
JOURNAL OF BACTERIOLOGY, Apr. 2006, p. 2604–2613 Vol. 188, No. 7
0021-9193/06/$08.00�0 doi:10.1128/JB.188.7.2604–2613.2006
Copyright © 2006, American Society for Microbiology. All Rights Reserved.

Characterization of CprK1, a CRP/FNR-Type Transcriptional Regulator
of Halorespiration from Desulfitobacterium hafniense
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The recently identified CprK branch of the CRP (cyclic AMP receptor protein)-FNR (fumarate and nitrate
reduction regulator) family of transcriptional regulators includes proteins that activate the transcription of
genes encoding proteins involved in reductive dehalogenation of chlorinated aromatic compounds. Here we
report the characterization of the CprK1 protein from Desulfitobacterium hafniense, an anaerobic low-G�C
gram-positive bacterium that is capable of reductive dechlorination of 3-chloro-4-hydroxyphenylacetic acid
(Cl-OHPA). The gene encoding CprK1 was cloned and functionally overexpressed in Escherichia coli, and the
protein was subsequently purified to homogeneity. To investigate the interaction of CprK1 with three of its
predicted binding sequences (dehaloboxes), we performed in vitro DNA-binding assays (electrophoretic mo-
bility shift assays) as well as in vivo promoter probe assays. Our results show that CprK1 binds its target
dehaloboxes with high affinity (dissociation constant, 90 nM) in the presence of Cl-OHPA and that transcrip-
tional initiation by CprK1 is influenced by deviations in the dehaloboxes from the consensus TTAAT----ATTAA
sequence. A mutant CprK1 protein was created by a Val3Glu substitution at a conserved position in the
recognition �-helix that gained FNR-type DNA-binding specificity, recognizing the TTGAT----ATCAA sequence
(FNR box) instead of the dehaloboxes. CprK1 was subject to oxidative inactivation in vitro, most likely caused
by the formation of an intermolecular disulfide bridge between Cys11 and Cys200. The possibility of redox
regulation of CprK1 by a thiol-disulfide exchange reaction was investigated by using two Cys3Ser mutants.
Our results indicate that a Cys11–Cys200 disulfide bridge does not appear to play a physiological role in the
regulation of CprK1.

Transcriptional regulators of the CRP (cyclic AMP [cAMP]
receptor protein)-FNR (fumarate and nitrate reduction regu-
lator) family play an important role in modulating the expres-
sion of numerous metabolic genes in many facultatively or
strictly anaerobic bacteria. These structurally related regula-
tors evolved to enable an efficient response to a wide range of
environmental signals in organisms that are often phylogeneti-
cally distinct. In Escherichia coli, CRP is a positive regulator of
catabolite repression, directly sensing elevated cAMP levels
caused by glucose starvation and activating the expression of
genes involved in the utilization of alternative carbon sources
(26). E. coli FNR senses the changes in redox state (e.g., the
decreasing availability of oxygen) through a polynuclear iron-
sulfur center whose presence enhances DNA binding, resulting
in transcriptional activation of genes involved in anaerobic
respiration (38). Apart from these archetypes of the CRP-FNR
superfamily, there are several members that use other effector
molecules that can stimulate or repress the expression of met-
abolic genes by causing structural changes in the DNA-binding
domain of the corresponding regulator (18, 27). Binding of
carbon monoxide to CooA from Rhodospirillum rubrum is nec-
essary for the ability to regulate the expression of genes for
CO-oxidative growth (19). NtcA, a regulator of nitrogen bal-
ance in Anabaena spp., is activated by 2-oxoglutarate (39),

while the FNR-like protein (FLP) in Lactococcus lactis is ac-
tivated by the formation of an intramolecular disulfide bridge
between Cys5 and Cys102 caused by oxidative stress (14).

A branch of the CRP-FNR family that has recently emerged,
CprK, includes transcriptional regulators that mediate the re-
sponse to halogenated aromatic compounds. Halogenated hy-
drocarbons with a high degree of substitution are chemically
very stable under anaerobic conditions; they are persistent and
can cause toxic effects for a long time (43). Several recently
discovered strictly anaerobic bacteria are capable of halorespi-
ration, a novel respiratory pathway in which halogenated hy-
drocarbon compounds serve as terminal electron acceptors
(13). During halorespiration, one or more halogen atoms are
reductively removed from the halogenated hydrocarbon while
energy is conserved via electron transport-coupled phosphory-
lation. An important group among halorespiring bacteria con-
sists of members of the genus Desulfitobacterium, which belong
to the low-G�C gram-positive bacteria and show high meta-
bolic versatility in their capability to degrade halogenated phe-
nol derivatives. Desulfitobacterium dehalogenans can reduc-
tively dechlorinate halogenated phenolic compounds at the
ortho position (41), while Desulfitobacterium hafniense DCB-2
can dechlorinate 3,5-dichlorophenol at the meta position in
addition to ortho-substituted compounds (10). The reductive de-
halogenase CprA has been isolated from D. dehalogenans; it cat-
alyzes the dechlorination of 3-chloro-4-hydroxyphenylacetic acid
(Cl-OHPA) at the ortho position (42). The corresponding cprA
gene was isolated and found to be located in a chlorophenol
reductive dehalogenase gene cluster containing cprTKZEBACD
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open reading frames (37). Transcription of the cpr gene cluster
was initiated from three promoters under halorespiring condi-
tions, resulting in cprT, cprZE, and cprBA or cprBACD transcripts,
while cprK was constitutively transcribed at a basic level. The
deduced amino acid sequence of the protein encoded by cprK
showed significant homology to members of the CRP-FNR fam-
ily, suggesting a possible role in transcriptional regulation of the
cpr gene cluster. In addition, putative regulator binding sites were
identified in the three promoter regions that resembled the FNR
consensus TTGAT----ATCAA (37). Recently, biochemical stud-
ies have proved that CprK from D. dehalogenans is a transcrip-
tional activator that binds Cl-OHPA with high affinity, resulting in
an active DNA-binding conformation that enables CprK to bind
to a specific DNA sequence, TTAATacgcACTAA, located in the
promoter region of cprBA (31). CprK was subject to inactivation
by diamide, which converts free thiols to disulfides, suggesting a
putative role of redox regulation in activation of CprK mediated
by one or more of the five cysteines present in the protein.

