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Abstract
The two highly homologous cbb operons of the
facultative chemoautotroph Ralstonia eutropha H16
encode most enzymes of the Calvin-Benson-Bassham
carbon reduction cycle. Their transcriptional regulation
was investigated both in vitro and in vivo to identify a
metabolic signal involved in this process. For this
purpose an in vitro transcription system employing
the DNA-dependent RNA polymerase purified from R.
eutropha was established. The enzyme from
Escherichia coli was also used in verifying
comparative studies. Plasmid DNA carrying the control
region of the chromosomal cbb operon served as
template. In the homologous as well as the
heterologous system specific transcripts synthesized
under the control of the operon promoter PcbbL were
observed, depending on the structure of the tested
promoter variant as well as the presence or absence
of the activator protein CbbR. Unlike mutationally
improved PcbbL variants, the wild-type promoter
remained inactive, even in the presence of CbbR
together with various potential signal metabolites.
CbbR stimulated PcbbL mutants with intermediate basal
activity. Phosphoenolpyruvate (PEP) was identified as
a negative effector of CbbR that inhibited PcbbL-directed
transcription and increased the operator-binding
affinity of the protein. This CbbR-mediated inhibition
was confirmed by assaying wild-type PcbbL operon
fusions in glucose- or succinate-grown cells of E. coli,
which contain greatly different concentrations of PEP.
It is concluded that at least one additional protein must
participate in the overall control of the cbb operons in
R. eutropha.

Introduction

Hydrogen and formate are alternative energy sources for
chemoautotrophic growth of the aerobic bacterium
Ralstonia eutropha (formerly Alcaligenes eutrophus), which
is also able to grow heterotrophically with a variety of
organic substrates (Friedrich et al., 1979). The organism
uses the Calvin-Benson-Bassham (CBB) carbon reduction
cycle for autotrophic CO2 fixation (Bowien and Schlegel,
1981). In strain H16 two highly homologous cbb operons,
located on the chromosome and the 450-kb plasmid pHG1,
respectively, contain the genes encoding most enzymes
of the CBB cycle, including its key enzyme ribulose-1,5-
bisphosphate carboxylase/oxygenase (RubisCO) (Kusian
and Bowien, 1997). The expression of the operons
responds to the metabolic state of the cells mainly
determined by the nature of the carbon and energy sources,
and three levels of expression can be distinguished: (i)
complete repression during heterotrophic growth on the
majority of organic substrates, e.g. pyruvate, (ii) partial
derepression/induction on a few substrates such as
fructose and (iii) high derepression/induction under
autotrophic conditions that is further augmented by CO2
limitation (Bowien et al., 1996). A regulon is formed by the
operons controlled by the LysR-type transcriptional
regulator CbbR. The regulatory protein is essential for the
activation of both operons. Inactivation or deletion of the
cbbR gene prevent their transcription (Windhövel and
Bowien, 1991; Jeffke et al., 1999). The cbbR gene is
situated immediately upstream of and transcribed
divergently to the chromosomal cbb operon. A deficient
open reading frame, cbbR', occupies the same relative
position on pHG1. The 167-bp intergenic segments
between cbbR/cbbR' and the respective operons comprise
the cbb control region with the operator as the target of
CbbR binding as well as with the promoters for both the
cbb operons (PcbbL) and cbbR/cbbR' genes (PcbbR). The
promoters are of the σ70-dependent type (Windhövel and
Bowien, 1991; Kusian et al., 1995; Kusian and Bowien,
1995; Jeffke et al., 1999).

Internal rather than external signals are thought to act
in the control of cbb operons of the various autotrophic
bacteria (Kusian and Bowien, 1997; Shively et al., 1998).
The nature of these signals and their transduction pathways
within a presumed regulatory network are largely unknown.
LysR-type regulators are known to bind signal metabolites.
The binding affects the ability of the regulators to activate
or repress their target genes (Schell, 1993). Early
physiological studies suggested that intermediates of the
central carbon and of the energy metabolism may function
as signal metabolites in the regulation of the cbb operons
of R. eutropha H16 (Im and Friedrich, 1983). In another
chemoautotroph, Xanthobacter flavus, NADPH was
identified as a potential signal metabolite of CbbR (van
Keulen et al., 1998). However, it is an open question
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whether one or more signal metabolites and regulator
proteins are involved in the transcriptional control of cbb
operons. The response regulator RegA of the RegB-RegA
two-component system together with CbbR appears to be
part of the cbb regulatory system in the phototrophic
bacterium Rhodobacter sphaeroides (Joshi and Tabita,
1996; Qian and Tabita, 1996). Recent studies on the
activities of mutant PcbbL promoters provided indirect
evidence for the participation of at least one additional
protein factor besides CbbR in the transcriptional regulation
of the cbb operons of R. eutropha H16 (Jeffke et al., 1999).
In these analyses, altered PcbbL have been generated that
displayed increased basal activities in vivo, even in the
absence of CbbR, but retained the property of activation
by the regulatory protein.

The mutant promoters were considered to be suited
particularly for examining cbb operon regulation by in vitro

transcription because of their partial independence of
CbbR. In the present work, we report the establishment of
an in vitro transcription system using purified DNA-
dependent RNA polymerase (RNAP) from R. eutropha and
various PcbbL templates. For verification and comparison
these studies were also performed in a heterologous
system with RNAP from Escherichia coli. The results
complemented by data from gel mobility shift assays
indicated that CbbR is not sufficient for significant
stimulation of PcbbL activity. CbbR rather repressed the
promoter in the presence of elevated phosphoenolpyruvate
(PEP) concentrations, a finding corroborated by
expressions of a PcbbL::lacZ transcriptional fusion in E. coli
containing low or high intracellular PEP levels. PEP is thus
proposed to be a signal metabolite in transcriptional control
of the cbb operons of R. eutropha H16. Moreover, our
previous postulate of a requirement for (an) additional cbb
regulatory protein(s) (Jeffke et al., 1999) was supported.

