 5' CCTCCGGATCTGC-
GACAGGCTAACGC (nucleotides -300 to -275) and 5' CCGG-
ACCGTCTGTGATCCGACCTCG (nucleotides +60 to +36) (Figure1) for puf.
Each PCR reaction contained 1 U Taq polymerase (Appligene), 100 pmol
of each primer, and 0.2 pmol template DNA per reaction. All PCR products
were routinely sequenced.

Immunoblotting
Overproduced RegA wild type and mutant protein was separated by
discontinuous SDS PAGE using 12% acrylamide gels. Proteins were then
transferred electrophoretically to nitrocellulose membranes (Schleicher &
Schuell) in transfer buffer containing 25 mM Tris-HCl pH 8.3, 190 mM glycine,
0.1 % SDS, and 10 % methanol. Unspecific protein binding sites were
saturated with 5% milk powder in phosphate-buffered saline (PBS) and
immobilized proteins were probed with polyclonal antibodies specifically
raised against RegA wild type (Eurogentec). Bands containing bound
antibody were visualized by treating membranes with alkaline phosphatase-
conjugated goat anti-rabbit immunoglobulin G followed by the substrate 4-
nitroblue tetrazolium chloride and 5-bromo-4-chloro-3-indolylphosphate
(BCIP) (Sigma).

RNA Isolation and Northern Blot Analysis
Total RNA was isolated from R. capsulatus as described by von Gabain et
al. (1983) and 7-8 µg of total RNA were separated on 1% agarose gels
containing 2.2 M formaldehyde. By staining a control gel with ethidium
bromide it was confirmed that equal amounts of ribosomal rRNA were
present in each lane. RNA transfer by vacuum blot (Appligene) to a nylon
membrane (Appligene Nylon Transfer Membrane # 130291),
prehybridization and hybridization were carried out following the

manufacturer’s recommendations. Puf and puc specific DNA fragments
were radiolabeled by nick translation using kit N5500 from Amersham and
purified on NucTrap Probe Purification Columns (Stratagene). For each
hybridization reaction, 2x 108 cpm were used.
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