The recently elucidated genome sequence of D. hafniense
DCB-2 (www.jgi.doe.gov) revealed the presence of several
cprK homologues (36). The cprK1 gene is situated in a cpr gene
cluster that contains cprTK1ZEBA1C open reading frames,
among which the product of the cprA1 gene, a Cl-OHPA re-
ductive dehalogenase, has been isolated and characterized
(11). This reductive dehalogenase was isolated from D. hafni-
ense cells grown on pyruvate as an electron donor and Cl-
OHPA as an electron acceptor. It was reported that, when the
cells were grown in a medium containing fumarate instead of
Cl-OHPA as an electron acceptor, no dehalogenation activity
could be detected, suggesting strong induction of the corre-
sponding cprA1 gene by Cl-OHPA. In our study, we have
functionally overexpressed the gene encoding CprK1 and pu-
rified the protein in order to study its interaction in vivo and in
vitro with three putative target sequences (dehaloboxes) in the
promoter regions of the cprT, cprZ, and cprB genes. Next, we
have investigated the DNA-protein contact in detail, using a
CprK1 mutant with altered DNA-binding specificity. Finally,
the question of possible redox regulation of this CprK homo-
logue was also addressed with the help of CprK1 Cys3Ser
mutants.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Desulfitobacterium hafni-
ense DCB-2 was grown in phosphate-bicarbonate buffered medium with a low
chloride concentration (21) under N2/CO2 (80:20) headspace at 37°C. Electron
donors and acceptors were added to the medium from aqueous, anaerobic,
sterile stock solutions. D. hafniense was grown fermentatively with 40 mM pyru-
vate, or under halorespiring conditions in the presence of 20 mM pyruvate and
20 mM Cl-OHPA. Escherichia coli DH5� was used as a host for cloning vectors.
Two overproduction strains were used in this study: E. coli BL21(DE3), to obtain
recombinant protein for purification, and E. coli JM109(DE3), for in vivo pro-
moter activity measurements. All E. coli strains were grown in Luria-Bertani
(LB) medium at 37°C (unless stated otherwise), and kanamycin (30 �g/ml) or
erythromycin (200 �g/ml) was added when appropriate.

DNA isolation, cloning, and site-directed mutagenesis. D. hafniense chromo-
somal DNA was isolated by first mechanically disrupting the cells by bead beating
and then purifying by using the Bio 101 DNA isolation kit according to standard
protocols provided by the manufacturer (Geneclean). Desired DNA fragments
were PCR amplified from D. hafniense genomic DNA as a template, digested
with restriction endonucleases, purified from an agarose gel, and finally ligated
into a linearized pET24d expression vector (the cprK1 gene and its mutant
derivatives) or into pAK80 (promoter fragments). The plasmids and primers
used in this study are listed in Tables 1 and 2, respectively. Different protocols
were used to introduce single-nucleotide changes into the DNA sequence: the
ExSite (Stratagene) method was used to create CprK1(V192E) by replacing a
GTC codon with GAG; QuikChange (Stratagene) was used to replace TGT

TABLE 1. Plasmids used in this study

Plasmid Description Reference
or source

pET24d 5.3-kb expression vector, pMB1 ori, Kanr, T7 promoter Novagen
pAK80 11.0-kb shuttle vector, p15A/L. lactis ori, Eryr, promoterless lacLM genes 22
pWUR89 cprK1 gene cloned in frame with six-His translational fusion in pET24d using primers BG1379 and BG1380 This work
pWUR166 266-bp cprE-cprB intergenic region cloned into pAK80 using BG1704 and BG1743, resulting in DB3::lacLM

promoter fusion
This work

pWUR168 322-bp cprK1-cprZ intergenic region cloned into pAK80 using BG1702 and BG1742, resulting in DB2::lacLM
promoter fusion

This work

pWUR171 164-bp cprK1-cprT intergenic region cloned into pAK80 using BG1699 and BG1782, resulting in DB1::lacLM
promoter fusion

This work

pWUR172 CprK1(V192E)-encoding plasmid, pWUR89 derivative This work
pWUR175 pWUR166 with TTAAT(N4)ATTAA3TTGAT(N4)ATCAA substitution resulting in DB3FNR::lacLM

promoter fusion
This work

pWUR176 cprK1 gene cloned into pET24d using primers BG1379 and BG1814 This work
pWUR210 CprK1(C11S)-encoding plasmid, pWUR176 derivative This work
pWUR211 CprK1(C200S)-encoding plasmid, pWUR176 derivative This work

TABLE 2. Oligonucleotide primers used in this study

Primer Sequencea Orien-
tationb

BG1379 GCGCGCCATGGCTGTTGAAGGTTTGGGCAAGG S
BG1380 CGCGCGGATCCGAGTAATACGATGTTTGTTCAG A
BG1699 GCGGATCCACCCATGAGAAATTTGTGCATGG S
BG1702 GCGGATCCAGCTGCTCATTGTTCAAAGC A
BG1704 GCGGATCCGCTATAAAAACTAAAAATGTACC A
BG1742 GCGCAAGCTTGATAAGAAAAAGAATAAAA

TCATCG
S

BG1743 GCGCAAGCTTGGCCAAGGTCGCCATGACG S
BG1748 GGTTGAGAAATTCAGGTAAAG S
BG1749 GGATCACATACGCAAGTATTAATG A
BG1782 GCGCAAGCTTCGTTTCACTTTGTGATATTGAC A
BG1814 CGCGCGGATCCTAGTAATACGATGTTTGTTCAG A
BG1942 GCAGTCTTTATGCTCCGAAATG S
BG1943 GTGATATTGACTATACCG A
BG1944 CCTGCTTCAAAAAATATCTCC S
BG1945 CTAATACATAAAAAGAAGCTG A

a Introduced endonuclease restriction sites are underlined.
b S, sense primer; A, antisense primer.
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codons with TCT, resulting in the CprK1(C11S) and CprK1(C200S) mutants;
and finally, the overlap extension protocol (20) was used to change both half-sites
of the inverted repeat in DB3 from 5�-TTAAT-3� into 5�-TTGAT-3�.