Results

Purification of RNAP from R. eutropha
The use of RNAP from R. eutropha for in vitro transcription
experiments required a sufficiently purified enzyme
preparation. High enrichment of RNAP from crude cell
extracts of the organism was achieved after hydrophobic
interaction chromatography followed by affinity
chromatography on heparin-agarose (see Experimental
Procedures). About 10 mg of protein with high specific
RNAP activity (1,143 units/mg) were obtained from 30 g of
wet cells (Table 1). SDS-PAGE of the denatured protein
preparations revealed the apparent presence of five major
polypeptides in the pool collected from the affinity column
(Figure 1). The molecular masses of the four larger ones
resembled those of the subunits in the RNAP holoenzyme
(α2ßß'σ; Eσ70) from E. coli (DeHaseth et al., 1998). They
were determined to be 151 (ß'), 143 (ß), 88 (σ factor) and
38 kDa (α). The native enzyme exhibited a molecular mass
of about 450 kDa estimated by gel filtration. Western
blotting using antibodies directed against the α or σ70

subunits of the E. coli RNAP confirmed the structural
similarity of the 38- and the 88-kDa proteins to the
corresponding subunits of the E. coli enzyme (data not
shown). The small polypeptide (about 16 kDa), which was
still present in the preparation obtained after the heparin-
agarose chromatography, could be removed from the
RNAP by gel filtration (Figure 1). However, the enzyme
was considerably inactivated in the course of this step,
rendering it unsuitable for in vitro transcription assays.
Increasing the ATP concentration in the assay mixture to
25 mM was found to inhibit an interfering DNA exonuclease
activity, thus the enzyme preparation resulting after the
affinity chromatography could be employed in the
transcription studies.

In Vitro Transcriptions with Various cbb Templates
In vitro transcription studies were performed to examine
the requirements of cbb operon transcription with respect
to the regulatory action of CbbR and to (a) potential signal
metabolite(s). Results obtained recently from in vivo studies
on the cbb operon promoter PcbbL (-35 TTTACC-N17-
TATCTT -10; Jeffke et al., 1999) suggested the use not
only of the wild-type cbb control region as template but
also of mutant templates containing modified PcbbL with

Table 1. Purification of RNA Polymerase from R. eutropha

Fraction Protein Activity Specific Activity
(mg) (units)b (units/mg)

Crude cell extracta 585 245 0.4
Fractogel TSK-Butyl 240 14,860 62
Heparin-agarose 10 11,200 1,143

a Crude extract obtained from 30 g of wet cells.
b Activity determined using poly d(A-T) as DNA template.

Figure 1. SDS-PAGE of protein fractions obtained during the purification of
R. eutropha RNAP. The proteins (1-2 µg per lane) were separated on a gel
polymerized from a solution containing 12% (w/v) acrylamide and silver-
stained. Lanes: 1, crude cell extract; 2, pool after chromatography on
Fractogel-TSK-Butyl Toyopearl (M); 3, pool after chromatography on
heparin-agarose; 4, peak fraction after gel filtration on Sephacryl S-300
HR. The RNAP subunits (ß, ß', α and σ) and the molecular masses of
reference proteins (in kDa) are indicated on the right and left of the gel,
respectively.

α
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significantly enhanced basal, CbbR-independent activities.
In mutant promoters PcbbLM1 (-35 TTTACC-N17-TATAAT -
10), PcbbLM6 (-35 TTGACA-N17-TATCTT -10) and PcbbLM9
(-35 TTGACA-N17-TATAAT -10) the -10, -35 or both boxes,
respectively, matched the corresponding consensus
elements of the σ70-dependent promoter of E. coli. These
mutant promoters were expected to direct specific
transcriptions even in the absence of activation by CbbR.
At least the half-consensus mutants M1 and M6, which
showed moderately elevated in vivo activities in the
absence of CbbR (Jeffke et al., 1999), promised to be
suitable for detecting CbbR-mediated alterations in in vitro
transcriptions.

All transcriptions were done with both the purified
RNAP from R. eutropha and the enzyme from E. coli to
compare the specificity and efficiency of the homologous
and heterologous in vitro systems, respectively. Recent in
vivo studies revealed that the wild-type PcbbL as well as
mutant promoters M1, M6, and M9 displayed comparable
activity levels in R. eutropha and in E. coli. Whereas PcbbL
had very little activity in both hosts, M9 activity reached a
similar level in E. coli as that of the activated PcbbL in
autotrophically grown R. eutropha (Jeffke et al., 1999).
Plasmids pMPWT, pMPM1, pMPM6 and pMPM9 carrying
the wild-type PcbbL or mutant promoters M1, M6 and M9,

respectively, on 236-bp fragments cloned in pMP7 were
employed as supercoiled templates. The assays using R.
eutropha RNAP demonstrated that, except for the wild type,
these templates generated PcbbL-specific transcripts (360
nucleotides; Figure 2A). Promoters M1 and M6 gave similar
transcript levels, whereas M9 produced the highest amount
of transcript. The presence of CbbR resulted in some 4-
fold activation of M1- or M6-directed transcription, but only
in a weak increase (about 1.3-fold) with M9 (Figure 2A).

