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Abstract

In the facultative photosynthetic bacterium
Rhodobacter capsulatus, the transcription of genes
encoding pigment binding proteins is tightly regulated
in response to the oxygen partial pressure by the RegB/
RegA two component system. After a shift from high
to low oxygen tension, the response regulator RegA
enhances transcription of the puf and puc operon
coding for the reaction center, light-harvesting
complex I (LHI), and LHII proteins. Various regA mutant
strains were analyzed in this study. In a RegA deficient
strain, activation of puf and puc transcription is
severely impaired which consequently leads to the
synthesis of only a few photosynthetic complexes.
Strains carrying a mutation in the helix-turn-helix
domain of RegA or a mutation of the phosphorylation
site, Asp63, show a phenotype like the RegA deficient
mutant, although the RegA(D63K) mutant protein
showed the same DNA binding behavior as the wild
type protein. In contrast, the puf and puc mRNAs still
reach about 50-70 % of the wild type level after
reduction of oxygen tension in strains which
synthesize the C-terminal RegA activator domain only
or a hybrid protein composed of the RegA activator
and the FixJ receiver domain, while both mutant
proteins are impaired in DNA binding. Our data suggest
that phosphorylation is not required for DNA binding
but rather plays a role for efficient initiation of
transcription.

Introduction

The formation of the photosynthetic apparatus in facultative
photosynthetic bacteria is regulated by oxygen. The
synthesis of pigments and pigment binding proteins is
induced only when the oxygen tension drops below a
certain threshold value. Under these conditions,
Rhodobacter capsulatus produces two membrane-bound
light-harvesting complexes (LHI and LHII) which channel
energy to the photosynthetic reaction center (RC) where
electron transport is initiated. Genes coding for proteins of
these photosynthetic complexes are organized in two
polycistronic operons: the puf operon encoding LHI- and

two of the RC proteins, and the puc operon coding for
proteins of the LHII complex. The third RC protein is
encoded by the puhA gene (reviewed in: Bauer, 1995;
Gregor and Klug, 1999).

The oxygen-dependent synthesis of pigment binding
proteins is a complex process affecting transcription levels
(Bauer, 1995) as well as mRNA stability (Klug, 1991a) of
puf, puc, and puhA. However, the interaction of activators
and repressors contributing to this regulation is still poorly
understood. Induction of photosynthesis gene expression
is mainly dependent on the RegB/RegA two-component
system which appears to be a global regulatory system
controlling diverse anaerobic pathways in alpha purple
bacteria. In addition to photosynthesis, RegB/RegA is also
implicated in the regulation of CO2 and N2 assimilation
(Joshi and Tabita, 1996). Responding to anaerobiosis, the
histidine kinase RegB phosphorylates the transcriptional
regulator RegA which consequently stimulates the
transcription of puf, puc, and puhA (Sganga and Bauer,
1992; Mosley et al., 1994). Like many other response
regulators, RegA is composed of two functionally distinct
protein modules separated by a short linker domain (Stock
et al., 1989; Sganga and Bauer, 1992). The N-terminal
receiver domain carries the conserved Asp residue at which
phosphorylation occurs, whereas the C-terminal activator
domain of RegA contains a helix-turn-helix motif (HTH)
required for DNA binding (Hemschemeier et al., 1999;
2000). Although RegA-dependent induction accounts for
most of the photosynthesis gene expression in the absence
of oxygen, transcription of the puf operon is also initiated
at additional promoters located upstream of the actual puf
promoter. The puf operon and the puhA gene are flanked
by genes coding for bacteriochlorophyll (bch) and
carotenoid (crt) biosynthesis, which promotes read-through
transcription from the bch and crt promoters into puf and
puhA. This transcriptional coupling has been termed
“superoperonal organization” (Y oung et al., 1989).
However, oxygen-dependent transcription initiating at the
bch- and crt- promoter is, in contrast to transcription
initiating at the puf and puhA promoter, not regulated by
the RegA response regulator.

In addition to RegA, the expression of photosynthesis
genes in R. capsulatus is also modulated by other factors
such as the integration host factor IHF (Kirndörfer et al.,
1998) and negative regulators such as the puf promoter
binding protein (PPBP) (Klug, 1991b). A second negative
regulator, CrtJ, was shown to bind to the bch and puc
promoter regions and may compete with RegA for binding
(Ponnampalam and Bauer, 1997; Bowmann et al., 1999).
Thus, formation of the photosynthetic apparatus is clearly
subjected to dual control mechanisms: only activation of
gene expression by a positive regulatory protein plus
release of repressors lead to fully induced transcription
levels.

