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The transcriptional activator CprK1 from Desulfitobacterium-
hafniense, a member of the ubiquitous cAMP receptor protein/
fumarate nitrate reduction regulatory protein family, activates
transcription of genes encoding proteins involved in reductive
dehalogenation of chlorinated aromatic compounds. 3-Chloro-4-
hydroxyphenylacetate is a known effector for CprK1, which inter-
acts tightlywith theprotein, and inducesbinding toa specificDNA
sequence (“dehalobox,” TTAAT—-ATTAA) located in the pro-
moter region of chlorophenol reductive dehalogenase genes.
Despite the availability of recent x-ray structures of twoCprKpro-
teins in distinct states, the mechanism by which CprK1 activates
transcription is poorly understood. In the present study, we have
investigated the mechanism of CprK1 activation and its effector
specificity. By using macromolecular native mass spectrometry
and DNA binding assays, analogues of 3-chloro-4-hydroxypheny-
lacetate that have a halogenated group at the ortho position and a
chloride or acetic acid group at the para positionwere found to be
potenteffectors forCprK1.Byusing limitedproteolysis itwasdem-
onstrated that CprK1 requires a cascade of structural events to
interact with dehalobox dsDNA. Upon reduction of the intermo-
lecular disulfide bridge in oxidized CprK1, the protein becomes
more dynamic, but this alone is not sufficient for DNA binding.
Activation of CprK1 is a typical example of allosteric regulation;
thebindingofapotenteffectormolecule toreducedCprK1induces
local changes in the N-terminal effector binding domain, which
subsequentlymay leadtochanges inthehingeregionandassuchto
structural changes in the DNA binding domain that are required
for specific DNA binding.

Halogenated hydrocarbons are often toxic molecules. They
are widespread environmental pollutants because of their

numerous applications, for example in industry (degreasers),
agriculture (pesticides), and private households (flame retar-
dants). Although these compounds are generally very stable,
they can be converted in many sediments and soils by reduc-
tive dehalogenation. Several strictly anaerobic bacteria capa-
ble of dehalogenation have been isolated including Desulfomo-
nile, Dehalobacter, and Desulfitobacterium. These organisms
use chlorinated compounds as terminal electron acceptors
(halorespiration) and thus remove the chloride atom while
energy is conserved via electron transport phosphorylation
(1–3). The prospect of using these organisms in bioremediation
of sediments contaminated with a variety of chlorinated aro-
matic compounds is promising. Desulfitobacterium dehaloge-
nans can reductively dechlorinate phenolic compounds at the
ortho position (4, 5), and the closely relatedDesulfitobacterium
hafnienseDCB-2 (6) can dechlorinate phenolic compounds at
the ortho and meta position; the latter reaction, however, is
described only for 3,5-dichlorophenol (3,5-DCP)2 as a
substrate (7).
A large number of the proteins involved in halorespiration

are encoded in the chlorophenol reductive dehalogenase (cpr)
gene cluster, which contains cprTK1ZEBA1C open reading
frames in D. hafniense. The product of the cprA1 gene, a
3-chloro-4-hydroxyphenylacetate (CHPA) reductive dehaloge-
nase has been isolated and characterized fromD. hafniense (8).
It was found that the cprA1 gene is induced by the electron
acceptor CHPA. The activation by CHPA is carried out at the
transcription level byCprK1, a transcriptional activator protein
that is encoded in the same cpr gene cluster. CprK1 is amember
of the CRP/FNR (cAMP receptor protein/fumarate nitrate
reduction regulatory protein) family of regulators that is
ubiquitous in bacteria (9). CrpK1 from D. hafniense binds to
a specific DNA sequence (“dehalobox,” TTAAT—-ATTAA),
located in the promoter region of several cpr genes including
cprA1, with high affinity in the presence of CHPA. This enables

* This work was supported in part by the Netherlands Organization for Scien-
tific Research (NWO) (VENI 700.54.402) (to R. H. H. vdH) and the Nether-
lands Proteomics Centre. The costs of publication of this article were
defrayed in part by the payment of page charges. This article must there-
fore be hereby marked “advertisement” in accordance with 18 U.S.C. Sec-
tion 1734 solely to indicate this fact.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Tables S1 and S2 and Figs. S1–S6.

1 To whom correspondence should be addressed: Organon, P.O. Box 20, 5340
BH Oss, The Netherlands. Tel.: 31-30-2536797; Fax: 31-30-2518219; E-mail:
r.h.h.vandenheuvel@chem.uu.nl or robert.vandenheuvel@organon.com.

2 The abbreviations used are: 3,5-DCP, 3,5-dichlorophenol; CHPA, 3-chloro-4-
hydroxyphenylacetate; 2-Br-4-CP, 2-bromo-4-chlorophenol; CRP/FNR,
cAMP receptor protein/fumarate nitrate reduction regulatory protein; 2,4-
DCP, 2,4-dichlorophenol; 2,3-DCP, 2,3-dichlorophenol; HPA, 4-hydroxy-
phenylacetate; m/z, mass-to-charge; 2,4,5-TCP, 2,4,5-trichlorophenol;
2,4,6-TCP, 2,4,6-trichlorophenol; dsDNA, double-stranded DNA.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 282, NO. 15, pp. 11281–11290, April 13, 2007
© 2007 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

APRIL 13, 2007 • VOLUME 282 • NUMBER 15 JOURNAL OF BIOLOGICAL CHEMISTRY 11281

 at U
K

B
 - U

niversiteitbibliotheek U
trecht on N

ovem
ber 21, 2007 

w
w

w
.jbc.org

D
ow

nloaded from
 

 http://www.jbc.org/cgi/content/full/M611177200/DC1
Supplemental Material can be found at: 

http://www.jbc.org
http://www.jbc.org/cgi/content/full/M611177200/DC1


the recruitment of RNA polymerase, which then proceeds
with transcription of the corresponding genes (10). Previ-
ously, a close homologue called CprK was identified in the
related halorespiring bacterium, D. dehalogenans, which
shows 91% sequence identity with CprK1 from D. hafniense.
Upon binding of CHPA, CprK activates transcription of
dehalobox-containing promoters in D. dehalogenans (11,
12). DNA binding studies have shown that CprK1 and CprK
are only capable of binding its target DNA when the protein
is in its reduced state (10, 12).
Recently, the x-ray structures of oxidized CprK1 from