The heterologous system yielded basically similar
results. The transcripts seen for promoters M1, M6 and
M9 exhibited the same length as those observed in the
homologous system. They were not detected for the wild-
type PcbbL in the absence of CbbR (Figure 2B). Some
noticeable differences became, however, apparent in the
presence of CbbR. Although CbbR stimulated M1 and M6
to about the same extent, the M9-dependent transcription
was slightly (about 1.2-fold) repressed by the protein. Even
more interesting, CbbR activated the wild-type promoter
in this system to a low but consistently detectable level
(Figure 2B). Transcripts originating from PcbbR (294
nucleotides) were not observed with both assay systems.

The data suggest that CbbR moderately stimulated
transcription from the improved PcbbL promoters M1 and
M6. However, this stimulation was not nearly sufficient to

Figure 2. In vitro transcriptions from various cbb templates using RNAP from R. eutropha (A) or E. coli (B). The transcriptions were performed in the absence
(-; lanes 1 through 5) or presence (+; lanes 6 through 10) of CbbR (100 ng). Plasmid templates (0.1 pmol) contained the cbb wild-type (WT) promoter PcbbL
(pMPWT) or mutant PcbbL promoters M1 (pMPM1), M6 (pMPM6), or M9 (pMPM9). Vector pMP7 (lanes 1 and 6) was used as a negative control for PcbbL-
specific transcription. The arrows indicate the positions of PcbbL-specific transcripts and vector-specific RNA-1.

PcbbL

PcbbL

CbbR

RNA-1
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reach the high activity level of M9. The wild-type PcbbL did
not or only very weakly respond to activation by CbbR in
vitro. It was thus concluded that the transcription system
lacked at least one essential component for proper
activation of PcbbL.

Effects of Metabolites on Transcriptional Action of
CbbR
Extensive physiological studies suggested that carbon
limitation with concomitant energy surplus leads to
induction or derepression of the cbb operons in R. eutropha
H16 (Kusian and Bowien, 1997). Therefore, 33 metabolites
involved in glycolysis/gluconeogenesis (fructose, fructose-
6-phosphate, fructose-1,6-bisphosphate, glucose-6-
phosphate, 6-phosphogluconate, glyceraldehyde-3-
phosphate, dihydroxyacetone phosphate, 3-
phosphoglycerate, glycerate-2,3-bisphosphate, 2-
phosphoglycerate, PEP, pyruvate, acetyl-phosphate), the
tricarboxylic acid cycle (acetyl-CoA, coenzyme A, citrate,
isocitrate, 2-oxoglutarate, succinyl-CoA, succinate, malate,
oxaloacetate), the CBB cycle (ribulose-5-phosphate,
ribulose-1,5-bisphosphate, 2-phosphoglycolate) or in
energy metabolism (formate, AMP, ADP, cyclic AMP, NAD,
NADH, NADP, NADPH) as well as bicarbonate were tested
as potential effectors of CbbR in in vitro transcription
assays, using R. eutropha RNAP. Plasmids pMPM1,
pMPM6 and pMPM9 were chosen as templates because
the activities of the mutant PcbbL promoters responded to
the presence of CbbR. None of the tested compounds
elicited a stimulation of PcbbL-dependent transcription.
However, PEP inhibited M1-directed transcript formation.
In the presence of 2.0 mM PEP the transcript was not
synthesized (Figure 3). The apparent PEP-dependent

repression of transcription from M1 was also observed with
M6 and M9. Although 2.0 mM PEP caused a complete
repression of transcription from M1 and M6, transcription
from the highly active M9 was only partially repressed at
this effector concentration (Figure 4). The strength of the
repression depended on the concentration of PEP.
Whereas 0.75 mM PEP was sufficient for full repression of
M1, 0.2 mM PEP showed no effect. With M9 the repression
also became significant at 0.75 mM PEP. Transcriptions
performed in the absence of CbbR indicated that the
repression is specifically dependent on CbbR. Formation
of transcripts from M1 or M9 was not affected by PEP
(Figure 4B). The findings were confirmed by in vitro
transcriptions using E. coli RNAP. In the heterologous
system, CbbR also exerted a comparable repressing effect
on the PcbbL variants when PEP was present (Figure 5).
The activator CbbR apparently converted into a repressor
upon binding of the effector.

Effects of Metabolites on DNA Binding of CbbR
The in vitro transcriptions suggested binding of CbbR to
the cbb operator both in the absence and presence of PEP.
Since binding of ligands to LysR-type regulators results
usually in an increase or decrease in DNA-binding affinity
of the proteins (Schell, 1993), the effects of various
metabolites (see Figure 3) on the binding of CbbR to its
target was studied by mobility shift assays (data not shown).
Only PEP caused a significant change in CbbR binding to
a 35S-labeled 253-bp fragment containing the chromosomal
cbb control region of R. eutropha H16. Increasing amounts
of the retarded DNA-CbbR complex were formed as the
concentration of PEP in the binding mixture was raised
from 0.1 to 2.0 mM (Figure 6, lanes 2 through 6). Nearly

Figure 3. Effect of various metabolites on in vitro transcriptions from cbb template pMPM1 using RNAP of R. eutropha. The template (0.1 pmol) containing the
cbb mutant promoter PcbbLM1 was transcribed in the absence (lane 1) or presence (lanes 2 through 15) of CbbR (100 ng). Metabolites were added at a final
concentration of 2.0 mM. Lanes 1 and 2, no metabolite; 3, PEP; 4, glycerate-3-phosphate; 5, glycerate-2-phosphate; 6, glycerate-2,3-bisphosphate; 7,
pyruvate; 8, coenzyme A; 9, acetyl-coenzyme A; 10, ADP; 11, AMP; 12, NAD; 13, NADH; 14, NADP; 15, NADPH. Only the portion of the gel with the PcbbL-
specific transcripts (arrow) is shown.