At present it is still unclear how these various regulatory
factors interact and to which extent phosphorylation of
RegA is essential for DNA binding and/or transcriptional
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activation. While we found no difference in DNA-affinities
of phosphorylated and unphosphorylated RegA in vitro
(Hemschemeier et al., 2000), Bowmann et al. (1999)
reported a significantly increased puc transcript formation
in vitro after phosphorylation of RegA by RegB-phosphate.
A constitutively active RegA protein with a mutation in the
hinge/linker region which possibly impairs a conformational
change within the protein was isolated by Du et al. (1998).

In this study, a variety of regA mutant strains were
investigated to assess the effect on the expression of genes
for pigment binding proteins and the formation of
photosynthetic complexes. The corresponding RegA
proteins were isolated to determine their ability to
autophosphorylate and to bind to DNA in vitro. We discuss
how phosphorylation may be involved in the activation of
gene expression by RegA, rather being necessary for
transcriptional activation than for DNA binding itself.

Results

Expression of puf and puc in regA Mutant Strains
In Rhodobacter capsulatus, the response regulator RegA
activates the expression of several photosynthesis genes
when the oxygen level drops below a threshold value. Since
several regulatory proteins seem to be involved in this
oxygen-dependent gene regulation, the exact role which
RegA plays is difficult to assess. To investigate the effect
of regA mutations in vivo, the expression of the puf and
puc operon was monitored in various regA mutant strains.

DNA sequences encoding the mutant RegA proteins were
cloned into plasmid pRK415 (Keen et al., 1988) which was
conjugationally transferred into the RegA-deficient strain
MS01. Strains MS01 without plasmid and MS01 harbouring
the wild type regA sequence on the plasmid or wild type
strain SB1003 served as controls. No difference in
phenotype or in regard to puf and puc mRNA levels were
observed for the latter two strains. Mutation of the regA
HTH motif (deletion or base pair exchange, Figure 1)
impairs the ability of RegA to bind to the target sequence
(Hemschemeier et al., 2000), whereas mutation of the
Asp63 residue should influence the activation of RegA by
phosphorylation and possibly also its function as
transcriptional activator. This in turn should lead to reduced
expression levels of the puf and puc operon. In mutant
MS01regAA, the N-terminal part of regA was deleted to
produce a protein (RegAA) without the phosphorylation
domain, containing the DNA binding domain only (Figure
1). For the construction of a hybrid protein with RegAA,
the C-terminal domain of the FixJ response regulator of
the FixL/FixJ two-component system regulating nitrogen-
fixation genes in Rhizobium meliloti (Kahn and Ditta, 1991)
was chosen which shares a high degree of amino acid
sequence identity with RegA (Figure 1).

In order to determine the amount of puf- and puc
specific mRNAs in the regA mutant strains, total RNA was
isolated at various time points after a shift to low oxygen
tension and investigated by Northern blot analysis using
puf- and puc specific DNA probes. The puf primary

Figure 1. Alignment of the amino acid sequence of RegA, the activator domain RegAA, and the hybrid protein consisting of the FixJ receiver domain and
RegAA (FixJR/RegAA). Boxed amino acids indicate changes introduced into the sequence to generate RegA mutant proteins D63K and L167P. The helix-
turn-helix motif in the C-terminal domain of RegA is underlined.
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Figure 2. puf- mRNA Northern blot analysis of the the control strain MS01regA synthesizing the wild type RegA protein and regA mutant strains. Total RNA (7
µg per lane) of all strains was isolated at time points as indicated after a reduction in oxygen tension and hybridized to a puf specific DNA fragment. Bands
of the Northern blots shown were quantified using a phosphoimager, and the relative increase of radioactivity (cpm/mm2 after background correction) was
plotted (radioactivity at time point 0 equals 100). The numbers given in the text give the average from at least three independent experiments. A: 0.5 kb and
2.7 kb puf mRNA in strain MS01regA (closed squares) and in mutant strains MS01 (open squares), MS01regA(L167P) (open circles), and MS01 regA(D63K)
(closed diamonds). B: 0.5 kb and 2.7 kb puf mRNA in mutants MS01 fixJR/regAA (closed circles) and MS01regAA (open diamonds) in comparison to
MS01regA (closed squares).