D. hafniense in complex with CHPA and reduced CprK from
D. dehalogenans in its unliganded form have been determined
by Joyce et al. (13). They reveal that both CprKs exhibit high
structural similarity to the cAMP receptor protein (CRP) (14,
15) and PrfA, a key virulence regulator of Listeria monocyto-
genes (16). Two identical subunits form an asymmetric dimer
with each monomer folded in two distinct domains: the N-ter-
minal effector binding domain and the C-terminal DNA bind-
ing domain. The dimer interface of CprK1 is predominantly
made up by the central �-helices connecting the effector bind-
ing domain with the DNA binding domain containing a helix-
turn-helix motif. An intermolecular disulfide bond between
Cys11 and Cys200 connects the effector binding domain to the
DNAbinding helix of the oppositemonomer. In addition to this
intermolecular disulfide bond, CrpK fromD. dehalogenans, but
not CprK1 from D. hafniense, has an intramolecular disulfide
bond between Cys105, which is conserved in FNR and most
other CprKhomologs andCys111 (11, 12). In the x-ray structure
of liganded oxidized CprK1 fromD. hafniense, one CHPAmol-
ecule is bound per subunit in the �-barrel of the effector bind-
ing domain. The observed binding site is similar in position
to the binding site of cAMP (3�,5�-cyclic adenosine mono-
phosphate) in CRP (13). This structure is not compatible
with tight binding to dehalobox dsDNA. In the crystal struc-
ture of unliganded reduced CprK from D. dehalogenans, the
C-terminal DNA binding domains dimerize extending to
overall dimer interface, while similar DNA binding contacts
are made between individual CprK dimers in the oxidized
structure. Therefore, this structure is also not compatible
with DNA binding.
Comparison of the two crystal structures allowed us to pos-

tulate that the binding of CHPA to CprK1 causes reorientation
of the N-terminal �-barrels with respect to the central �-helix
at the dimer interface and with conformational changes in the
C-terminal DNA binding domains as a consequence (13). The
ultimate proof of this suggestion, i.e. the crystal structure of
effector-bound reduced CprK1 protein is not available. The
present x-ray structures thus provide high resolution structural
information on CprK; however, they do not provide details
about protein flexibility and do not allow the continuous mon-
itoring of e.g. redox- and ligand- and/or DNA-induced struc-
tural changes, which might be conformational changes and/or
changes in protein dynamics.
Besides the fact that structural changes are caused by the

binding of an effector molecule, it is also important to find the
crucial features that enable these molecules to cause such
changes. Both CprKs bind CHPAwithmicromolar affinity pro-

moting an interaction with dehalobox dsDNA (13). On the
basis of the x-ray structures, it was suggested that: (i) the pres-
ence of the chloride group in the ortho position and (ii) the pKa
interrogation mechanism (formation of phenolate) allow DNA
binding.
Here we report for the first time on the structural changes of

CprK1 that occur during the protein activation process, i.e.
from the oxidized unliganded form to the reduced liganded
form allowing transcriptional activation. In addition, we report
on the effector specificity of CprK1. For this we used a small
library of potential effector molecules known to be dehaloge-
nated byD. dehalogenans andD. hafniense in combinationwith
macromolecular native mass spectrometry (17, 18), intrinsic
fluorescence, limited proteolysis (19–21), and DNA binding
assays. Native mass spectrometry was used to study oligomer-
ization of CprK1 and interaction with potential effectors and
dehalobox dsDNA, whereas limited proteolysis was used to
characterize redox- and effector-induced structural changes of
CprK1.

EXPERIMENTAL PROCEDURES

Preparation of CprK1 and Dehalobox dsDNA—CprK1 was
overproduced and purified according to a previously estab-
lished method, using Escherichia coli BL21 (DE3) and the
pET24d-derived pWUR176 expression vector (10). CprK1 was
analyzed by denaturing gel electrophoresis using a 10% (w/v)
polyacrylamide gel. The gel was stained with 0.1% (v/v) Coo-
massie Brilliant Blue G250 for 3min and destained overnight in
10% (v/v) acetic acid and 30% (v/v) methanol. Protein concen-
trations were determined using themethod developed by Brad-
ford (22). The oligonucleotide pair (5�-AGGTAAAGTTAAT-
ACACATTAATACTTGCG-3� containing an inverted repeat
(dehalobox underlined) and its complementary strand) was
synthesized by MWG (Ebersberg, Germany). Complementary
oligonucleotides were annealed in a buffer containing 10 mM
Tris, pH 7.5, 50 mM NaCl and 1 mM EDTA by heating to 95 °C
and incubating at this temperature for 2 min, then cooling
down slowly to room temperature. The sample buffer was
exchanged to ultrapure water using Vivaspin 0.5 ml 3,000 Da
cut-off columns (Vivascience, Germany).
Electrophoretic Mobility Shift Assay—A 52-bp DNA frag-

ment from the promoter region of the ortho-chlorophenol
reductive dehalogenase encoding cprA1 gene was PCR-ampli-
fied from D. hafniense genomic DNA using oligonucleotide
primers BG1748 (5�-GGTTGAGAAATTCAGGTAAAG-3�)
and BG1749 (5�-GGATCACATACGCAAGTATTAATG-3�).
The resulting PCR product, which contained the TTAATaca-
cATTAACprK1 target sequence (dehalobox), was purified and
radioactively labeled at the 5�-end as described previously (10).
The reaction mixtures contained POP buffer (20% (v/v) glyc-
erol, 50 mM Tris-HCl, pH 7.5, 5 mMMgCl2, 2.5 mM EDTA, 250
mM NaCl), 2.5 mM dithiothreitol, 1 �g poly(dG-dC)-poly(dG-
dC), 1.5 nM 32P-labeled DNA, and 0.25 �M purified CprK1
(dimer concentration). Effector compounds, if present, were
added from an aqueous stock solution to a final concentration
of 6.25, 20, or 200 �M. After incubation at 24 °C for 30 min, the
obtained protein-DNA complexes were separated on a non-
denaturing 6% (w/v) polyacrylamide gel and electrophoresed at
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10mA constant current at 4 °C in TB buffer (89mMTris and 89
mM boric acid). The gels were then dried, exposed to a phos-
phor screen for several hours, and analyzed.
Macromolecular Native Mass Spectrometry—For nanoflow