Figure 4. Effect of PEP on in vitro transcriptions from cbb templates pMPM1, pMPM6, or pMPM9 using RNAP of R. eutropha. The templates (0.1 pmol)
containing the cbb mutant PcbbL promoters M1 (lanes 1 through 6), M6 (lanes 7 through 9), and M9 (lanes 10 through15), respectively, were transcribed in the
absence (-) or presence (+) of CbbR (100 ng). PEP concentrations present in the reaction mixtures are given in mM. Only the portions of the gels with the
PcbbL-specific transcripts (arrow) are shown.
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maximal binding of CbbR to the fragment occurred at 2
mM PEP. The effector also augmented the formation of
retardation complex upon increasing the concentration of
CbbR (Figure 6, lanes 7 through 10 vs. lanes 11 through
14). In conclusion, the mobility shifts corroborated the
results of the in vitro transcriptions, supporting the evidence
for PEP as a specific ligand of CbbR.

Activity of the cbb Operon Promoter in E. coli
To test a potential influence of PEP on the in vivo activity
of wild-type PcbbL by interaction of the metabolite with the
CbbR protein, the PcbbL::lacZ transcriptional fusion present
in pBK2241 was probed in E. coli JW1. Various
transformants of the strain were grown aerobically on either
glucose or succinate as sole carbon and energy sources,
since earlier studies (Lowry et al., 1971) had demonstrated
that the concentration of PEP in E. coli growing on glucose
is about one order of magnitude lower than that in cells
growing on succinate (0.09 vs. 0.96 mM). Plasmid pAECR7
enabled the formation of sufficient amounts of CbbR in the

clones even without specific induction of the lac promoter
controlling the expression of the cbbR gene (data not
shown). Although the absolute levels were low, in glucose-
grown E. coli (pBK2241, pAECR7) ß-galactosidase reporter
activity was about 9-fold higher than that in the transformant
harboring only pBK2241. In contrast, no significant
difference was observed upon growth of these strains on
succinate (Table 2). The data thus also lent support to the
role of PEP as a negative effector of CbbR in the
transcriptional regulation of PcbbL.

Discussion

The primary goal of this investigation was the identification
of a metabolic signal involved in the transcriptional
regulation of the cbb operons in R. eutropha H16. Previous
work did suggest that (an) internal rather than (an) external
signal(s) are sensed and/or transduced by the regulatory
protein components of the system (Kusian and Bowien,
1997; Jeffke et al., 1999). Because direct evidence in favor

Figure 5. Effect of PEP on in vitro transcriptions from cbb templates pMPWT, pMPM1, pMPM6, or pMPM9 using RNAP of E. coli. The templates (0.1 pmol)
containing the cbb wild-type promoter PcbbL (WT, lanes 1 through 3) or mutant promoters M1 (lanes 4 through 6), M6 (lanes 7 through 9) and M9 (lanes 10
through 12), respectively, were transcribed in the absence (-) or presence (+) of CbbR (100 ng). PEP was present at a final concentration of 2.0 mM, and 1
unit instead of 0.1 unit RNAP was used in the case of the wild-type promoter. Only the portions of the gels with the Pcbbl-specific transcripts (arrow) are shown.

Figure 6. Gel mobility shift assays with a 35S-labeled 253-bp DNA fragment carrying the chromosomal wild-type cbb control region of R. eutropha H16. The
shifts were carried out with varying amounts of purified CbbR in the presence or absence of PEP. The reaction mixtures contained about 1 ng (6.5 fmol) of
DNA fragment and also included 1 µg of salmon sperm competitor DNA to avoid unspecific binding of CbbR to its target fragment. Additions of CbbR: lane 1,
no CbbR; lanes 7 and 11, 20 ng; lanes 2 through 6, lanes 8 and 12, 40 ng; lanes 9 and 13, 60 ng; lanes 10 and 14, 120 ng. Additions of PEP: lanes 1 and 2,
11 through 14, no PEP; lane 3, 0.1 mM; lane 4, 0.4 mM; lane 5, 1.0 mM; lanes 6 through 10, 2.0 mM. The nondenaturing polyacrylamide (6% [w/v]
acrylamide) gel electrophoresis was run in 10 mM Tris-192 mM glycine buffer, pH 7.4, containing 1 mM EDTA. The arrows indicate the positions of free DNA
fragment (0) and of the retarded CbbR-DNA complex (1).
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or against this supposition is difficult to obtain from in vivo
studies, the reconstitution of the system in vitro was
expected to provide more detailed insights into the
molecular requirements of cbb gene control. The present
study actually reports on the first establishment of an in
vitro transcription system from R. eutropha.