Overproduction and purification of wild-type and mutant CprK1. E. coli
BL21(DE3) carrying one of the pET24d derivatives (Table 1) was grown in LB
medium at 37°C until the A600 reached 0.6. At this point, 0.1 mM isopropyl-�-
D-thiogalactopyranoside (IPTG) was added to the medium and incubation was
continued at 20°C overnight (O/N) to facilitate overproduction of CprK1 in the
soluble protein fraction. Cells were collected by centrifugation at 4°C, then resus-
pended in 1/20 volume buffer A (50 mM sodium phosphate buffer [pH 7.0], 100 mM
NaCl) and disrupted by a French press at 100 MPa. Cell debris was removed by
centrifugation at 4°C and 16,000 � g for 30 min. The supernatant was applied to a
HiPrep 16/10 heparin FF column (Amersham Biosciences) that was preequilibrated
with buffer A. Unbound proteins were washed with 8 column volumes of buffer A,
and CprK1 was subsequently step-eluted using buffer B (50 mM sodium phos-
phate buffer [pH 7.0], 300 mM NaCl). Fractions that contained the recombinant
protein were pooled and concentrated using Vivaspin 10,000-molecular-weight-
cutoff devices (Vivascience). Concentrated samples were applied to a Tricorn
Superdex 200 10/300 GL gel filtration column (Amersham Biosciences) pre-
equilibrated with buffer C (50 mM Tris-HCl [pH 7.0], 100 mM NaCl). Denatur-
ing gel electrophoresis of the protein samples was done in a 10% polyacrylamide
gel. Protein concentrations were determined using the method developed by
Bradford (6).

EMSA. Three D. hafniense promoter regions were PCR amplified using Pfu
DNA polymerase from D. hafniense genomic DNA as a template. The 60-bp
cprK1-cprT intergenic region with dehalobox DB1 was amplified by primers
BG1942 and BG1943. The 63-bp cprK1-cprZ intergenic region with dehalobox
DB2 was amplified using primers BG1944 and BG1945. Dehalobox DB3, cen-
tered in a 52-bp cprE-cprB intergenic region, was amplified using primers
BG1748 and BG1749. PCR-amplified fragments were loaded onto a nondena-
turing 10% polyacrylamide gel, excised, and extracted by a modified “crush-and-
soak” method. NEW buffer (10 mM Tris-HCl [pH 8.0], 750 mM NaCl, 10 mM
EDTA, 0.5% sodium dodecyl sulfate [SDS], 40 �g/ml glycogen) was used to
incubate the crushed gel piece O/N at 50°C with continuous shaking (1,400 rpm).
After incubation, the gel pieces were separated from the aqueous phase by using
a Bio-Spin chromatography column (Bio-Rad); then the supernatant was treated
with phenol-chloroform, followed by ethanol precipitation of DNA. The pro-
moter fragments were radioactively labeled at the 5� end using [�-32P]ATP and
T4 polynucleotide kinase. Unincorporated radioactive nucleotides were removed
with the help of Bio-Spin P30 columns (Bio-Rad). Purified CprK1 protein for
electrophoretic mobility shift assay (EMSA) experiments was obtained from
fractions eluted from the heparin chromatography column and buffer exchanged
into 50 mM Tris-HCl buffer (pH 7.5). EMSA reaction mixtures (20 �l) contained
1� POP buffer (20% glycerol, 50 mM Tris-HCl [pH 7.5], 5 mM MgCl2, 2.5 mM
EDTA, 250 mM NaCl), 1 mM dithiothreitol, 1 �g poly(dG-dC)–poly(dG-dC), 25
�M Cl-OHPA or 250 �M 4-OHPA, purified CprK1, and approximately 1 nM
32P-labeled DNA. The reaction mixtures were first incubated at 24°C for 30 min
to allow complex formation, then loaded onto a 6% polyacrylamide gel buffered
with 89 mM Tris and 89 mM boric acid (ca. pH 8.1), and electrophoresed at a
constant current of 10 mA at 4°C, followed by drying and autoradiography.

In vivo promoter probe assay. E. coli JM109(DE3) cells were cotransformed
with a pET24d expression vector carrying the wild-type cprK1 gene or one of its

mutated derivatives and a pAK80 plasmid carrying either the DB1::lacLM,
DB2::lacLM, DB3::lacLM, or DB3FNR::lacLM promoter fusion (Table 1). Each
experiment was carried out in triplicate. A 50-ml volume of LB medium was
supplemented with kanamycin (30 �g/ml) and erythromycin (200 �g/ml), inoc-
ulated with 1% O/N-grown bacterial culture, and then placed on a rotary shaker
at 37°C until an A600 of 0.3 was reached. At this point, 0.1 mM IPTG was added
to the culture, as well as 20 mM Cl-OHPA when appropriate, and a time zero
sample was taken. The Erlenmeyer flasks were transferred to a 20°C incubator
and were continuously shaken O/N. �-Galactosidase activity was measured as
described by Sambrook et al. (33), except that prior to measurement of adsorp-
tion of o-nitrophenol at 420 nm, reaction mixtures were centrifuged for 2 min at
14,000 � g to remove cell particles. Hence, correction with the A550 values was not
necessary. Throughout this study, 1 Miller unit was defined as follows: 1,000 �
A420/(t · v · OD600) where t is reaction time, v is sample volume, and OD600 is the
optical density of the culture at 600 nm at the time the sample was taken.