A

B
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transcript of 3.2-kb is highly unstable and gives rise to a
2.7-kb mRNA segment, followed by degradation to the
stable 0.5-kb mRNA segment (Belasco et al., 1985; Heck
et al., 1996). Similarly, the 2.3-kb puc primary transcript is
rapidly processed into the 0.5-kb segment with a half life
of >30 minutes. After a reduction in oxygen tension,
maximal expression levels of the 2.7-kb puf mRNA
increased 7-10 fold in strain MS01regA harbouring the wild
type RegA protein and only 1.5-2.5 fold in the RegA deficient
strain MS01. For the 0.5-kb puf mRNA species, a 10-11
fold increase was detected in strain MS01regA, whereas
this mRNA increased merely by a factor of 2 in strain MS01
(Figure 2A). The difference in the expression levels of
photosynthesis genes in a RegA deficient mutant is even
more pronounced for the puc transcript: Whereas the
amount of the 0.5-kb puc mRNA increased 23 fold in cells
with wild type RegA protein, no increase of this mRNA was
observed in strain MS01 (Figure 3).

Changes in the expression levels of puf and puc after
an oxygen shift were similar in both mutants with single
amino acid exchanges, although mutation (D63K) affects
the phosphorylation of RegA, while mutation (L167P)
should disturb the proper folding of the HTH motif (Harrison
and Aggarwal, 1990), impairing the binding of RegA to DNA.

The 2.7-kb puf mRNA increased by about threefold, the
0.5-kb puf mRNA twofold in both mutants, which
corresponds to the values obtained for mutant MS01
(Figure 2A). However, in contrast to mutants MS01 and
MS01regA(L167P), a low induction of puc expression was
observed in MS01regA(D63K), leading to mRNA levels
elevated by 2-3 fold (Figure 3).

A different picture evolves for the domain mutants,
MS01regAA and MS01fixJR/regAA. In these strains, the
function of RegA is clearly impaired, but residual activity of
the response regulator still leads to intermediate expression
levels after the oxygen tension has been lowered. The
maximal amount of puf and puc mRNA still increased by
5-8 fold in MS01regAA which only synthesizes the RegA
C-terminal DNA binding domain. Synthesis of the hybrid
FixJ/RegA protein in strain MS01fixJR/regAA resulted in
an 4-5 fold increase of puf and puc mRNA levels. This
result was confirmed in several independent experiments,
suggesting that the presence of the FixJ receiver partly
inhibits the residual activity exerted by RegAA (Figure 2B,
Figure 3).

Figure 3. puc- mRNA Northern blot analysis of the control strain MS01regA synthesizing the wild type RegA protein and regA mutant strains. Total RNA (7 µg
per lane) of all strains was isolated at time points as indicated after a reduction in oxygen tension and hybridized to a puc specific DNA fragment. Bands were
quantified using a phosphoimager, and the relative increase of radioactivity (cpm/mm2 after background correction) was plotted (radioactivity at time point 0
equals 100). The numbers given in the text give the average from at least three independent experiments. puc mRNA in strain MS01regA (closed squares)
and in mutant strains MS01 (open squares), MS01regA(L167P) (open circles), MS01regA(D63K) (closed diamonds), MS01fixJR/regAA (closed circles), and
MS01regAA (open diamonds).
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Spectral Analysis of the Wild Type SB1003 and MS01
Mutant Strains
In addition to the effect of regA mutations on the expression
levels of puf and puc, we analyzed the amount of
photosynthetic complexes integrated into the membranes
of the wild type and mutant strains. R. capsulatus cells
were incubated aerobically to an OD660 of 0.6 and then
shifted to low oxygen tension to induce the formation of
photosynthetic complexes.

The spectrum of the wild type strain SB1003 shows
two characteristic peaks corresponding to the typical
absorption maxima for LHII (λ = 800 nm)/RC (λ = 803 nm)
and for LHI (λ = 875 nm)/LHII (λ = 850-855 nm) (Figure
4A, B). In the RegA deficient strain MS01, these peak areas
are reduced to about 10 % of the wild type level for LHII +
RC, and to about 15% of the wild type level for LHI + LHII.
For both mutant MS01regA(D63K) and mutant
MS01regA(L167P), absorption maxima are slightly higher,
reaching approximately 20% and 17% of the wild type
levels, respectively (Figure 4A). Mutant MS01fixJR/regAA
produces 17-20 % of the LHI/LHII complexes as compared
to the wild type strain, and absorption maxima of mutant
MS01regAA reach even 25-30 % of strain SB1003 (Figure
4B).