The availability of sufficiently purified active RNAP from
R. eutropha was a prerequisite for such a system. A
relatively efficient two-step purification scheme yielded a
suitable enzyme preparation. The enzyme exhibited the
strongly conserved subunit composition of eubacterial
RNAP (Hellmann and Chamberlin, 1988). It apparently
contained only one σ factor, σ88, which showed
immunological similarity to σ70 (σD), the housekeeping σ
factor of E. coli. σ88 is thus considered to be a σ70

homologue and the primary σ factor of R. eutropha, a
conclusion supported by the in vitro transcriptions. The
presence of a minor additional σ factor in the purified
enzyme cannot, however, be completely ruled out. The
observed native molecular mass (450 kDa) of the
holoenzyme (Eσ88) from R. eutropha is compatible with
the characteristic quaternary structure of α2ßß'σ of
eubacterial RNAP. The enzyme purified from R. eutropha
grown on formate had the same structure as that obtained
from the fructose-grown organism (data not shown),
indicating no significant differences in the main σ factor
content between autotrophic and heterotrophic cells. An
additional subunit analogous to ω, usually associated with
the E. coli RNAP (Gentry and Burgess, 1986), was not
found in the highly purified R. eutropha enzyme, although
a 16-kDa protein copurified with the enzyme even during
the affinity chromatography on heparin-agarose and was
present in apparent stoichiometric excess relative to RNAP
after this step (see Figure 1). The ω subunit is not essential
for the activity of the E. coli enzyme.

Catalytic competence and specificity of the R. eutropha
RNAP preparation used for the in vitro transcription
analyses with the various cbb templates were convincingly
demonstrated by the initiation of the polymerase reaction
at the authentic PcbbL start site mapped already in vivo. In
addition, the heterologous transcriptions with E. coli RNAP

confirmed the proper initiation at PcbbL by the two
polymerases in vitro. Since PcbbL is a σ70-like promoter,
σ70 of the E. coli RNAP and σ88 of the R. eutropha enzyme
must be functionally equivalent in recognizing these
promoter structures. Transcriptions with the R. eutropha
RNAP generated less PcbbL-unspecific products than those
with the E. coli enzyme (see Figure 2), underscoring the
fidelity of the homologous in vitro system. Detectable
transcripts originating from cbbR promoter PcbbR were not
obtained under any of the conditions tested in vitro.
Although PcbbR also appears to be a σ70-dependent
promoter, its similarity to the σ70 consensus sequence of
E. coli is relatively weak. It has a low basal in vivo activity,
which is slightly enhanced in autotrophically growing R.
eutropha but generally in the same range as that of the
noninduced wild-type PcbbL (Kusian et al., 1995; Jeffke et
al., 1999). Consequently, PcbbR-specific in vitro transcripts
were not expected to be seen.

CbbR was apparently not sufficient to elicit any
detectable in vitro transcription by R. eutropha RNAP from
the wild-type PcbbL, not even in the presence of various
metabolites of the central carbon and the energy
metabolism that were tested as potential effectors of the
regulator. Moreover, the CbbR-stimulated activities of the
improved PcbbL variants were not further increased upon
addition of these metabolites. Provided that all relevant
compounds were included, these findings suggest that an
activation of wild-type PcbbL solely by a CbbR-effector
complex without participation of additional regulatory
factors is unlikely to occur in vivo. This feature of the cbb
operon control differs from that of most other regulations
of the LysR type (Schell, 1993). The lack of a CbbR-
mediated PcbbL activation by NADPH is of particular interest.
CbbR from X. flavus was shown to interact with NADPH,
and thus the in vivo regulations of the cbb and gap-pgk
operons in this organism were proposed to be controlled
by the intracellular concentration of the metabolite (van
Keulen et al., 1998). In contrast, there was no indication
for binding of NADPH to R. eutropha CbbR as judged by
both in vitro transcriptions and mobility shift experiments.
These studies provided evidence, however, that PEP is a
specific effector of the latter. PEP caused (i) a CbbR-
mediated repression of PcbbL-directed in vitro transcription
and (ii) an increase in the CbbR-binding affinity to its target
sequence in a concentration-dependent manner. The
metabolite seems to be a corepressor of CbbR. As a
consequence, CbbR not only functions as an activator but
probably also a repressor of PcbbL by responding to the
intracellular PEP concentration in R. eutropha. Such
special, conditional action of a regulatory protein as an
obligate activator and a repressor of the same promoter
would be a novel property among LysR-type proteins,
although anti-induction of cognate promoters have already
been reported for this family of gene regulators. Either O-
acetyl-L-serine or N-acetyl-L-serine are inducers of CysB,
the activator of the cys regulon in E. coli and Salmonella
typhimurium, whereas thiosulfate and sulfide function as
anti-inducers (Hryniewicz and Kredich, 1991). In
Pseudomonas putida the ClcR protein activates the clcABD
operon in the presence of the inducer 2-chloro-cis,cis-
muconate, but fumarate counteracts this activation (McFall
et al., 1997).

Indirect confirmation of a PEP-dependent in vivo
repression of cbb operon transcription by CbbR was

Table 2. Activities of Wild-Type PcbbL in the Absence or Presence of CbbR,
determined by PcbbL::lacZ Transcriptional Fusions in Transformants of E.
coli JW1 grown on Glucose or Succinate as Sources of Carbon and Energy

Transformant CbbR                       Specific Activity of
present               ß-Galactosidase (mU/mg)