electrospray mass spectrometry experiments, ultrafiltration
units (ultrafree-0.5 Centrifugal Filter Device, Millipore) with a
cut-off of 5,000 Da were used to exchange the buffer of CprK1
sample in 100mM ammonium acetate, pH 8.0 (pH increased by
adding ammonia). For DNA binding measurements, 5–10 mM
dithiothreitol, 40–400 �M phenol derivative, 2–5 �M deha-
lobox dsDNA, and 4 �M Cprk1 (dimer concentration) were
mixed and incubated for 30 min at room temperature. The
phenols (CHPA,HPA, 2,4-DCP, 2-Br-4-CP, 2,3-DCP, 3,5-DCP,
2,4,5-TCP, and 2,4,6-TCP) were dissolved in water or in 100
mM ammonium acetate, pH 8.0. Native mass spectrometry
measurements were performed in positive ion mode using an
electrospray ionization time-of-flight instrument (LC-T;
Micromass) equippedwith a Z-spray nano-electrospray ioniza-
tion source. To produce intact ions in vacuo from large com-
plexes in solution, ions were cooled by increasing the pressure
in the first vacuum stages of the mass spectrometer (23, 24). In
addition, efficient desolvation was needed to sharpen the ion
signals to determine the stoichiometry of the complexes from
the mass spectrum. Therefore, source pressure conditions and
electrospray voltages were optimized for transmission of the
macromolecular protein complexes. The needle and sample
cone voltagewere 1,400V and 140V, respectively. The pressure
in the interface region was adjusted to 8 millibars by reducing
the pumping capacity of the rotary pump by closing the spee-
divalve. Electrospray needles were made from borosilicate
glass capillaries (Kwik-Fil, World Precision Instruments) on
a P-97 puller (Sutter Instruments), coated with a thin gold
layer by using an Edwards Scancoat (Edwards Laboratories)
six Pirani 501 sputter coater. The spectra were mass-cali-
brated by using a solution of 10 mg/ml cesium iodide in 50%
(v/v) isopropyl alcohol.
Limited Proteolysis Coupled toMatrix-assisted Laser Desorp-

tion/Ionization Mass Spectrometry—For limited proteolysis
measurements, 6 �M CprK1 (dimer concentration) was incu-
bated in the absence or presence of 400 �M effector, 29 �M
dehalobox dsDNA, and 10mM dithiothreitol in 100mM ammo-
nium acetate, pH 8.0 for 30 min at room temperature. Experi-
ments were also performed at concentrations of 600 �M for
2,4-DCP, 800 �M for 2-Br-4-CP and 2,4,6-TCP, 5 mM for 2,3-
DCP, and 7 mM for 3,5-DCP. As a control, limited proteolysis
was performed on the protein bovine serum albumin. These
data clearly showed that the halogenated phenolic compounds
do not have an effect on the proteolytic activity of trypsin. Lim-
ited proteolysis of CprK1 was performed using sequencing
grade modified (0.27 �M) trypsin (Roche Applied Science). Ali-
quots of 2�l of each digest were taken at 2min, 15min, 1 h, 6 h,
and 22 h, and mixed with 8 �l of 0.2% (v/v) trifluoroacetic acid
to quench trypsin activity. Trypsin digests were desalted and
concentratedwith�C18-ZipTips (Millipore) and analyzed on a
matrix-assisted laser desorption/ionization TOF-TOF mass
spectrometer (Applied Biosystems 4700 Proteomics analyzer)
using �-cyano-4-hydroxycinnamic acid as the matrix. The
mass spectra were recorded in positive ion reflectron mode at

20 kV accelerating voltage, and spectra were internally cali-
brated using the single protonated trypsin autodigestion peaks.
The rawmass spectra were processed using Data Explorer soft-
ware, version 4.0.
Fluorescence Measurements—Intrinsic fluorescence experi-

ments were performed with an SPF 500c spectrofluorimeter
(SLM Aminco) at 20 °C. Excitation was carried out at 280 nm,
and emission fluorescence was recorded at 330 nm. A 10-mm
path length quartz cell with a stirrer was used. Excitation and
emission slit widths were respectively 10 and 5 nm. Haloge-
nated phenolic compound was added to an 800-�l solution of
0.2 �M CprK1 (dimer concentration) in 100 mM ammonium
acetate, pH 8.0 with 0.75 mM dithiothreitol. The observed flu-
orescence emission quenching was plotted against the com-
pound concentration using KaleidaGraph (Synergy Software).
The data were fitted to Equation 1,

F � F1 � �Lt�/�Kd � �Lt�� (Eq. 1)

where F is the fluorescence emission at 330 nm at a given added
ligand concentration,F1 the fluorescence emission at the end of
the titration,Kd the apparent dissociation constant, and [Lt] the
total ligand concentration (25, 26).

RESULTS

The Quaternary Structure of CprK1 Does Not Depend on the
Protein Redox State—It was previously shown that oxidized
CprK1 contains an intermolecular disulfide bond between
Cys11 and Cys200 (13). We performed denaturing gel electro-
phoresis of CprK1 under oxidizing and reducing conditions to
determine the conditions necessary to reduce CprK1 in vitro
(Fig. 1A). The data clearly showed that CprK1 was almost fully
reduced at pH 8 at dithiothreitol concentrations of 5 and 10mM
after incubation of 30 min at room temperature.
We studied the oligomerization state of CprK1 at pH 8 under

reducing and oxidizing conditions by using native nanoflow
electrospray ionization mass spectrometry (Fig. 1B). In both
conditions, one dominant ion series was observed around 3,400
mass-to-charge (m/z) values corresponding to a mass of
52,739 � 4 Da, representing dimeric CprK1. The measured
mass of the dimeric species is lower than the expected mass of

FIGURE 1. The quaternary structure of CprK1 is independent of the
protein redox state. A, denaturing polyacrylamide gel of 4 �M CprK1
incubated in the presence or absence of 5 or 10 mM dithiothreitol in 100 mM

ammonium acetate, pH 8. The bands observed around 26.5 and 53 kDa cor-
respond to the reduced form (monomer) and oxidized form (dimer) of CprK1,
respectively. B, electrospray ionization mass spectra of CprK1 sprayed from
100 mM ammonium acetate, pH 8 at a protein dimer concentration of 4 �M in
the absence (top) or presence (bottom) of 10 mM dithiothreitol. Monomeric
CprK1 is represented with a square.
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the dimer (52,998 Da) on the basis of the amino acid sequence.
This is caused by the deletion of the N-terminal methionine in
CprK1 (expectedmass 52,736Da). In bothmass spectra we also
observed a low abundant species with a mass of 53,003 � 7 Da,
which is the full-length dimeric protein, thus including the
N-terminal methionine. These data thus clearly indicate that
the redox state of CprK1 does not influence its oligomeric state.
This is in agreement with size-exclusion chromatography data
fromGábor et al. (10),whichhave suggested thatwild-typeCprK1
and the disulfide bridge-deficient mutants [C11S]CprK1 and
[C200S]CprK1 exist as a homodimer.
CprK1-mediated Dehalobox dsDNA Binding Is Induced by