Isolation of Proteins
Phosphorylation of response regulators generally occurs
at a highly conserved Asp-residue in the N-terminal part of
the protein, which in the case of RegA corresponds to
Asp63 (Sganga and Bauer, 1992). Mutation of this Asp-
residue into Lys as in the RegA mutant (D63K) should

consequently result in a loss of the autokinase activity of
RegA. In first experiments, difficulties were encountered
in phosphorylating wild type RegA after refolding, although
its DNA binding ability was apparently not impaired. To
avoid problems resulting from insufficient refolding of the
protein, RegA was in addition purified under non-denaturing
conditions using a His6-tag fused to the amino terminus of
the protein (Hemschemeier et al., 2000). The same
approach was chosen to isolate mutant His6-RegA(D63K)
protein. When subjected to SDS–PAGE, the purified protein
samples showed one dominant protein band with an
apparent molecular weight of approximately 21 kDa and a
few minor contaminations.

DNA Binding of Wild Type and Mutant RegA
The ability of RegA to bind to DNA was determined in gel
mobility assays using puf- and puc specific promoter
fragments. Increasing amounts of RegA preparations (50-
150 pmol) were added to a reaction mixture containing the
labeled DNA fragment and competitor DNA at molar ratios
ranging from one- to 100 fold molar excess over the specific
DNA fragment. Samples were then separated on native
polyacryl amide gels.

DNA-protein complexes which were stable in the
presence of an up to 100 fold molar excess of competitor
DNA were obtained using a puf or puc promoter fragment
and wild type RegA protein (Figure 5A, data shown for the
puf promoter fragment), whereas the shifted complex was
completely displaced by the addition of the specific
unlabeled DNA fragment (Hemschemeier et al., 2000). An
identical behavior was observed for His6-RegA(D63K)
mutant protein, although complexes with His6-RegA(D63K)
show a consistently lower mobility in gel shift experiments
(complex II, Figure 5A). This slightly different migration in
gels may be caused by a structural change due to the Asp/
Lys exchange.

A different result was obtained in mobility assays using
RegA(L167P) which carries a mutation in the HTH motif.
As expected, this mutation completely abolishes binding
of this protein to both promoter fragments which clearly
demonstrates that this motif is involved in DNA binding
(Hemschemeier et al., 2000). A weak binding to puf- and
puc- specific fragments was observed for the RegA
activator protein, RegAA, and the hybrid protein FixJR/
RegAA. Addition of only a 5 fold excess of competitor
already abolished complex formation by RegAA (Figure
5B), and a twofold amount of competitor DNA was already
sufficient to prevent complex formation of FixJR/RegAA
with puf and puc (data not shown).

Autophosphorylation in the Presence of Acetyl
Phosphate
In most two-component systems, phosphorylation
drastically enhances the ability of the response regulator
to bind to DNA. Phosphorylation of RegA was first
demonstrated by Inoue et al. (1995) who investigated
phosphotransfer from the truncated sensor kinase, RegB’
to RegA in vitro. In addition to phosphorylation by the
cognate sensor kinase, most response regulators are able
to autophosphorylate in the presence of small phosphoryl
donors such as acetyl phosphate or carbamyl phosphate
(Feng et al., 1992; McCleary and Stock, 1994) which allows
the assessment of the autokinase activity of RegA
independently of the RegB phosphatase activity.

Figure 4. Absorption spectra of the R. capsulatus regA wild type and mu-
tant strains. Cells from a mid-logarithmic growth phase were shifted from
high to low oxygen tension. After incubation for an additional 5 hours, cells
were harvested, disrupted by sonication, and spectra were measured in
cell free extracts. Absorption maxima at 800 nm and 850-875 nm corre-
spond to the pigment-protein complexes of LHI + RC and LHI + LHII, re-
spectively. A: Absorption spectra of MS01regA(L167P) and
MS01regA(D63K) in comparison to the wild type SB1003 and the regA-

mutant MS01. B: Spectra of mutants MS01fixJR/regAA, and MS01 regAA.
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Phosphorylation of His6-RegA in the presence of acetyl
phosphate increased for approximately 60 min after
addition of the phosphoryl donor and remained more or
less constant over the time course of the experiment (Figure
6A). In contrast to His6-RegA, His6-RegA(D63K) mutant
protein was unable to autophosphorylate under all
conditions tested, supporting the hypothesis that
phosphorylation indeed occurs at the Asp63-residue
(Figure 6B).

Discussion

Deletion of the regA gene severely impairs the formation
of the photosynthetic apparatus in R. capsulatus (Sganga
and Bauer, 1992). In this study, the altered expression of
genes coding for light-harvesting and reaction center
proteins and the amount of membrane-bound
photosynthetic complexes was analyzed in various strains
synthesizing mutant RegA proteins. Furthermore, the ability
of mutated RegA proteins to bind to the target DNA was
investigated by gel mobility assays.