Glucose Succinate

pBK a - < 1 < 1
pAECR7 a + < 1 < 1
pBK, pAECR7 a + < 1 < 1
pBK2241 b - 5.7 ± 1.9 d 6.6 ± 1.4
pBK2241, pAECR7 c + 50.1 ± 11.3 8.5 ± 1.4

a Transformants JW1(pBK), JW1(pAECR7) and JW1(pBK, pAECR7) served
as background references.
b pBK2241 contains wild-type PcbbL fused to lacZ.
c pAECR7 contains the cbbR gene cloned in pUC18 under control of the
lac promoter, which was, however, not induced specifically by isopropyl-ß-
D-thiogalactopyranoside to ensure a relatively low expression level of the
gene.
d The activity values represent mean values obtained from at least three
independent determinations with the given standard deviations.
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obtained in the heterologous host E. coli. In glucose-grown
E. coli, which is known to contain only about 0.1 mM PEP
(Lowry et al., 1971), the activity of wild-type PcbbL was
almost 6-fold higher than that found in succinate-grown
cells (ca. 1 mM PEP). These findings correlated well with
those made in the in vitro transcriptions: 0.2 mM PEP
caused a weak inhibition of PcbbL activity that was
significantly enhanced at 0.75 mM and strong at 2.0 mM.
The validity of the in vitro systems established to study the
cbb operon regulation was thus verified. In fact, the data
are strongly supportive of a previous physiological
investigation, which suggested PEP to be a negative
effector and a still unknown reduced metabolite to be a
positive effector of RubisCO formation in R. eutropha (Im
and Friedrich, 1983). A feedback repression by PEP would
signal carbon sufficiency to this primary biosynthetic
system, whereas the availability of reducing power and
energy required for CO2 assimilation would be indicated
by the reduced metabolite. CO2 limitation, resulting in a
strong derepression of RubisCO synthesis beyond the
normal autotrophic level (Friedrich, 1982), presumably
leads to a decrease of the PEP concentration in
lithoautotrophically growing cells of R. eutropha. The PEP
level in lithoautotrophic cells not limited by CO2 is about 1
mM (Cook and Schlegel, 1978), a concentration that per
se could cause a significant repression of PcbbL. The in
vivo control, however, is expected to be more complex. An
activating signal derived from the anabolic/energy
metabolism, e.g. NADPH or NADH, might be transduced
to the cbb promoter via (an) additional(s) regulatory
protein(s). Preliminary evidence for the presence of such
proteins was already obtained (Jeffke et al., 1999; T. Jeffke

and B. Bowien, unpublished), and presently two proteins
from R. eutropha that specifically bind to the cbb control
region in addition to CbbR and RNAP are being isolated.

Experimental Procedures

Strains, Media, and Growth Conditions
The strains and plasmids used in this study are listed in
Table 3. Strains of E. coli were propagated at 37°C in/on
Luria-Bertani broth or in M9 mineral medium (Sambrook
et al., 1989) supplemented with 0.3% (w/v) glucose or
succinate. R. eutropha strains were grown in mineral
medium containing 0.3% (w/v) fructose or in/on nutrient
broth as described previously (Windhövel and Bowien,
1991). Cells of strain H16 to be used for purification of
RNAP were cultivated on fructose in a 10l Biostat fermentor
(B. Braun, Melsungen, Germany) and harvested in the late
logarithmic phase. When required for selection, media were
supplemented with antibiotics at the following
concentrations (in µg/ml): ampicillin, 100; tetracycline , 15
(E. coli) or 20 (R. eutropha).

Purification of RNAP from R. eutropha
All purification steps were performed at 0-4°C.
Approximately 30 g of freshly harvested cells were washed
in 400 ml of buffer A (50 mM Tris-HCl, pH 8.4, containing
1.2 M (NH4)2SO4 , 2 mM EDTA, 1 mM dithioerythritol, 0.013
mM phenylmethylsulfonyl fluoride and 10% [w/v] glycerol)
and resuspended in 2.5 volumes of the same buffer. After
cell disruption by three passages through a French
pressure cell at 130 MPa, 0.25 volume of the buffer was
added to the homogenate, which then was centrifuged at

Table 3. Bacterial Strains and Plasmids used in this Study

Strain or Plasmid Relevant Phenotype or Genotypea Source or Reference

Strains

R. eutropha H16 Wild type; Cfx, Hox, Fox; pHG1 DSM 428, ATCC17699
E. coli XL1-blue recA1, endA1, gyrA96, thi-1, hsdR17, supE44, relA1, lac[F' proAB, lacIq, lacZ∆M15, Tn10 (Tcr)] Bullock et al. (1987)
E. coli JW1 ∆(lac-proAB), rpsL, thi, φ80, F'(proAB, lacIq, lacZ∆M15) Kolmar et al. (1990)
E. coli S17-1 Smr, Tpr, Mod+, Res-, Pro-; recA; integrated RP4-Tc::Mu-Km::Tn7) Simon et al. (1983)

Plasmids

pUC18/19 Apr; lacZ‘ Yanisch-Perron et al. (1985)
pAECR5 Apr; pT7-7::958-bp fragment containing cbbR Windhövel and Bowien (1991)
pAECR7 Apr; pUC18::1.0-kb XbaI-HindIII fragment from pAECR5 containing cbbR This study
pBH2241 Apr; pUC19::224-bp BglII-HinfI fragment containing the Kusian et al. (1995)

chromosomal wild-type cbb control region
pM1 As pBH2241, but with the –10 box of promoter PcbbL mutated to match the Jeffke et al. (1999)

consensus sequence of σ70-dependent E. coli promoters
pM6 As pBH2241, but with the –35 box of promoter PcbbL mutated Jeffke et al. (1999)

to match the consensus sequence of σ70-dependent E. coli promoters
pM9 As pBH2241, but with both the –10 and –35 boxes of promoter Pcbbl mutated to match Jeffke et al. (1999)

the consensus sequence of σ70-dependent E. coli promoters
pBK2241 Tcr; pBK::236-bp XbaI-PstI-fragment from pBH2241 Kusian et al. (1995)