Reducing Conditions and the Effector CHPA—The phenol
derivative CHPA is a known effector of CprK1 (10). Fig. 2A
shows the electrospray ionization mass spectrum of CprK1
incubated with dehalobox dsDNA at pH 8 under reducing con-
ditions. In this mass spectrum we observed three ion series
aroundm/z 2,500, 3,400, and 4,400, respectively. The first series
represents dehalobox dsDNA with a determined mass of
18,410� 3Da (expectedmass 18,407Da). The second and third
series represent dimeric CprK1 and the complex between
dimeric CprK1 and one molecule of dsDNAwith a determined
mass of 71,165 � 3 Da (expectedmass 71,143 Da), respectively.
The observed slightmass increase is likely caused by a fewwater
or buffer molecules still present in the CprK1-dsDNA complex
(27).
Fig. 2B shows the mass spectrum obtained after the addition

of 400 �M CHPA to the dehalobox dsDNA-CprK1 solution at
pH 8 under reducing conditions. The spectrum clearly shows a
transition from freeCprK1 and free dsDNA to aCprK1-dsDNA
complex. CHPA did not induce DNA binding if the experiment
at pH 8 was repeated under oxidizing conditions (Fig. 2C), con-
firming the importance of the reduction of the disulfide bridge.
We did not observe interaction of CprK1 with 30-mer dsDNA
having a random sequence (data not shown), strongly indicat-

ing that the interactions are specific for the DNA sequence
containing the TTAAT—-ATTAA dehalobox.
Intriguingly, although the addition of CHPA enhanced effi-

ciently the binding of DNA to CprK1, the ternary complex
comprising CHPA was not observed. CHPA interacts tightly
with CprK1 (0.83 �M), and the complex is also retained in the
CprK1 crystals (13). Thus, in solution phase a strong interac-
tion exists between CprK1 and CHPA, but this complex disso-
ciates in the process of forming gas-phase ions or during the
analysis of gas-phase ions in the mass spectrometer. It should
be noted here that the applicability of mass spectrometry to
investigate non-covalent biological complexes is strongly
dependent on the nature of the interactions between the part-
ners in the complex (28, 29). When hydrophobic interactions
play a prominent role in the binding, the preservation of the
complex during the electrospray measurements is highly com-
promised. Interactions between the acyl CoA-binding protein
and ligands were not observed in conditions normally used for
non-covalent complexes because hydrophobic interactions are
critical to the preservation of these complexes in solution (30).
Also leucine zipper complexes are poorly retained in the mass
spectrometer because of the prominent role hydrophobic inter-
actions play in these complexes (31). For CprK1, crystallo-
graphic data have shown that hydrophobic interactions play an
important role in the interactions between CprK1 and CHPA.
On the other hand also six hydrogen bond interactions (to
Tyr76, Gly85, Lys86, Thr90, Asn92, and Tyr130) and two salt
bridges (with Lys86 and Lys133) between the protein and CHPA
are present (13). We here observe that, under the experimental
conditions used, only the hydrogen bond interactions and salt
bridges are not sufficient to preserve the interactions between
CprK1 and its effectors in the mass spectrometer.
CprK1 Is Activated by Different Phenolic Compounds—The

chlorinated phenol CHPA is a strong effector for CprK1; how-
ever, the identity of alternative effector molecules is largely
unknown. We investigated the specificity of CprK1 by using a
library of potential effector molecules (Fig. 3). CprK1 was
mixed with dehalobox dsDNA and phenolic compound at pH 8
under reducing conditions. The effector potential of the differ-
ent phenolic compounds was determined by measuring the
relative amount of dsDNA-CprK1 complex formed upon
incubation with the specific compound using nativemass spec-
trometry (Fig. 4A). The data clearly show that both CprK1
reduction and effector binding are required for efficient deha-
lobox dsDNA binding. Under reducing conditions, but in the
absence of a phenolic compound, a low level of complex was
formed between CprK1 and the dehalobox dsDNA, which was
not present under oxidizing conditions. Similarly, when
reduced CprK1 was incubated with 4-hydroxyphenylacetate
(HPA), a phenol derivative lacking a halogen atom at the ortho
position, the meta-substituted 3,5-dichlorophenol (3,5-DCP)
or cAMP, the allosteric effector for theCprK1 structural homo-
logue CRP a low level of complex was observed, which was not
present when oxidized CprK1 was incubated with these com-
pounds. This low level of DNA binding is likely because of the
reduction of the protein and not because of the presence of
these compounds. The three compounds are not effectors of
CprK1 (termed class I) (Fig. 3) and thus donot have an allosteric

FIGURE 2. CprK1 interacts tightly with dehalobox dsDNA under reducing
conditions and in the presence of CHPA. Electrospray ionization mass spec-
tra of CprK1 sprayed from 100 mM ammonium acetate, pH 8 at a protein dimer
concentration of 4 �M in the presence of 5 �M 30-bp dehalobox dsDNA under
different conditions. A, in the presence of 10 mM dithiothreitol; B, in the pres-
ence of 10 mM dithiothreitol and 400 �M CHPA; and C, under oxidizing condi-
tions and in the presence of 400 �M CHPA. Monomeric CprK1 is represented
with a square and dsDNA with a double line.
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effect on CprK1 by promoting protein-DNA complex forma-
tion. The compound 2,3-dichlorophenol (2,3-DCP) is a weak
effector, having an allosteric effect at high concentration (400
�M) (class II), whereas CHPA, 2,4-dichlorophenol (2,4-DCP),
2-bromo-4-chlorophenol (2-Br-4-CP), 2,4,5-trichlorophenol
(2,4,5-TCP), and 2,4,6-trichlorophenol (2,4,6-TCP) are already
effectors at low concentration (40 �M) and thus have a strong
allosteric effect on CprK1 (class III). The fact that we did not
observe 100% complexation between CprK1 and DNA even in
the presence of strong effectors is likely caused by incomplete
reduction of the proteinmeaning that a low amount of oxidized
protein was still present in the protein solutions (Fig. 1A).
The dissociation constants of the different phenol derivatives

were determined by intrinsic fluorescence quenchingmeasure-
ments under reducing conditions (supplemental Fig. S1 and
supplemental Table S1). We measured a dissociation constant
of 1.4 �M for CHPA, which is in agreement with the value (0.83
�M) measured previously by Joyce et al. (13). All other strong
effectors have dissociation constants less than 30 �M, while all
other compounds have dissociation constants ofmore than 200
�M. Surprisingly, whereas 2,3-DCP and 3,5-DCP have similar
affinities with CprK1, only 2,3-DCP is an effector for CprK1.
Our data thus demonstrate the power of combining affinity
assays with macromolecular mass spectrometry.
Electrophoretic mobility shift assays, using different concen-