Reduction of oxygen tension induces the expression
of the puf and puc operon in R. capsulatus. Characteristic
puf and puc mRNA species resulting from degradation of
both primary transcripts into mRNA segments with higher
stability can be monitored by Northern blot analysis (Klug
1993). The RegA deficient strain MS01 showed no increase
of puc mRNA levels after reduction of oxygen tension.
However, residual induction of puf mRNA expression
occurs even in the absence of RegA, reaching about 20-
30% of the wild type levels. This residual expression is
due to read-through transcription of puf initiating at the crt-
and bch promoters (Young et al., 1989) in an oxygen-
regulated, but clearly RegA-independent manner
(Hemschemeier et al., 2000).

These differences in mRNA levels are patially mirrored
by the results of the spectral analyses of photosynthetic
complexes in the regA wild type and RegA deficient strain.
The wild type spectrum shows two characteristic peaks at
approximately 800 nm (LHI and RC) and 855 nm (LHI and
LHII). Both peaks reach only about 10-15 % of the wild
type level in strain MS01, indicating a reduced amount of
pigment protein complexes. The shoulder at 875 nm in the
MS01 spectrum reflects the decreased ratio of LHII to LHI

Figure 5. Gel retardation analysis using a puf specific DNA fragment (0.01-
0.02 pmol) and approximately 50-150 pmol of RegA wild type and mutant
protein as indicated in the figures. As unspecific competitor, dI/dC was added
in increasing amounts, and the numbers give the molar ratio of competitor
DNA to radiolabeled fragment. 5A: Comparison of RegA wild type and
RegA(D63K) mutant protein with and without the addition of competitor
DNA. DNA/protein complexes containing RegA(D63K) (complex II) show a
slightly reduced mobility as compared to the wild type protein (complex I).
A faint band visible above the free DNA fragment reproducibly appears in
gel shifts with the puf promoter fragment, but seems to be independent of
the protein concentration used in the assay and may therefore be an arti-
fact. 5B: Gel retardation analysis using RegAA mutant protein and increas-
ing amounts of competitor DNA. Low amounts of dI/dC already displace
binding of RegAA to the puf promoter fragment.

Figure 6. Autophosphorylation of purified RegA proteins (500 pmol) in the
presence of 45mM [33P] acetyl phosphate and 10 mM MgCl2 at 37°C. The
reaction was stopped by adding SDS gel loading dye at time points as
given above and samples were analyzed by SDS-PAGE. Gels were dried
and radioactivity associated with the RegA protein was visualized using a
phosphoimager screen (Raytest). 6A: Phosphorylation of His6-RegA for 15
min, 30 min, 60 min, and 120 min. 6B: Phosphorylation of His6-RegA and
His6-RegA(D63K) with 30 mM acetyl phosphate (lanes 1 and 2) and 60
mM acetyl phosphate (lanes 3 and 4). As expected, mutation of the phos-
phorylation site abolishes autophosphorylation of His6-RegA(D63K) com-
pletely.

A                          B
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complexes in this strain when compared to wild type cells.
The phosphorylation-defective MS01regA(D63K) mutant
and the HTH-mutant MS01regA(L167P) differ only slightly
from strain MS01. Synthesis of specific mRNAs and the
corresponding amount of photosynthetic complexes are
not significantly higher than in mutant MS01, indicating that
phosphorylation and DNA binding are indispensable
features of RegA in order to act as a transcriptional activator
in vivo. Although strain MS01FixJR/RegAA showed
stronger increase of puf and puc mRNA levels after
reduction of oxygen tension, the amount of spectral
complexes formed was in the same range as for the point
mutants. In the domain mutant MS01regAA photosynthesis
gene expression and LH complex formation is still induced,
reaching 25-30% (level of photosynthetic complexes) and
50-70 % (level of mRNAs) of the wild type levels. Both
domain mutants show a stronger increase of puf and puc
mRNA levels than increase of photosynthetic complexes,
suggesting that RegA may also act on other steps in the
formation of pigment protein complexes. None of the two
mutant RegA proteins from MS01FixJR/RegAA or
MS01regAA should be phosphorylated in R. capsulatus.
So what is the role of phosphorylation in RegA-mediated
activation of transcription?