containing the chromosomal wild-type cbb control region
pMP7 Apr; in vitro transcription vector Hershberger et al.  (1995)
pMPWT pMP7::236-bp XbaI-PstI fragment of pBH2241 This study
pMPM1 pMP7::236-bp XbaI-PstI fragment of pM1 This study
pMPM6 pMP7::236-bp XbaI-PstI fragment of pM6 This study
pMPM9 pMP7::236-bp XbaI-PstI fragment of pM9 This study

a Apr, ampicillin resistant; Smr, streptomycin resistant; Tcr, tetracycline resistant; Tpr, trimethoprim resistant; Cfx, ability for autotrophic CO2 fixation; Hox,
ability to oxidize H2; Fox, ability for formate oxidation; pHG1, megaplasmid of strain H16.
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12,000 x g for 30 min to obtain the crude cell extract from
the resulting supernatant. The extract (about 100 ml) was
applied to a 100-ml Fractogel TSK-Butyl Toyopearl (M)
column preequilibrated with buffer A. Washing of the column
with 1.5 bed volumes of buffer A was followed by elution
with a linearly decreasing salt gradient (2 bed volumes) of
(NH4)2SO4 versus NH4Cl using buffers A and B10 (buffer A
containing 20 mM NH4Cl instead of 1.2 M (NH4)2SO4) and
subsequently by isocratic washing with 3 bed volumes of
B10 at a flow rate of 2 ml/min. The desorption of RNAP
occurred during the latter step. Fractions (6 ml) containing
RNAP activity were pooled and supplemented with glycerol
to a final concentration of 40% (w/v).

The resulting protein solution was loaded onto a 20-
ml heparin-agarose column preequilibrated with buffer B40
(B10 containing 40% [w/v] glycerol). The column was first
washed with 4 bed volumes of B40 and then eluted by a
linearly increasing NH4Cl gradient (8 bed volumes) using
buffer C40 (B40 containing 1.2 M NH4Cl) at a flow rate of
0.8 ml/min. Fractions (4 ml) with the highest RNAP activities
were combined and dialysed against storage buffer D40
(B40 containing 100 mM NH4Cl). At this stage of purification,
the RNAP preparation could be stored at -20°C for at least
six months with little inactivation. It was possible to purify
the enzyme to apparent homogeneity by an additional gel
filtration on a Sephacryl S-300 HR column, however, at
the expense of nontolerable loss of activity (70-80%).
Sodium dodecylsulfate-polyacrylamide gel electrophoresis
(SDS-PAGE; Laemmli, 1970) was used to monitor the
extent of purification and for determination of the relative
molecular masses of proteins. The method of Bradford
(1976) served to estimate protein concentrations.

Enzyme Assays
RNAP activities were determined employing a modified
protocol of published in vitro transcription assays
(Chamberlin et al., 1983; Pich and Bahl, 1991). The reaction
mixture (100 µl) contained 40 mM Tris-HCl buffer, pH 8.4,
6 mM MgCl2, 50 mM NH4Cl, 2 mM dithiothreitol, 10 µg
bovine serum albumin, 5 µg poly d(A-T), 0.5 mM ATP, 0.5
mM CTP, 0.5 mM GTP, 0.05 mM UTP and 1-20 µl of
enzyme solution (RNAP from R. eutropha or E. coli). After
preincubation at 37°C for 1 min, 1 µCi (37 kBq; 1.3 TBq/
mmol) [5,6-3H]UTP (Hartmann Analytic, Brunswick,
Germany) was added, and the reaction was stopped 20
min later by mixing with 100 µl of carrier RNA solution (50
mM sodium pyrophosphate, 50 mM EDTA; 0.5 mg yeast
tRNA/ml). The RNA was precipitated by adding 1 ml of
ice-cold TCA solution (10% [w/v] trichloroacetic acid, 200
mM sodium pyrophosphate) and incubating on ice for 10
min. The precipitate was collected on GF50 filters
(Schleicher and Schüll, Dassel, Germany) preincubated
in TCA solution, washed three times with 5 ml TCA solution,
twice with 5 ml ethanol and finally twice with 5 ml 70 % (w/
v) ethanol. The radioactivity bound to the filters was
measured in a liquid-scintillation spectrometer (TriCarb
1900 TR; Canberra Packard, Dreieich, Germany). Purified
RNAP from E. coli (Eσ70; Amersham Pharmacia, Freiburg,
Germany) was used as a reference enzyme. One unit of
RNAP activity was defined as the amount of enzyme
synthesizing 1 µmol of RNA product per min.

An established colorimetric assay (Miller, 1972) was
used to determine ß-galactosidase in crude cell extracts
of E. coli transformants. For this purpose cultures were

grown to an optical density of about 2 measured at 436
nm, and the harvested cells were suspended in the
appropriate buffer and finally disrupted by sonication. The
cell extracts were obtained as supernatants after
centrifugation at 14.000 x g for 20 min. One unit of ß-
galactosidase activity corresponded to the amount of
enzyme catalyzing the formation of 1 µmol of o-nitrophenol
from the the substrate analogue o-nitrophenyl-ß-D-
galactopyranoside per min.

Manipulation of DNA
All DNA manipulations including isolation and
transformation of plasmids and general handling of DNA
were carried out using standard techniques (Ausubel et
al., 1987; Sambrook et al., 1989). Large-scale plasmid
preparations from E. coli were performed by means of the
Qiagen Plasmid Midi Kit (Qiagen, Hilden, Germany).
Digestions with restriction endonucleases and ligations of
DNA were done according to the specifications of the
manufacturers. Isolation of DNA fragments used for cloning
purposes was performed with the aid of the Qiaquick Gel
Extraction Kit (Qiagen). The dideoxy chain termination
method (Sanger et al., 1977) employing polymerase chain
reaction (PCR) sequencing (SequiTherm Cycle
Sequencing Kit; Biozym, Hessisch Oldendorf, Germany)
with 35S-labeled oligonucleotides was used to determine
DNA sequences. Conjugal transfer of plasmids from E. coli
S17-1 to R. eutropha was performed as described by
Srivastava et al. (1982).