RESULTS AND DISCUSSION

Desulfitobacterium hafniense cpr gene cluster. The gene
coding for CprK1 protein accession number ZP_00558871.1) is
located in the 7-kb chlorophenol reductive dehalogenase gene
cluster of the Desulfitobacterium hafniense genome (Fig. 1A).
In analogy to the situation in D. dehalogenans (37), members of
the cpr gene cluster code for proteins with known or putative
functions in halorespiration: cprT encodes a putative trigger
factor (proline cis/trans isomerase), the product of cprE has
homology to GroEL-type chaperones, CprB is a probable
membrane anchor for the product of the downstream cprA1, a
Cl-OHPA reductive dehalogenase (11), and cprC is expected
to code for a NosR/NirI-type transcriptional regulator. Apart
from the orthologous gene in the D. dehalogenans cpr gene
cluster, no homologue of cprZ could be identified in sequence
databases. The deduced amino acid sequence of the protein
encoded by cprK1 is 232 amino acids long and has a molecular
size of 26.5 kDa with an isoelectric point of 8.1. CprK1 shows
94% sequence similarity (89% identity) to D. dehalogenans
CprK, 41% similarity (20% identity) to E. coli FNR, and 44%
similarity (21% identity) to E. coli CRP. Three putative CprK1
binding sites (dehaloboxes) were identified as 14-bp inverted
repeats in the intergenic regions of cprT-cprK1 (DB1), cprK1-
cprZ (DB2), and cprE-cprB (DB3) (Fig. 1B). They all contain
a 5-bp palindromic sequence that is separated by 4 spacing
nucleotides. The deduced consensus sequence for dehaloboxes
is TTAAT----ATTAA, which closely resembles the FNR con-
sensus TTGAT----ATCAA (17) and more distantly resembles

FIG. 1. (A) Desulfitobacterium hafniense chlorophenol reductive dehalogenase gene cluster. (B) Alignment of three D. hafniense intergenic
regions containing 14-bp inverted repeats termed “dehaloboxes” (DB1 to DB3) with the corresponding cprE-cprB intergenic region from D.
dehalogenans. Positions of dehaloboxes (boldfaced), putative Pribnow boxes (underlined), and the transcription start site previously mapped in D.
dehalogenans are indicated with arrows above the DNA sequence alignment. The proposed consensus sequence for dehaloboxes is given below the
sequence alignment.
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the target sequence of CRP, TGTGA------TCACA (26). The
three dehaloboxes are centered at �41.5 relative to putative
Pribnow boxes (�10), suggesting that these promoters share
similar characteristics with class II promoters (7). Sequence
alignment of D. hafniense dehaloboxes (DB1, DB2, and DB3)
with the corresponding cprE-cprB intergenic region from D.
dehalogenans, for which the transcription start site has been
mapped (37) (Fig. 1B), further confirms that these promoters
belong to class II.

Overproduction and purification of CprK1. A 699-bp DNA
fragment coding for CprK1 was PCR amplified from D. hafni-
ense genomic DNA using primers BG1379 and BG1814 and
cloned into a pET24d overexpression vector, resulting in plas-
mid pWUR176. E. coli BL21(DE3) cells carrying pWUR176
were grown aerobically until early-exponential-growth phase;
then overproduction of CprK1 was induced upon addition of
0.1 mM IPTG, followed by O/N cultivation at 20°C. The re-
combinant protein contributed to approximately 15% of the
total cell protein content, and O/N cultivation of the cells at a
low temperature resulted in approximately 50% CprK1 being
produced in the soluble cytoplasmic fraction. CprK1 was pu-
rified in two steps (Fig. 2). First, cell extracts were applied to a
HiPrep heparin column, a general affinity chromatography ma-
trix for DNA-binding proteins. Weakly bound CprK1 was
eluted by increasing the concentration of NaCl from 100 mM
to 300 mM. Pooled fractions that contained CprK1 were con-
centrated and applied to a Tricorn Superdex gel filtration col-
umn. The total yield of purified CprK1 was 3 mg protein per
liter of bacterial culture. Purified recombinant CprK1 had the
expected molecular size of 26.5 kDa (estimated from an SDS-
polyacrylamide gel electrophoresis gel). Gel filtration experi-
ments indicated that under these conditions CprK1 exists as a
dimer (data not shown).

In vitro DNA-binding properties of CprK1. The interac-
tion between the putative transcriptional regulator CprK1 and
DNA was first investigated in detail by EMSA using a 52-bp
cprE-cprB intergenic region that contained dehalobox DB3, a
14-bp perfect inverted repeat (TTAATacacATTAA), as a pu-
tative binding target. Binding reactions with increasing
amounts of purified CprK1 protein were carried out in the
presence of 25 �M Cl-OHPA, a compound that is known to be
a substrate for the Cl-OHPA reductive dehalogenase enzyme

encoded by the downstream cprA1 gene. Formation of protein-
DNA complexes was observed at CprK1 concentrations as low
as 10 nM, indicating a high affinity of CprK1 for its target DNA
(Fig. 3). All target DNA was in the complexed form when 200
nM CprK1 was added to the EMSA binding mixture. By cal-
culating the ratio between free DNA and CprK1-bound DNA,
a dissociation constant (KD) of approximately 90 nM was de-
termined for the CprK1–DB3 complex. Binding of CprK1 to
DNA was observed only in the presence of Cl-OHPA. When
Cl-OHPA was omitted from the binding reaction mixture or
when it was replaced by its dechlorinated derivative, 4-OHPA,
we could not observe any protein-DNA complex formation,
which indicates a very specific allosteric effect of Cl-OHPA on
CprK1. Titrating a constant amount of CprK1 (150 nM) with
increasing amounts of Cl-OHPA in the binding mixtures (from
0.25 �M to 50 �M) resulted in a binding constant of Cl-OHPA
to CprK1 of approximately 0.4 �M. These results correlate
well with that obtained for D. dehalogenans CprK (31). CprK
shows high affinity (KD, 190 nM) to a 193-bp cprB promoter
fragment from D. dehalogenans that contains a TTAATacgcA
CTAA inverted repeat. DNA binding of CprK was observed
only in the presence of Cl-OHPA, not with 4-OHPA, 2-Cl-PA,
or cAMP. The affinity of CprK to Cl-OHPA was determined
under two conditions: in the presence of target DNA (KD, 0.4
�M) and by isothermal titration calorimetry measurement in
the absence of DNA (KD, 3.4 �M) (31).