In most two component systems, phosphorylation of
the receiver module is either required for dimerization as a
prerequisite for DNA binding or induces a conformational
change between the N-terminal and C-terminal domain,
thus rendering the HTH motif accessible for the target DNA
(Galinier et al., 1994; Fiedler and Weiss, 1995). Our in vitro
results are not in agreement with either one of these
models. We never observed a significant difference in
binding between unphosphorylated or phosphorylated
RegA. In gel mobility assays, His6-RegA(D63K) displayed
a binding pattern almost identical to the pattern of the His6-
tagged wild type protein, although the size of the DNA/
protein complexes differed slightly (Figure 5A) which might
be due to the structural changes caused by the introduction
of lysin. Phosphorylating His6-RegA protein prior to
incubation with the DNA did not increase the affinity for the
target significantly and led to almost identical protection
sites in DNAse I footprints (Hemschemeier et al., 2000).
These findings are contradicted by findings of Bird et al.
(1999) who reported that while unphosphorylated RegA
has an extremely low affinity to the target DNA,
phosphorylation increases the affinity by more than 10 fold.
Although we cannot rule out that only part of the RegA
protein was phosphorylated after incubation with acetyl
phosphate, unphosphorylated His6-RegA used in this and
earlier studies (Hemschemeier et al., 1999; 2000) showed
a much higher DNA affinity comparable to the affinity of
phosphorylated RegA in Bird´s study (1999).

Assuming that phosphorylation spatially separates the
N- from the C-terminal domain of the RegA response
regulator, thus facilitating DNA binding, the freely accessible
activator domain of RegAA should display a much higher
affinity for the DNA target than unphosphorylated wild type
RegA or the FixJR/RegAA hybrid protein. Galinier et al.
(1994) demonstrated for FixJ which is a typical response
regulator activated by unmasking of the DNA binding
domain after phosphorylation, that the activator domain of
FixJ was as active as phosphorylated full-length FixJ in
transcription assays (Da Re et al., 1994). The RegAA
activator domain, however, induced gene expression to

only 50-70 % of the wild type levels in vivo. RegAA lacking
the N-terminal domain showed a slightly lower affinity for
the puf and puc promoter fragments, and binding was
already abolished in the presence of low amounts of
competitor DNA in vitro. Taking these results together our
data suggest that phosphorylation of RegA is not required
for DNA binding but for a later step in the activation of
transcription. A conformational change induced by
phosphorylation of RegA could be essential for contacting
the α-subunit of RNA polymerase as proposed for OmpR
(Kenney et al., 1995). Bowman et al. (1999) postulated
that RegA activates transcription via recruitment of the RNA
polymerase to the promoter, demonstrating that
phosphorylation of RegA enhances puc transcription by
12- to 60 fold depending on the polymerase concentration
used in the assay. This model is in good agreement with
the lack of transcriptional activation by RegA(D63K) and
the sub-maximal transcriptional activation by RegAA and
FixJR/RegAA. It is also in accordance with the finding that
an unphosphorylated RegA mutant protein carrying a
substitution close to the hinge/linker region which separates
the receiver and activation domains is able to activate
transcription constitutively (Du et al., 1998).

Multiple regulatory circuits control the oxygen-
dependent expression of photosynthesis genes. When the
oxygen tension drops, repression by PPBP (Klug; 1991b)
and CrtJ (Bowman et al., 1999) is released and RegA can
bind to the puf and puc promoter region. The release of
PPBP and CrtJ seems to be independent of the
phosphorylation status of RegA since oxygen dependent
expression of puf and puc occurs even in MS01regAA and
MS01fixJR/regAA.
In summary we suggest the following model: RegA can
bind to its DNA targets independently of phosphorylation.
Nevertheless, unphosphorylated RegA is in a conformation
in which amino acid residues of the activator domain that
are required for interacting with the α subunit of RNA
polymerase are masked. Phosphorylation leads to a
conformational change and increases the ability of RegA
to recruit the RNA polymerase, which activates transcription
of photosynthesis genes. Extended studies on the
interaction of RegA with other proteins could elucidate the
mechanisms of transcriptional activation by RegA.

Experimental Procedures

Bacterial Strains and Growth Conditions
R. capsulatus wild type strain SB1003 (Taylor et al., 1983),
the RegA deficient strain MS01 (regA:Km) (Sganga and
Bauer, 1992), and MS01 derivatives were grown in a
minimal malate salt medium (Drews 1983) at 32°C. If
required, kanamycin or tetracycline were added to a final
concentration of 20 µg/ml and 2 µg/ml, respectively. Growth
at high oxygen tension (20%) was performed by incubating
200 ml of culture in 1000 ml baffled flasks under vigorous
shaking. For semi-aerobic growth (1-2 % oxygen), 75 ml
of culture were incubated in 100 ml flasks with gentle
agitation. The oxygen tension was monitored using a Ag/
Pt electrode (Bachofer). Unless noted otherwise, the E.
coli pT7 RNA polymerase expression strain BL21(DE3)/
pLysS was used in this study. For synthesis of His6-tagged
proteins, E. coli M15 (pRep4) (Qiagen) was utilized.