trations of potential effectors (6.25, 20, and 200 �M), were per-
formed to validate the data that were obtained by native mass
spectrometry. The protein-dsDNAcomplexeswere resolved by
applying them on a non-denaturing gel. The results obtained
for the interaction between dsDNAand protein in solution cor-

responded well with the native mass spectrometry data (Fig.
4B). In the absence of effector, or in the presence of HPA, 3,5-
DCP, 2,3-DCP, or cAMP nearly no protein-DNA complexes
were formed. The low efficiency of 2,3-DCP to form a complex
is in line with the nativemass spectrometry data, which showed
that 2,3-DCP only forms a complex at a concentration of 400
�M and not at a concentration of 40 �M. On the other hand
2,4-DCP, 2-Br-4-CP, 2,4,5-TCP, and CHPA had an allosteric
effect on CprK1 by promoting protein-dsDNA complex forma-
tion. The most prominent allosteric effect was observed for
CHPA.
In contrast to the native mass spectrometry data, 2,4,6-TCP

was not found to be an effector in the electrophoretic mobility
shift assays, as the compound was not able, even at a concen-
tration of 200 �M, to form protein-DNA complexes. Limited
proteolysis data (see next section), however, are in line with
native mass spectrometry data and showed that 2,4,6-TCP can
be classified as a strong effector for CprK1, although it shows a
slightly decreased protection compared with 2,4,5-TCP. The
different results for 2,4,6-TCPmaybe explained by the different
experimental set-up used. The effector role of 2,4,6-TCP may
be sensitive for the buffer conditions used, which are very dif-

FIGURE 3. The chemical structures of the library of potential effectors for
CprK1. The molecules are classified in three classes with increasing effector
activity. class I: 3,5-DCP (structure 1), cAMP (structure 2), and HPA (structure 3);
class II: 2,3-DCP (structure 4); and class III: CHPA (structure 5), 2,4-DCP (structure
6), 2-Br-4-CP (structure 7), 2,4,5-TCP (structure 8), and 2,4,6-TCP (structure 9).
The pKa values are indicated. FIGURE 4. The effector specificity of CprK1. A, diagram of electrospray ion-

ization mass spectra of CprK1 sprayed from 100 mM ammonium acetate, pH 8
at a protein dimer concentration of 4 �M and incubated in the presence of 10
mM dithiothreitol, 5 �M 30-bp dehalobox dsDNA and 400 �M of a potential
effector molecule. The diagram presents the percentage of CprK1-DNA com-
plex formed relative to the cumulative intensity of CprK1 and CprK1-DNA
complexes. B, electrophoretic mobility shift assays from mixtures of CprK1
and a 52-bp dehalobox dsDNA. Binding mixtures contained no protein (lane
C) or 0.25 �M CprK1 (dimer concentration) and 6.25 �M effector molecules as
indicated above the gel. Free dehalobox dsDNA (fast migrating band) and
CprK1-DNA complexes (band with retarded electrophoretic mobility) are rep-
resented with an open or filled arrow, respectively.
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ferent between on the one hand the DNA binding assays (POP
buffer, pH 7.5) and on the other hand the mass spectrometry
and limited proteolysis measurements (ammonium acetate
buffer, pH 8.0). Alternatively, the 2,4,6-TCP interaction may
not be compatible with the DNA binding assay.
CprK1 Dynamics Is Regulated by the Protein Redox State—The

results described above show that only reduced CprK1 can be
activated by an effector compound (10, 12). As the disulfide
bridge between Cys11 and Cys200 is disrupted upon reduction,
structural changes may be of importance for the activation
process.We investigated the structural changes by using a com-
bination of limited proteolysis and mass spectrometry, using
the specific protease trypsin to partially digest CprK1. Trypsin
cleaves proteins at the carboxyl side of the basic amino acids
lysine and arginine, except when these two residues are fol-
lowed by proline.Wemonitored the limited proteolysis by tak-
ing aliquots at various time points (2 min, 15 min, 1 h, 6 h, and
22 h), and analyzed the reaction mixture by matrix-assisted
laser desorption/ionization mass spectrometry (supplemental
Table S2 and Figs. S3, S4, S5, and S6). First, we investigated the
structural changes under reducing and oxidizing conditions in
the absence of effector and dehalobox dsDNA. The sequence
coverage after 22 h of incubation of CprK1 was 91.3% with
trypsin (Table 1 and supplemental Fig. S2). All potential trypsin
cleavage sites are indicated in the model of the x-ray structure
of CprK1 (Fig. 5A).
Under oxidizing conditions, the peptides T2-T21 and

T4-T21were observed after a 1-h reaction time, confirming the

presence of a disulfide bridge between Cys11 and Cys200 (Table
1). These two peptides were not detected under reducing con-
ditions. In contrast, the peptides T1, T2, T3, T4, and T21,
uniquely formed when the disulfide bridge is reduced, were
observed after 2 or 15 min reaction time. These non-disulfide-
bridged peptides appeared at an earlier time point compared
with the corresponding disulfide bridged peptides (1 h for
T2-T21 and T4-T21) strongly indicating that this region of
CprK1 is more dynamic under reducing conditions.
Under oxidizing conditions, 9 rapid cleavages (2 and 15min)

were observed, which are all located near the surface of the
protein, and, therefore, easily accessible for trypsin (Table 1 and
Fig. 5A). These potential cleavage sites were divided over the
N-terminal effector binding domain (residues 1–144) and the
C-terminal DNAbinding domain (residues 145–232). The pep-
tides that were formed upon cleavage at residues Arg26, Arg35,
Lys39 located in the effector binding domain appeared at 15
min, those at residues Lys166, Arg167, Lys181, Arg196, and Lys223
located in the DNA binding domain appeared also at 15 min,
but the cleavage at residue Lys213 corresponding to the largest
C-terminal trypsin peptide appeared already at 2min (Table 1).
After 1, 6, and 22 h of incubation 6, 7, and 1 additional potential
cleavage sites were observed, respectively. These peptides origi-
nate from the �-helix of the monomer-monomer interface
(Arg117, Lys128, Lys133, Arg139) and from the effector binding
domain including the buried�-barrels (Lys60, Lys73, Lys86, Arg103,
Lys110). The potential cleavage sites Lys8, Lys24, and Arg203 were
also protected because of the disulfide bridge. Finally, the two sites

TABLE 1
Reaction time for the appearance of peptide bond cleavage
The reaction times for the appearance of peptide bond cleavage of oxidized CprK1, reduced CprK1, reduced CprK1 in the presence of CHPA, and reduced CprK1 in the
presence of CHPA and dehalobox dsDNA are shown.