Besides the detailed study of the interaction between dehalo-
box DB3 and CprK1, we also carried out EMSA experiments
with two other predicted target sites for CprK1. These target
sites are: dehalobox DB1, in the center of the 60-bp intergenic
region of cprT-cprK1, and dehalobox DB2, in the center of the
63-bp intergenic region of cprK1-cprZ. The binding reactions
were carried out in the presence of 25 �M Cl-OHPA, 50 to 90
cps 32P-labeled DNA, and 100 nM CprK1. The results clearly

FIG. 2. Purification of CprK1. The SDS-PAGE gel shows consec-
utive steps of CprK1 purification: Lane 1, cell extract (35 �g); lane 2,
heparin affinity chromatography (35 �g); lane 3, gel filtration chroma-
tography (12 �g).

FIG. 3. Interaction of purified CprK1 with the cprE-cprB intergenic
region containing dehalobox DB3. An electrophoretic mobility shift
assay was performed in the presence (�) or absence (�) of 25 �M
Cl-OHPA or 250 �M 4-OHPA using approximately 1 nM 32P-labeled
DNA and increasing amounts of CprK1 protein. Concentrations of
CprK1 in lanes are as follows, from left to right: 0, 10, 20, 50, 100, 200,
300, 500, 1,500, 1,500, and 1,500 nM.
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show that all intergenic regions contain a binding site for
CprK1, but under the conditions used, CprK1 shows different
affinities toward them (Fig. 4). CprK1 binds dehalobox DB1
with similar affinity as it does the well-studied DB3, while
clearly less protein-DNA complex is formed with DB2 as a
target DNA sequence at the same CprK1 concentration. The
optimal binding site (DB3) for CprK1 contains a perfect in-
verted repeat, TTAAT----ATTAA, that we propose to be the
consensus sequence for dehaloboxes. Deviation from this con-
sensus is likely to influence the DNA-binding affinity of CprK1.
DB1 has one mismatch at position 4 compared to the consen-
sus sequence (T replaces the preferred A), while DB2, the least
optimal binding site, has two substitutions (A is replaced by G
and T is replaced by C at the twofold-symmetry-related positions
4 and 11, respectively) (Fig. 1). Decreased binding affinity is prob-
ably caused by the elimination of a positive interaction (H bond)
between the side chain amino group of Arg196 and the C-2 atom
of thymine at positions 4 and 11 when G · C/C · G base pairs
replace the A · T/T · A base pairs. The identity of the four
bases between the inverted repeats can also influence the
binding affinity, although they do not directly interact with
the regulator protein (35). However, findings that FNR-
regulated class I or class II promoters have highest activity
when the middle two base pairs in the spacing nucleotides
are A or T are not applicable in the case of the dehaloboxes
studied here.

In vivo interaction of CprK1 with E. coli RNA polymerase.
We have shown that CprK1 can bind to its target dehaloboxes
(DB1, DB2, and DB3) in vitro in the presence of Cl-OHPA. In
order to investigate whether this protein is capable of initiating
transcription in concert with the RNA polymerase holoen-
zyme, we have constructed a fusion between three D. hafniense
promoters containing DB1, DB2, or DB3 and the �-galac-
tosidase-encoding lacLM genes on plasmid pAK80 (22). The
resulting promoter-fusion products were DB1::lacLM on
pWUR171 (containing a 164-bp cprK1-cprT intergenic region),
DB2::lacLM on pWUR168 (containing a 322-bp cprK1-cprZ
intergenic region), and DB3::lacLM on pWUR166 (containing
a 266-bp cprE-cprB intergenic region). E. coli JM109(DE3)

cells were cotransformed with one of the pAK80 constructs
and with pWUR176 containing the cprK1 gene under the con-
trol of an IPTG-inducible T7 promoter. During the promoter
probe assay, CprK1 production in aerobically grown E. coli
JM109(DE3) cells was induced by the addition of 0.1 mM
IPTG followed by O/N growth at 20°C under two different
conditions: in the presence of 20 mM Cl-OHPA or without
additional effector. The pattern of �-galactosidase expression
mediated by CprK1 was similar for all three promoters (Fig. 5).
There was little detectable �-galactosidase activity in cells
grown in the absence of effector molecules. Maximal activity
was observed in cells cultured in a medium supplemented with
20 mM Cl-OHPA. Control experiments were done with
IPTG-induced cells carrying an empty pET24d expression
vector instead of pWUR176. Under these growth condi-
tions, E. coli strain JM109(DE3) exhibits low-level (4 to 6
Miller units) native �-galactosidase background activity
(data not shown), possibly originating from phospho-�-ga-
lactosidase encoded by the bgi operon. The measured �-ga-
lactosidase activities correlate well with the affinity of CprK1
toward these dehaloboxes, deduced by the ratio of free versus
complexed DNA in electrophoretic mobility shift assays, with
DB3::lacLM having the highest promoter activity and DB2::
lacLM showing the lowest.

In vivo promoter probe experiments showed that CprK1 is
capable of Cl-OHPA-dependent initiation of transcription by
enabling the recruitment of the E. coli RNA polymerase. The
�41.5 position of the target sites (dehaloboxes) of CprK1
relative to the putative Pribnow boxes (�10) places these
halorespiration-inducible promoters within class II promoters
(Fig. 1B). The class II-type contact between E. coli CRP or
FNR and the RNA polymerase complex (RNAP) has been
thoroughly investigated, and three contact sites (activating re-
gions [AR]) have been identified in the regulators (15). AR1
makes contact with a conserved region (“287 determinant”) of
the C-terminal domain of the RNAP � subunit (�CTD) (5),
while AR2 interacts with four negatively charged amino acids
of the N-terminal domain of the � subunit (�NTD) (8). The

FIG. 4. Interaction of CprK1 with dehaloboxes DB1, DB2, and
DB3. An electrophoretic mobility shift assay was carried out in the
presence (�) or absence (�) of 100 nM CprK1 protein, 25 �M Cl-
OHPA, and one of the three 32P-labeled DNA-containing dehaloboxes
DB1, DB2, and DB3 as indicated above the gel.