298   Hemschemeier et al.

Polymerase Chain Reactions
PCR was routinely performed using 100 pmol of each
primer, 0.2 pmol template DNA and 1U Taq polymerase
(Appligene) per reaction. Oligonucleotide primers were
designed to contain appropriate restriction sites required
for cloning of the PCR products. All plasmid inserts
generated by PCR were sequenced.

Construction of RegA Overexpression Vectors
A 200 nt BamHI/EcoRI fragment containing the regA
promotor region of plasmid pSP72::regA (Inoue et al., 1995)
was gel purified and cloned into plasmid pSP72 (Promega),
resulting in plasmid pSP72:pro(regA).

To generate the RegA activator domain (RegAA), the
C-terminal part of regA (Figure 1) was amplified by PCR
using plasmid pSP72::regA (Inoue et al., 1995) as template
and the following oligonucleotides: 5' CAAGGGCGAA
TTCCTGCCG 3', and 5' GCTATAGGTACCTTGGTGAG 3'
which generate EcoRI and KpnI sites, respectively. The
resulting PCR product was inserted into pSP72:pro(regA)
downstream of the regA promoter region, resulting in
plasmid pSP72:regAA.

In order to construct the hybrid protein consisting of
the RegA activator and the FixJ receiver- domain (FixJR/
RegAA), the sequence coding for the fixJ receiver (Figure
1) was amplified by PCR using plasmid pRM7415
(Anthamatten and Henneke, 1991) which contains the
complete fixJ gene as template. The PCR product was
digested by EcoRI and inserted into plasmid pSP72:regAA
upstream of the regA activator domain, resulting in plasmid
pSP72:fixJR/regAA.

While pSP72 derivatives replicate only in E. coli,
plasmid pRK415 (Keen et al., 1988) can also be established
in R. capsulatus. Inserts of plasmid pSP72:regAA and
pSP72:fixJR/RegAA were used as templates in a PCR
reaction with primers which introduce a BamHI and a KpnI
site. Both PCR products were then inserted into pRK415.
After propagation in E. coli, these plasmids were transferred
into R. capsulatus by triparental mating as described
previously (Klug and Drews, 1984) using pRK2013
(Figurski and Helinski, 1979) as a helper plasmid.

Construction of RegA Mutant Proteins with Amino Acid
Exchanges
A pSP72 derivative coding for RegA(L167P) was
constructed as described by Hemschemeier et al. (2000).
For the construction of a regA(D63K) mutant, primer 5’
GCGGTGATCAAGCTTCGTC TGGAAG 3’ (370+) and 5’
CTTCCAGACGAAGCTTGATCACCGC 3’ (370-) were
used which change Asp63 into Lys in the RegA protein.
PCR with primers 5’ GCTGCCGGATCCGAAGCTTGCC
3' and 370- generated the N-terminal half of regA flanked
by HindIII restriction sites (fragment A), PCR using primers
370+ and 5' GCTATAGGTACCTTGGTGAG 3' generated
the C-terminal half of the regA gene flanked by HindIII and
KpnI restriction sites (fragment B). The PCR products were
successively inserted into pSP72:pro(regA), resulting in
plasmid pSP72:regA(D63K). In order to generate
derivatives which replicate in R. capsulatus, inserts of
pSP72:regA(L167P) and pSP72:regA(D63K) were PCR
amplified and cloned into pRK415 (Keen et al., 1988) as
described above.

Cloning of His6-Tagged RegA and His6-RegA(D63K)
For the construction of pQE30:His6-regA(D63K),
pSP72:regA(D63K) was used as template. The PCR was
performed with primers which introduce BamHI and KpnI
sites flanking the regA(D63K) gene. PCR products were
inserted into pQE30 (Qiagen) which appended the amino
terminus of RegA(D63K) with a His6- tag. The resulting
plasmid pQE30:His6-regA(D63K) was then transferred into
M15 (pRep4) (Qiagen).

Protein Synthesis, Purification, and Analysis
Wild type RegA protein, RegA(L167P) and the RegAA
protein were purified from strain BL21(DE3)/pLysS
harboring the respective pSP72 derivatives after induction
with 0.5 mM IPTG, followed by incubation at 37°C for 4 h.
Cells were then collected by centrifugation, disrupted by
freeze-thaw cycles, and sonicated. RegA protein (molecular
mass 20.5 kDa) was isolated using cation exchange
chromatography according to the protocol of Inoue et al.
(1995). The hybrid protein consisting of the FixJ receiver
and the RegA activator domain was purified from strain
BL21(DE3)/pLysS harboring plasmid pSP72:fixJR/regAA
as described for the RegA-activator above. RegAA-FixJ is
a protein of 183 AA with a deduced MW of 20.7 kDa. The
purification procedure could be greatly improved by using
a Source S column (Pharmacia) and phosphate buffer (pH
6.5) for the isolation of this protein which migrates with an
apparent molecular mass of 24 kDa in SDS polyacrylamide
gels. All three proteins were denatured with guanidine-HCl
and refolded by diluting stepwise as described by Inoue et
al. (1995).