Peptide bonda Identified peptidesb
Reaction time for appearance of peptide bond cleavage

Oxidized CprK1 Reduced CprK1 Reduced CprK1 � CHPA Reduced CprK1 � CHPA � DNA
Lys8-Asp9 T3, T4 NDc 15 min ND ND
Lys8-Asp9 T4-T21d 1 h ND ND ND
Lys24-Leu25 T2, T3, T4 ND 15 min ND ND
Lys24-Leu25 T4-T21d 1 h ND ND ND
Arg26-Asn27 T1 ND 2 min ND ND
Arg26-Asn27 T5 15 min 2 min ND ND
Arg35-Asp36 T6 15 min 15 min ND ND
Lys39-Gly40 T5 15 min 2 min ND ND
Lys60-Ile61 T7, T8 6 h 22 h ND ND
Lys73-Leu74 T9 6 h 22 h ND ND
Lys86-Leu87 T10 1 h 15 min 22 h 22 h
Arg103-Thr104 T10, T11 6 h 15 min 22 h 22 h
Lys110-Ser111 T11 6 h 1 h ND ND
Arg117-Thr118 T12, T13 6 h 22 h ND ND
Lys128-Asn129 T13 6 h 22 h ND ND
Lys133-Val134 T14 1 h 1 h ND ND
Arg139-Gln140 T14, T15 1 h 1 h ND ND
Arg152-Ile153 T15 1 h 1 h ND ND
Arg155-Leu156 T16, T17 22 h 15 min 15 min 15 min
Lys166-Arg167 T19 15 min 15 min 15 min 15 min
Arg167-Val168 T18 15 min 15 min 15 min 15 min
Lys181-Ser182 T20 15 min 2 min 2 min 2 min (low level)
Arg196-Val197 T20 15 min 2 min 2 min 2 min (low level)
Arg196-Val197 T21 ND 15 min 15 min 15 min
Arg196-Val197 T2-T21d 1 h ND ND ND
Arg203-Glu204 T21 ND 15 min 15 min 15 min
Arg203-Glu204 T2-T21d 1 h ND ND ND
Lys213-Ile214 T22 2 min 2 min 2 min 2 min
Lys223-His225 T23, T24 15 min 15 min 15 min 15 min

aAmino acid numbers refer to the primary amino acid sequence of CprK1.
bDigest fragment nomenclature refers to CprK1 protein (supplemental Fig. S2).
cND, not detected at 22 hrs.
dDisulfide-bridged peptide.
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Arg152 and Arg155, which are located in the N-terminal �-helix of
the DNA binding domain, showed strong protection.
Under reducing conditions, most of the potential cleavage

sites located near the surface of the protein were more acces-

sible to trypsin compared with the
oxidized form (Table 1 and Fig.
5A). The same 9 rapid potential
cleavage sites were observed but 4
instead of 1 appeared already at 2
min (Arg26, Lys39, Lys181, and
Arg196). This suggests that CprK1
becomes more flexible upon reduc-
tion of the disulfide bridge, thereby
facilitating trypsin cleavage. We
observed 6 other rapid cleavages
sites (Lys8, Lys24, Lys86, Arg103,
Arg155, and Arg203) at 15 min,
including a site (Arg155) at the
N-terminal part of the DNA bind-
ing domain, which was strongly
protected from digestion under
oxidizing conditions. Overall, the
data show that under reducing
conditions CprK1 becomes glo-
bally more flexible (Fig. 5A). How-
ever, 4 potential cleavage sites
(Lys60, Lys73, Arg117, and Lys128)
became more protected under
reducingconditions indicative for few
more rigid segments or conforma-
tional changes. The reason for the
protection in the effector-binding
domain around Lys60 and Lys73
remains elusive. The residues
Arg117 and Lys128 belong to the
�-helix of the monomer-monomer
interface, thus their protection may
indicate a tighter interaction be-
tween the two monomers under
reducing conditions.
Effector and Dehalobox dsDNA

Binding Induce Structural Changes
in Reduced CprK1—To study the
conformational effects of effector
and dehalobox dsDNA binding to
CprK1, limited proteolysis experi-
ments using trypsinwere performed
under reducing conditions, in the
presence of the different effectors
(Fig. 3) and dehalobox dsDNA. In
the C-terminal DNA binding
domain (residues 145–232), most
cleavages were rapid (within 2 min
and 15 min), irrespective of the
absence or presence, type and con-
centration of phenol derivative used
(Table 1 and Fig. 5A). The only
effect in the proximity of the DNA

binding domain that resulted from the interaction with the
strong effectors 2,4-DCP, 2-Br-4-CP, 2,4,5-TCP, and
2,4,6,-TCP (class III) was observed in the flexible hinge region,
which connects the effector binding domain with the DNA

FIGURE 5. CprK1 requires a cascade of structural changes to interact with dehalobox dsDNA. A, the
sensitivity of the different potential proteolytic cleavage sites are indicated in red, orange, yellow, green, blue,
and purple for appearance after 2 min, 15 min, 1 h, 6 h, 22 h, and no cleavage, respectively. Low abundant
peptides that appeared after 2 min are indicated in dark orange. For clarity, only monomer A is color-coded. The
arrows show the potential cleavage sites more accessible (red) or more protected (green) under the following
conditions: CprK1 under oxidizing conditions (1), CprK1 under reducing conditions (2) CprK1 under reducing
conditions and in the presence of CHPA (3), and CprK1 under reducing conditions and in the presence of CHPA
and 30-bp dehalobox dsDNA (4). For convenience, only the x-ray structure representing CprK1 from D. hafni-
ense under oxidizing conditions and in the presence of CHPA (Protein Databank accession code 2H6B) is used.
Therefore, the disulfide bond should not be present for models 2, 3, and 4. Moreover, the CHPA molecule was
hidden in models 1 and 2. The figure was drawn with the free version of Yasara. B and C, matrix-assisted assisted
laser desorption/ionization spectra of peptides of CprK1 after 6 h of limited proteolysis of native CprK1. CprK1
was incubated in 100 mM ammonium acetate, pH 8 at a protein dimer concentration of 6 �M, 10 mM dithio-
threitol, and in the absence (B) or presence (C) of 400 �M CHPA. Trypsin was used as the proteolytic enzyme at
a concentration of 0.27 �M. Peptides are labeled according to supplemental Fig. S2.
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binding domain. In here, the cleavage site Arg152 was fully
(CHPA) or partially (other class III compounds) protected from
cleavage.
In the effector binding domain (residues 1–144) 15 effector-