FIG. 5. In vivo DNA-binding properties of CprK1. In E. coli cells
CprK1 was overproduced in the presence of one of the three D.
hafniense promoters containing dehalobox DB1, DB2, or DB3 fused
with the lacLM genes. Aerobic E. coli cultures were grown under two
different conditions: in the presence of 20 mM Cl-OHPA (solid bars)
or in the absence of the effector (shaded bars). Promoter activity was
expressed by measuring �-galactosidase activity (Miller units).
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third possible interaction site (AR3) in CRP or FNR targets a
conserved region in the 	70 factor of the RNA polymerase
holoenzyme (28, 32). This conserved region of 	70 (“region 4”)
contains five positively charged amino acids. Sequence align-
ments of the corresponding subunits of the E. coli and D.
hafniense RNAP show that amino acids for AR1 and AR3
contact are conserved in D. hafniense RNAP, while the char-
acteristic negatively charged amino acids for AR2 contact are
missing. Using sequence alignment of D. dehalogenans CprK
and five D. hafniense CprK homologues with E. coli CRP and
FNR, and using the secondary structure of CRP (34), we have
identified conserved amino acids that are likely to be involved
in the regulatory protein–RNAP interaction (Fig. 6). These
amino acids in CprK1 are residues 56 to 60 (�3-�4 turn in
CRP) and residues 99 to 104 (�8-�9 turn in CRP), which
aligned well with AR1 structures of FNR, the positively
charged surface-exposed residue Arg35 (AR2), and the con-
served residues Ile66, Glu68, Asp69, Gly70, and Glu72, three
of which are negatively charged (AR3).

Transcriptional activation by an FNR-type mutant protein,
CprK1(V192E). The dehalobox consensus sequence (TTAAT----
ATTAA) is highly similar to the consensus binding sequence of
FNR (TTGAT----ATCAA) except that at the twofold-related
positions 3 and 12, base pairs A · T/T · A are conserved in all
dehaloboxes (Fig. 1B), while base pairs G · C/C · G are present
without exception in FNR boxes. Recognition by wild-type
FNR is abolished if the TTGAT----ATCAA motif is changed
into TTAAT----ATTAA by a base pair substitution at positions
3 and 12 (4). It is known that in the recognition �-helix of FNR,
Glu209 is involved in making essential hydrogen bonds with
cytosine at positions 3 and 12 of the FNR box sequence (15).
This glutamate (E209–RS) is highly conserved in other FNR
homologues. However, at the same position in CprK1 and all
other CprK homologues, a valine is present (V192–RS) (Fig. 6).
In order to see if a single amino acid change in the recognition
�-helix of CprK1 would result in altered DNA target sequence
specificity, we have replaced valine at position 192 by a gluta-
mate. CprK1 was mutated by replacing a GTC codon with

FIG. 6. Sequence alignment of E. coli CRP and FNR proteins with D. dehalogenans CprK and five D. hafniense CprK homologues (CprK1 to
CprK5). Essential FNR/CRP residues (AR) previously identified to be involved in RNA polymerase contact are indicated above the alignment as
follows: rectangles, AR1; circles, AR2; diamonds, AR3. The secondary structure of E. coli CRP is given below the sequence alignment (
, �-helix;
�, �-sheet). Vertical arrows indicate amino acids that are conserved in most CprK homologues and correspond to AR1, AR2, or AR3. In boxes,
amino acids are highlighted that correspond to the position of the nonconserved Cys11 and Cys200 residues in D. hafniense CprK1, capable of
intermolecular disulfide bridge formation, and to the position of Val192 in the recognition �-helix of CprK1, which is conserved in all CprK
homologues and corresponds to the Glu181 and Glu209 residues, essential for specific DNA binding in CRP and FNR, respectively. Protein
accession numbers (based on the D. hafniense genome sequence, version of 24 June 2005) are as follows: ZP_00558871.1 (CprK1), ZP_00558892.1
(CprK2), ZP_00558887.1 (CprK3), ZP_00560926.1 (CprK4), and ZP_00559167.1 (CprK5).
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GAG in pWUR89, a plasmid carrying the wild-type cprK1 gene
cloned in frame with a six-His translational fusion. The result-
ing pWUR172 plasmid codes for CprK1(V192E), a protein
that has FNR-type conserved residues in its recognition �-helix
(E192–RS).

E. coli JM109(DE3) cells were cotransformed with pWUR166
containing the DB3::lacLM promoter fusion and either the
pWUR89 or the pWUR172 plasmid. Cells were grown aerobi-
cally until mid-exponential-growth phase, when production of
wild-type CprK1 or CprK1(V192E) was induced by addition of
0.1 mM IPTG, and cells were allowed to grow O/N at 20°C in the
presence of 20 mM Cl-OHPA. Activation of transcription by
CprK1(V192E) from the TTAATacacATTAA motif-containing
promoter was completely abolished (Fig. 7). The �-galactosidase
activity measured in cultures overproducing CprK1(V192E) was
not higher than the control background level.

In order to see if the Val192Glu substitution in CprK1 has
enabled this protein to recognize an FNR box, we mutated
dehalobox DB3 (TTAATacacATTAA) at both half-sites of the
inverted repeat into a consensus FNR-binding site, resulting in
DB3FNR (TTGATacacATCAA). A 266-bp cprE-cprB inter-
genic region containing DB3FNR was fused to the promoterless
lacLM reporter genes. The resulting construct, designated
pWUR175, is identical to pWUR166 except for the single-
base-pair substitutions in each half-side of the dehalobox. The
loss of activity of CprK1(V192E) was restored more than 13-
fold (to approximately 25% of the activity of wild-type CprK1)
on a promoter containing the TTGAT----ATCAA motif in
DB3FNR::lacLM (Fig. 7). Interestingly, wild-type CprK1 showed
similar activity on promoters containing either DB3 or DB3FNR,
suggesting a lack of preference of Val192 toward A · T or G ·
C base pairs at position 3 and toward T · A or C · G base pairs
at position 12 in its target sequence. Likewise, an FNR mutant
in which Glu209 was replaced by a valine also gained the ability
to interact with an altered FNR box containing A · T at posi-
tion 3 and T · A at position 12 (3).