His6-tagged RegA wild type and RegA(D63K) mutant
protein was isolated as described before (Hemschemeier
et al., 2000). Both proteins were eluted from Ni-NTA
columns at imidazole concentrations between 200 and 250
mM. Eluates containing His6-RegA or His6-RegA(D63K)
protein were pooled and proteins were precipitated with
70% ammonium sulfate. After centrifugation, the proteins
were resuspended in storage buffer (100 mM Tris pH 7.6,
200 mM KCl, 1 mM EDTA, 2 mM DTT, and 20% glycerol)
and dialysed in the same buffer at 4° C over night. Protein
fractions were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) with 12-
15% gels (Laemmli, 1970) and stained with silver (Blum et
al., 1987). Protein concentrations were determined
according to Bradford (1976).

Synthesis of [33P]Acetyl Phosphate and Protein
Phosphorylation
Radiolabeled [33P]acetyl phosphate was synthesized as
described by Stadtmann (1957). Phosphorylation of His6-
RegA and His6-RegA(D63K) was carried out in a 12 µl
volume at 37°C. Purified proteins were preincubated for 1
min at 37°C in phosphorylation buffer (50 mM Tris-HCl pH
7.6, 50 mM KCl, 10 mM MgCl2). The phosphorylation
reaction was initiated by adding 30-60 mM [33P] acetyl
phosphate. After incubation for 45–120 min at 37°C, the
reaction was stopped by adding 4 µl of 4x SDS gel loading
dye (Sambrook et al., 1989) to the assay. Samples were
then analyzed by SDS-PAGE as described above. Gels
were dried and radioactivity associated with the RegA
protein was visualized using a phosphoimager (Raytest).
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Protein-DNA Binding Studies
Protein fractions were tested for DNA binding activity in
gel retardation assays by using puf- and puc promoter
fragments of 160 bp (puf) and 340 bp (puc) upstream of
the respective transcriptional starts. These DNA fragments
were amplified by PCR with plasmid pCX34 (Klug and
Cohen, 1988) containing the puf operon and plasmid pG3-
EP4.5 (Tichy et al., 1989) containing the puc operon from
R. capsulatus as templates. PCR fragments were gel
purified (QIAEX II gel extraction system, Qiagen) and end-
labeled with T4 polynucleotide kinase (Biolabs) and
[γ32P]ATP as described elsewhere (Sambrook et al., 1989).
About 0.01-0.02 pmol of radiolabeled DNA fragments were
mixed with 5-150 pmol protein extract, 0.2-2 pmol of poly(dI/
dC), and binding buffer (100 mM Tris pH 7.5, 100 mM NaCl,
10 mM MgCl2, 10 mM DTT, and 20 % [w/v] glycerol) in a
total volume of 20 µl. Gel shift assays were carried out as
described before (Hemschemeier et al., 2000).

RNA Isolation and Northern Blot Analysis
Total RNA was isolated from R. capsulatus cells grown as
described by von Gabain et al. (1983). Northern blot
analyses were performed by size separating 7 µg of total
RNA on a 1% agarose gel containing 2.2 M formaldehyde.
RNA was then transferred onto a nylon membrane (PALL)
by vacuum blotting (Appligene) and then UV cross-linked
to the filter by exposure to 120 J of UV irradiation
(Stratagene). Prehybridization was carried out following
the manufacturer’s recommendations. For hybridization,
puf and puc specific DNA fragments were radiolabeled with
32P α-dCTP by nick translation (kit N5500, Amersham).
Labeled fragments were then purified on NucTrap Probe
purification Columns (Stratagene). 2 x 106 cpm were used
per hybridization reaction. Hybridization and washing
procedures were carried out following the manufacturer’s
recommendations.

Spectral Analyses
Absorption spectra of crude intracytoplasmic membranes
were obtained by sonicating cells suspended in 10 mM
Tris-HCl pH 7.6, 1.0 mM EDTA, 15 mM NaN3. Following
clarification by centrifugation at 10 000 x g for 5 min, the
soluble fraction was scanned from 350 nm to 900 nm with
a Perkin Elmer Lambda 12 spectrophotometer. The peak
areas for the 800nm and 850 nm absorbance peaks were
determined and compared.
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