dependent cleavages were observed. In the presence of HPA,
cAMP, and 3,5-DCP, compounds that do not have an allosteric
effect on CprK1 (class I and Fig. 4), and with the weak effector
2,3-DCP (class II), we did not observe any changes in the limited
proteolysis pattern comparedwith the effector-free CprK1 pat-
tern. For the strong effectors 2,4-DCP, 2-Br-4-CP, 2,4,5-TCP,
and 2,4,6,-TCP (class III and Fig. 4), several potential cleavage
sites were partially protected from proteolysis in the effector
binding domain (Lys39, Lys86, Arg103, Lys110, Arg117, Lys128,
Lys133, andArg139) in the presence of 400�Meffector. At higher
concentrations, some additional potential cleavage sites were
partially protected (Arg8, Arg24, Arg26, Arg35, Arg60, Arg73).
Incubation with the strong effector CHPA (class III) showed
additional protection ofmost of the potential cleavage sites. Fig.
5, B and C shows the matrix-assisted laser desorption/ioniza-
tionmass spectra of identified CprK1 peptides after 6 h of tryp-
sin digestion of native CprK1 under reducing conditions in the
absence or presence of CHPA. The spectra clearly show that
only the peptides T16 to T24 in the C-terminal DNA binding
domain are sensitive for proteolytic cleavage in the presence of
CHPA. In contrast, the residues in the N-terminal effector
binding domain (corresponding to peptides T1 to T15) were
fully protected from cleavage in the presence of CHPA. The
protected fragment T15 includes Arg152, a residue that is posi-
tioned in the hinge region connecting the effector binding
domain with the DNA binding domain.
Finally, the effect of DNA binding on the quaternary struc-

ture of CprK1 was studied by limited proteolysis mass spec-
trometry. When DNA binding was analyzed in the presence of
the most potent effector CHPA under reducing conditions, the
proteolysis pattern was very similar as compared with the pro-
teolysis pattern of the mixture of reduced CprK1 and CHPA
(Fig. 5A). Only the peptide T20 (residues 182–196) had amark-
edly decreased intensity in the presence of dsDNA after 15 min
of incubation, indicating that binding of dsDNA partly pro-
tected this region from trypsin digestion. T20 covers the helix-
turn-helix DNA-binding motif, which is predicted to interact
with the target dsDNA (recognition �-helix, residues 191–204
in CprK1).

DISCUSSION

The transcriptional regulator CprK1 activates transcrip-
tion of genes that encode proteins involved in reductive
dehalogenation of chlorinated aromatic compounds (10).
Despite the x-ray structures of free CprK from D. dehaloge-
nans in the reduced form and the CHPA-bound CprK1 from
D. hafniense in the oxidized form (13), the mechanism of acti-
vation, which leads to DNA binding and subsequently to tran-
scriptional activation, is poorly understood, as these two pro-
teins are from different sources and the active form (CHPA
bound to reduced CprK) is not crystallized. However, the x-ray
structures suggest that effector binding to reduced CprK
induces structural rearrangement in the N-terminal �-barrels,
and it has been postulated that these changes allow formation

of interdomain contacts that disrupt the DNA binding domain
dimer interface leading to repositioning of the helix-turn-helix
motif for DNA binding. In the present study, we monitored the
activation process of CprK1 by limited proteolysis. In addition,
we characterized the CprK1-effector-dehalobox dsDNA inter-
action and determined the effector specificity of CprK1 bymul-
tiple mass spectrometry-based methods.
Using a library of potential effector molecules, we could

determine the effector specificity of CprK1. Two factors were
presumed to determine the potential of a halogenated phenolic
compound to act as an effector for CprK1: (i) the position and
nature of the substitutions at the aromatic ring and (ii) the pKa
value for the phenol group of the molecule (13). On the basis of
our data, we conclude that two substitutions at the phenolic
ring are crucial for effector activity: one at the ortho position
(chlorine or bromine) and one at the para position. The ortho
chlorine atom in CHPA is positioned in van der Waals contact
with the central �-helix of CprK1, which connects the effector
binding domain with the DNA binding domain (13). Pop et al.
(12) using some potential analogs of CHPA, showed a similar
specificity for CprK from D. dehalogenans, i.e. the cis-arrange-
ment of hydroxy and chlorine groups is optimal for activity. The
substitution at the para position can be a halogen or an acetic
acid moiety. Substitutions at position 5 and/or 6 are accepted,
but not required for effector activity. Our data show that the
interaction of the effector with the protein is destabilized when
a chlorine is present at position 6 of the aromatic ring, because
2,4,6-TCP shows a decreased protecting effect in limited pro-
teolysis experiments compared with 2,4,5-TCP. These data are
validated by the x-ray structure of CprK1. The active site cavity
clearly shows that there is some space to accommodate extra
substituents at positions 3 and 5, but not at position 6 (Fig. 6).
The effector range of CprK1 (ortho-chlorinated phenol

derivatives) shows large overlap with the substrate range of the
ortho-chlorophenol reductive dehalogenase CprA from D. de-
halogenans (32). The sequence of this protein is 91% identical to
CprA1 of D. hafniense and is encoded in the same gene cluster
as CprK1 (8) and activated by CprK1 on the level of transcrip-
tion (10). Although D. hafniense DCB-2 is also capable of
dechlorination of 3,5-DCP at themeta position (7), possibly by
a yet uncharacterized reductive dehalogenase, we found that
this compoundwas not an effector for the regulatorCprK1.The
partially sequenced genome of D. hafniense DCB-2 contains
several genes that code for potential CprK-like regulators (33);
therefore it is likely that either of the paralogues will have
altered effector range and recognize meta-chlorinated phenol
derivatives such as 3,5-DCP.
It was hypothesized that the high specificity of CprK1 toward