Similar observations were made with a mutant CRP. In the
recognition �-helix of CRP, a glutamate at position 181

(RE181---R) is essential for the recognition of the G · C base
pair at position 4 and C · G at position 13 in its target sequence,
TGTGA------TCACA (15) (Fig. 6). The twofold-related posi-
tions 4 and 13 in CRP boxes correspond to positions 3 and 12
in FNR boxes and dehaloboxes. It was shown that replacement
of Glu181 in CRP by valine or leucine results in the com-
plete elimination of specificity between G · C, A · T, C · G,
and T · A bases at the corresponding positions 4 and 13 (12).

It is very likely that CprK1 could recognize a motif with any
of the four nucleotides at positions 3 and 12. However, despite
the lack of a favorable interaction of Val192 in CprK1 with any
of the nucleotides, strong conservation of the A · T base pair at
position 3 and the T · A base pair at position 12 occurs in
dehaloboxes (Fig. 1). Another transcriptional regulator, NtcA
from Anabaena sp. strain PCC 7120, shares similar features. In
NtcA a valine is conserved at the position that corresponds to
Val192 in CprK1, and the deduced NtcA-binding DNA motif
(TGTA--- - - - - -TACA) also has conserved A · T/T · A base
pairs in the corresponding positions 4 and 13 (23).

A homology search showed that the genome sequence of D.
hafniense contains at least two FNR homologues protein ac-
cession numbers ZP_00560130 and ZP_00558676) with an
E–RS motif in their recognition �-helices that can probably
recognize an FNR box but not a dehalobox. We hypothesize
that the conservation of A · T/T · A base pairs at the twofold-
related positions 3 and 12, respectively, was fixed in deha-
loboxes to eliminate cross talk between structurally related but
functionally different CRP/FNR-type regulators, i.e., to avoid
false induction of halorespiration genes by these FNR homo-
logues. On the other hand, since wild-type CprK1 is theoreti-
cally able to bind both to dehaloboxes and to FNR boxes in the
presence of Cl-OHPA (Fig. 7), the same issue of cross talk
mediated by CprK1 remains open. Since the two FLPs in D.
hafniense do not contain the conserved cysteine residues of E.
coli FNR (except for a cysteine in ZP_00560130 that corre-
sponds to Cys122 of E. coli FNR) (16), they are not likely to
sense redox changes through the incorporation of an Fe-S
cluster. Thus, the identity of possible effector molecules for
these FNR homologues, as well as their target genes, remains
a question. It is likely that the target promoters of the FNR
homologues contain more than one regulator binding site
(complex bacterial promoters, reviewed by Barnard et al. [2]);
therefore, either cross talk of CprK1 with other FNR homo-
logues can be prevented by the existence of a repressor that
does not allow binding of, and transcriptional initiation by,
CprK1 on FNR-regulated promoters or, alternatively, tran-
scriptional initiation requires an interaction of two regulators
that is possible only between the FNR homologue and the
unknown regulator and not with CprK1.

Is CprK1 subject to redox regulation? The crystal structure
of D. hafniense CprK1 shows the presence of two intermolec-
ular disulfide bridges that connect Cys11 of monomer A with
Cys200 in monomer B and vice versa (M. G. Joyce et al.,
unpublished data). Electrophoretic mobility shift assays have
already indicated that oxidized CprK1 is not able to bind its
target DNA (data not shown), an observation similar to those
made with CprK from D. dehalogenans by Pop et al. (31). Since
these experiments were performed in vitro, the question re-
mained whether the Cys11–Cys200 disulfide bridge in CprK1 is
physiologically relevant. In other words, is CprK1 subject to

FIG. 7. Transcriptional activation by the FNR-type mutant CprK1
(V192E). In vivo promoter probe assays were carried out with aerobi-
cally grown E. coli JM109(DE3) cells overproducing wild-type CprK1
(solid bars) or CprK1(V192E) (dark shaded bars) or carrying an empty
pET24d expression vector (light shaded bars). All experiments were
done in the presence of 20 mM Cl-OHPA with cells carrying either a
DB3::lacLM promoter fusion or a DB3FNR::lacLM promoter fusion.

2610 GÁBOR ET AL. J. BACTERIOL.



redox regulation in the cytoplasm by a disulfide-thiol exchange
reaction? If this were the case, then replacement of the two
cysteine residues with serine would result in a constantly active
CprK1 protein that would be insensitive to oxidation and
would activate transcription in vivo more efficiently than wild-
type protein.

We have created two single-amino-acid substituted mutants
of CprK1 by replacing a TGT codon with TCT in pWUR176,
resulting in plasmid pWUR210, encoding the CprK1(C11S)
variant, and plasmid pWUR211, encoding the CprK1(C200S)
protein. Both mutant proteins were overproduced and puri-
fied. SDS-PAGE of protein samples that were heat denatured
in the presence or absence of 5% �-mercaptoethanol proved
that CprK1(C11S) and CprK1(C200S) are not capable of in-
termolecular disulfide bridge formation (Fig. 8A). However,
gel filtration experiments showed that CprK1(C11S) and
CprK1(C200S) still existed as homodimers in solution, which
indicated that the disulfide bridge is not essential for dimer
formation. To test their in vivo activity, we cotransformed
E. coli JM109(DE3) cells with pWUR166 containing the
DB3::lacLM fusion and either pWUR210 or pWUR211. E. coli
cells were grown aerobically until mid-exponential phase; then
CprK1 production was induced by addition of 0.1 mM IPTG
and was continued in the presence or absence of 20 mM Cl-
OHPA at 20°C. �-Galactosidase activity was measured after
O/N growth. There was no significant difference between the
transcriptional activation mediated by wild-type CprK1 and
that mediated by CprK1(C11S) (Fig. 8B). The mutant CprK1
(C200S) had 340% of wild-type activity in the presence of
Cl-OHPA, but its effector-free activity was also significantly
higher (28 times) than the wild-type background, indicating
most likely that the CprK1(C200S) mutant was overproduced
to a greater extent in the soluble cytoplasmic fraction than the
wild type or the CprK1(C11S) mutant. This hypothesis is sup-
ported by in vitro observations in EMSA experiments where
CprK1(C200S) did not show increased DNA-binding affinity

compared to equal amounts of wild-type CprK1 under reduc-
ing conditions (data not shown). In conclusion, in vivo tran-
scriptional activation experiments by CprK1 and its single-
amino-acid substituted derivatives CprK1(C11S) and CprK1
(C200S) suggest that recombinant CprK1 does not contain a
disulfide bridge in the cytoplasm of aerobically cultivated E.
coli cells.