Construction of Plasmids
Vector pMP7 was chosen to construct the plasmids to be
used as templates for in vitro transcriptions. The vector
contains the polylinker of pUC18 flanked by the Rho-
independent terminators of bacteriophage T7 (HindIII end
of the polylinker) and of the rpoC gene from E. coli (EcoRI
end). The sites of termination are located 147 bp and 281
bp beyond the EcoRI and HindIII recognition sites,
respectively. Furthermore, pMP7 contains the RNA-1 gene,
whose two transcripts (108 and 102 bases long) served
as internal controls and were used to standardize the
quantitation of in vitro transcription assays (Hunt and
Magasanik, 1985; Erickson and Gross, 1989). The 236-bp
XbaI-PstI fragments from pBH2241, pM1, pM6 or pM9,
containing the chromosomal cbb control region of R.
eutropha H16, were cloned into pMP7 cut with the same
enzymes. In the resulting plasmids pMPWT, pMPM1,
pMPM6 and pMPM9 the cbb operon promoter PcbbL was
was colinear with the T7 terminator and the divergent cbbR
promoter PcbbR colinear with the rpoC terminator. Using
pMPM6, pMPM9 and additional pMP7 derivatives, which
carried the respective 236-bp fragments inserted in the
opposite orientation, both terminators were shown to be
functional in the transcriptions.

To generate pAECR7 the 1.0-kb fragment of pAECR5
carrying the cbbR gene was excised by cleavage with XbaI
and HindIII prior to ligation into pUC18 cut with the same
enzymes.

In Vitro Transcription Assays
The mixture for the in vitro transcription assays with R.
eutropha RNAP contained in a volume of 20 µl 40 mM
Tris-HCl buffer, pH 8.4, 50 mM NH4Cl, 6 mM MgCl2, 2 mM
dithiothreitol, 2.5 µg bovine serum albumin, 25 mM ATP, 5
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mM CTP, 5 mM GTP, 0.5 mM UTP, 30 units RNase inhibitor
(Amersham Pharmacia) and 0.1 pmol of plasmid DNA
template. For transcriptions with E. coli RNAP (Amersham
Pharmacia) the pH of the buffer component was adjusted
to 7.9, and NH4Cl was replaced by 150 mM KCl. If
appropriate, 100 ng of purified CbbR (Kusian and Bowien,
1995) were added, and the mixture was preincubated at
30°C for 10 min to ensure complete binding of the protein
to its target. Metabolites were included at final
concentrations of up to 2 mM. Addition of 0.1 unit RNAP
followed, and the reaction was started by supplementing
with 7 µCi (259 kBq; 111 TBq/mmol) of [α-33P]UTP (ICN,
Eschwege, Germany). After incubation at 37°C for 20 min,
the reaction was stopped by mixing with 3 µl stop solution
(20 mM EDTA, pH 7.5, 0.05 % [w/v] xylene cyanol FF,
0.05 % [w/v] bromophenolblue, 95 % [w/v] formamide),
and the samples were denatured by incubation at 95°C for
5 min before electrophoresis on a 6 % (w/v) polyacrylamide
gel containing 8 M urea. The gel was analyzed by
autoradiography, radioactivity in transcript bands quantified
with a PhosphorImager using the ImageQuant program,
version 3.3 (Molecular Dynamics, Ismaning, Germany).
Lengths of specific RNA transcripts were determined by
comparing with a parallel sequencing reaction performed
with pBH2241 using the universal M13 primer.

Mobility Shift Assays
Mobility shift assays were performed according to an
established protocol (Kusian and Bowien, 1995) except
that the amount of the labeled target DNA fragment was
reduced to about 1 ng (6.5 fmol), and 1 µg of salmon sperm
DNA was added as competitor to suppress unspecific
binding of CbbR. The 35S-labeled 253-bp fragment
containing the complete cbb control region was obtained
employing a two-stage PCR. In the first PCR, the fragments
were amplified using pBH2241 as the template DNA (10
ng), two suitable 24-meric primers (200 pmol each),
SuperTaq DNA polymerase (2 units; Mobitec, Göttingen,
Germany), and 200 µM dNTPs in a reaction mixture of
100 µl. Thirty cycles (95°C for 30 s, 59°C for 30 s, 72°C for
60 s) were run. The resulting product was purified with the
aid of the Qiaquick PCR Purification Kit (Qiagen) and
subsequently labeled in the second PCR. The labeling
mixture contained in a total volume of 50 µl 250 ng PCR
product as the template, 100 µM dCTP, 100 µM dGTP,
100 µM dTTP, 50 µCi (1.85 MBq; 37 TBq/mmol) [α-
35S]dATP (ICN), 200 pmol of each primer, and Pfu DNA
polymerase (5 units; Stratagene, Amsterdam, The
Netherlands). Five reaction cycles were performed using
the same conditions as in the first PCR. After completion
of the fourth cycle unlabeled dATP was added at a final
concentration of 80 µM to ensure formation of complete
fragments. The fragments were separated from unreacted
nucleotides using Microcon-10 concentrators (Millipore,
Eschborn, Germany).
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