CHPA is likely achieved by the “pKa interrogation” mechanism
(13). The specific recognition of CHPA would be based on the
ability of CHPA to ionize to the phenolate form via deprotona-
tion at the hydroxyl group and to consequently interact with
Lys133. Our study clearly shows that HPA, the dechlorinated
derivative of CHPA with pKa 10.3, is not an effector for CprK1,
because under physiological pH it mostly exists in its proto-
nated form, which does not enable the molecule to make the
essential salt bridge with Lys133. Likewise, all the phenol deriv-
atives that have pKa values lower than 8.3 proved to be strong
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effectors for CprK1. The only exception is 3,5-DCP, which is
not an effector despite its pKa value of 8.3. Our library of poten-
tial effectors shows that both the ability to form a phenolate and
the presence of a chloride group in ortho position are both cru-
cial factors.
As previous in vitro experiments have demonstrated, CprK-

like proteins are inactive under oxidizing conditions (10, 12),
because of the formation of an intermolecular disulfide bridge
between twomonomers (13). Formation of the disulfide bridge
does not change affinity of the protein to the effector CHPA
compound, but affects its DNA binding capacity, probably by
fixing the DNA binding domains in an inactive conformation
(11, 13). It is hypothesized that such reversible inactivation of
CprK-like proteins by a thiol-disulfide switch would enable the
microaerophilic Desulfitobacteria to cope with oxidative stress
(11). Interestingly, in vivo activitymeasurement in E. coliwith a
cysteinemutant of CprK1, which is unable to form the disulfide
bridge, showed that the wild-type and themutant proteins acti-
vated transcription to the same extent under aerobic growth
conditions (10). This suggests that no disulfide bridge in CprK1
is formed in the cytoplasm, and as such it questions the physi-
ological relevance of the bridge. The intriguing possibility of a

reduction step in the process of acti-
vating CprK-like transcriptional
regulators was addressed in our lim-
ited proteolysis experiments. We
examined three consecutive steps in
the activation process of CprK1: (i)
reduction of CprK1, (ii) effector
binding to CprK1, and (iii) DNA
binding to CprK1. The results
allowed us to propose a dynamic
model for the activation process of
CprK1 (Fig. 7).
Oxidized CprK1 has a rigid struc-

ture because of the presence of the
intermolecular disulfide bridge
Cys11-Cys200 connecting the N-ter-
minal extremity of the first mono-
mer with the DNA-binding helix-
turn-helix motif of the second
monomer. The few areas accessible
to limited proteolysis in the oxi-
dized protein are located near the
surface of the protein (Fig. 5A). Pro-
tected areas include the dimeriza-
tion �-helix and the �-barrels in the
effector binding domain. Under
reducing conditions the intermo-
lecular disulfide bridge is disrupted,
and the protein becomes more flex-
ible. The cleavage frequency in-
creased in most regions of both the
N-terminal effector binding and
C-terminal DNA binding domain.
The x-ray structure of the reduced
form of CprK fromD. dehalogenans
reveals that, in contrast with the

oxidized form of CprK1 from D. hafniense the DNA binding
domains of two monomers form multiple interactions with
each other (residues 152–164 and 180–187) (13). Our limited
proteolysis results, however, show that residues Arg155 and
Lys181 are not protected upon reduction, strongly indicating
that these interactions are not stable in solution. Intriguingly,
the dimerization �-helix becomes more protected when the
disulfide bonds are reduced, indicating that packing interac-
tions in themonomer-monomer interface become stronger upon
reduction. Joyce et al. (13) have demonstrated that the positions of
the dimerization �-helix were the same in both the reduced and
the oxidized structure. We speculate that the tighter monomer-
monomer interactions allow the protein to be more flexible in
other regions without losing its stability.
Although the reduction of the protein is a prerequisite for

DNA binding, our results clearly show that it has to be accom-
panied by the binding of an effector molecule to enable CprK1
to form a complex with dehalobox dsDNA. Effector binding
induces structural changes in the effector binding domain of
CprK1, shown by the protection of potential cleavage sites in
this domain upon effector molecule binding. Protection was
most effective with the strong effector molecules 2,4-DCP,

FIGURE 6. Position of CHPA in the active site cavity of CprK1. The stereo view drawing displays the position
of CHPA within the active site cavity CprK1. The surface of the cavity is represented in transparent blue, CHPA
with spheres, and key residues with sticks. The figure was drawn with PyMOL (W. L. DeLano (2002) The PyMOL
Molecular Graphics System).

FIGURE 7. Model describing the mechanism of activation of CprK1. The model presents the CprK1 structural
changes, which are required for dehalobox dsDNA binding. CprK1 under oxidizing conditions (1), CprK1 under
reducing conditions (2), CprK1 under reducing conditions and in the presence of CHPA (3), and CprK1 under
reducing conditions, in the presence of CHPA and 30-bp dehalobox dsDNA (4) (see also the legend to Fig. 5A).
The reduction of oxidized enzyme, containing a disulfide bridge between residues Cys11 and Cys200, results in
a conformational rearrangement and increased flexibility in most regions of the protein. The �-helix forming
the dimeric interface, however, shows an increased stability. The binding of an effector molecule to CprK1
induces protection and local changes in the N-terminal effector binding domain that are translated to the
C-terminal DNA binding domain by changes in the hinge region (in black) and lead to the required conforma-
tional changes for DNA binding in the DNA binding domain and thus transcriptional activation. Finally, the
binding of the dehalobox dsDNA shows protection of the peptide included in the helix-turn-helix motif. The
dynamics of CprK1 dimer is indicated in blue, yellow, and red for low, medium, and high flexibility, respectively.
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2-Br-4-CP, 2,4,5-TCP, and 2,4,6-TCP. This is in agreement
with the x-ray structure, which shows that binding of CHPA
reduces the volume of the hydrophobic pocket (shift in the
position of Gly85, reorientation of Tyr130 and Leu131) and sta-
bilizes the structure by more interactions (Lys86 interacts with
the acetic group, which is also hydrogen bound to Thr90 and
Asn92) (13). In addition, we observed a strong stabilization
effect in the interface �-helix. In contrast, the C-terminal DNA
binding domain proved to be sensitive to protease digestion,
irrespective of the absence or presence of effectors. However,
an important exception was Arg152, a residue situated in the
hinge region, which connects the effector binding domain with
the DNA binding domain. In the presence of CHPA it was fully
protected from cleavage. This indicates that this region may be
involved in transmitting the effector binding signal from the
effector binding domain to the DNA binding domain allowing
the correct positioning of the helix-turn-helix motif for DNA
binding. Indeed, mutations in the corresponding hinge region
of E. coli CRP (A144T) and Listeria monocytogenes PrfA
(G145S) resulted in a constitutively active DNA binding con-
formation of these proteins, giving further support to our
hypothesis (16, 34).
Finally, we showed that DNA binding protected a 14-amino

acid peptide (T20) from trypsin digestion. This peptide is part
of the recognition �-helix in the helix-turn-helix DNA binding
motif of CprK1 and contains the V-SR conserved motif, which
is known to be involved in contacting the specific TTAAT—-
ATTAA dehalobox DNA sequence (10). The results of the lim-
ited proteolysis experiments thus provide evidence that CprK1
makes a contact with its specific dsDNA target via the second
helix of the helix-turn-helix motif, similar to other members of
the CRP-FNR family of proteins (35).
In conclusion, the results presented reveal the effector spec-

ificity of CprK1 and provide insight in the structural changes
involved in the activation process of CprK1. The data extend
the knowledge on the molecular basis of transcriptional activa-
tion of halorespiration.
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