There is further evidence that supports this hypothesis. First
of all, the midpoint redox potential of E. coli cytoplasm is
��250 mV (40), which strongly disfavors the formation of
stable disulfide bonds in proteins. Thus, it is generally accepted
that in the absence of enzymatic systems (e.g., thiol-disulfide
oxidoreductases), the formation of cysteine-cysteine linkages
in the cytoplasm is extremely slow (24). However, an increasing
number of transcriptional regulators that undergo a temporary
thiol-disulfide exchange reaction or thiol modification during
oxidative stress has been identified. Active FLP from Lacto-
bacillus casei contains an intramolecular disulfide bridge (14). In
CrtJ homologues, two cysteine residues are conserved (Cys249
and Cys420) that form a disulfide bridge in the active CrtJ
protein characterized from Rhodobacter capsulatus (30). OxyR
from E. coli is a well-studied regulator of genes involved in
antioxidative response (1). The crystal structure of the oxidized
active form of OxyR shows the presence of a disulfide bridge
between Cys199 and Cys208, two residues that are 17 Å apart
in the reduced protein (9). Kim et al. questioned the physio-
logical relevance of this disulfide bridge in activation of the
protein and regarded it as merely an artifact of the lengthy
crystallization process (25). Instead, they proposed a multiple-
activation-state model where Cys199 of OxyR can be modified
into a sulfenic acid, S-nitrosothiol, or a mixed glutathione
disulfide intermediate according to different environmental
signals. A similar event could have occurred during the crys-
tallization of CprK1 under aerobic conditions, resulting in the
formation of the possibly nonphysiological intermolecular di-
sulfide bridges between Cys11 and Cys200. These residues are

FIG. 8. Effect of redox state of CprK1 on its activity. (A) SDS-PAGE gel of purified wild-type CprK1, CprK1(C11S), and CprK1(C200S)
proteins (5.8 �g) that were heat denatured in the presence (�) or absence (�) of 5% �-mercaptoethanol (�-ME). CprK1(C11S) and
CprK1(C200S) proteins each contain a C-terminal six-His tag, causing a slight difference in their mobilities compared to that of wild-type CprK1
on SDS-PAGE gels but leaving other properties of the proteins unaffected. (B) In vivo promoter probe assay using E. coli JM109(DE3) cells
harboring plasmid pWUR166 with a DB3::lacLM promoter fusion and a pET24d plasmid derivative that overproduces either wild-type CprK1,
CprK1(C11S), or CprK1(C200S) protein. Cells were grown either in the presence of 20 mM Cl-OHPA (solid bars) or in the absence of the effector
(shaded bars).
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conserved only in D. hafniense CprK1 and D. dehalogenans
CprK, not in other D. hafniense CprK homologues, although
these proteins do show an unusually high cysteine content (Fig.
6). The only cysteine that is shared among four CprK homo-
logues (including CprK1) and CprK is Cys105, which corre-
sponds to Cys122 of FNR from E. coli. This cysteine is essential
for intramolecular disulfide bond formation and is involved in
Fe-S cluster binding in FNR (16). Pop et al. have investigated
the role of Cys105 by replacing this residue with alanine in D.
dehalogenans CprK (31). Transcriptional activation mediated
by the C105A mutant was compared with that of wild-type
CprK, which led to the conclusion that this mutation has no
effect on the activity of this protein. Although we have shown
that there is no evidence of disulfide bond formation in recom-
binant CprK1 when it is produced aerobically in E. coli, we
cannot exclude the possibility that this protein gives a different
response in D. hafniense when the cells are exposed to oxygen.
It was reported that although no growth occurs in its presence,
D. hafniense can tolerate oxygen and resume growth in anaer-
obic media after oxygen exposure for 24 h (29). In D. hafniense
there are redox proteins (iron-sulfur proteins, flavins, flavopro-
teins, and quinones) that are potentially capable of carrying
out the one-electron reduction of oxygen to superoxide, and
possibly further to hydrogen peroxide. One of the redox pro-
teins is the Cl-OHPA reductive dehalogenase (CprA1) itself,
encoded in the same cpr gene cluster as CprK1. This enzyme
contains a corrinoid cofactor and three [4Fe-4S] redox centers
that are normally involved in the electron transfer during the
reductive dehalogenation of Cl-OHPA to 4-OHPA (11). Ac-
cumulation of the highly reactive superoxide and hydrogen
peroxide radicals would be toxic for the cells, so a likely de-
fense mechanism can involve the down-regulation of the tran-
scription of cpr genes by oxidative inactivation of CprK1 (31).
However, D. hafniense cells have the capacity to deal directly
with these radicals. We have found two superoxide dismutase-
and two catalase-encoding genes in its genome sequence, as
well as a gene whose product shows high homology to a per-
oxidase/catalase from Geobacillus stearothermophilus. Madsen
and Licht detected catalase activity in D. hafniense cells (29),
further confirming that D. hafniense directly inactivates reac-
tive radicals produced upon O2 exposure rather than prevent-
ing their formation, which would require the down-regulation
of several redox proteins.

In conclusion, our results indicate that heterologously over-
produced CprK1 does not contain a Cys11–Cys200 disulfide
bridge in vivo. Consequently, in D. hafniense this protein is
most likely to be the subject of activation only by Cl-OHPA
and not by disulfide to thiol reduction.
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