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DmpR is a Pseudomonas-derived σ54-dependent transcription regulator in the presence of aromatic compounds. As a
single component regulator and a bacterial enhancer binding protein in the AAA+ ATPase family, the activation mechanism
of the DmpR protein has long remained elusive. The AAA+ ATPase domain of the protein is known to be essential in its
oligomerization and interaction with the RNA polymerase sigma factor σ54. However, the structure of the ATPase domain of
DmpR is still unknown. Thus, we performed a purification, crystallization and preliminary X-ray crystallographic study of the
ATPase domain (residues 232−480) of DmpR from Pseudomonas putida KCTC 1452. The ATPase domain was crystallized
using hanging-drop vapor diffusion from a reservoir solution containing 20% w/v PEG 3350, 280 mM Ammonium sulfate,
and 100 mM Tris pH 8.5 and 30% 1,6-Hexanediol. The diffraction data to a ~3.0 Å resolution show that the crystal belongs
to the space group P622 with unit cell parameters of a = 104.366 Å, b = 104.366 Å, c = 46.865 Å, α = β = 90° and γ = 120°.
The structure of the ATPase would help to understand the DmpR oligomerization mechanism and interaction with σ54 in
transcriptional initiation.

INTRODUCTION
DmpR (dimethyl phenol regulatory protein) is a Pseudomonas derived σ54-dependent transcription regulator in the presence of
aromatic compounds that are major xenobiotics (O'Neill et al.,
1998). Faced with aromatic pollutants, the dmp operon factors
stimulate the catabolism of aromatic compounds that can be
used as carbon sources (Pavel et al., 1994). Activation of the
highly regulated dmp operon factors encoding enzymes such
as phenol hydroxylases and Meta pathway enzymes converts
phenol to pyruvate and acetyl coenzyme A (Sze et al., 1996).
Significant efforts have been made in the detection, monitoring,
and bioremediation towards the design of sensitive biosensors
(Campos et al., 2004). DmpR shares significant sequence
homology with members of the NtrC family of bacterial enhancerbinding proteins (bEBPs), a two-component regulatory system
which transfers a phosphate group to the N-terminal signal
reception domain (Joly et al., 2012). However, unlike the NtrC
family, DmpR is a single component system that is activated
directly by aromatic derivatives without any additional signal
relaying protein (Skarfstad et al., 2000). The ATPase domain of
the NtrC family, for which the structural information is available
and shares an ~45% sequence identity with the DmpR ATPase
domain, is known to be involved in the hexameric arrangement of
the protein complex by forming a flat ring architecture (Lee et al.,

52

Bio Design l Vol.7 l No.2 l Jun 30, 2019

2003). The GAFTGA motif located at the surface of the ATPase
domain is known to be involved in recognizing RNA polymerase
sigma factor σ54 for transcription initiation (Zhang et al., 2002).
However, the structural information of the ATPase domain of
DmpR is unknown despite the essential role of the domain
association and transcription initiation function as a bacterial
enhancer binding protein. Therefore, we performed a purification,
crystallization and preliminary X-ray crystallographic study of the
ATPase domain (residues 232−480) of DmpR. The determined
structure of the ATPase domain may help in the understanding
of how the ATPase domain regulates transcription initiation and
its oligomerization. Furthermore, this knowledge can be applied
to the engineering of a biosensor with the appropriate sensitivity
and specificity and bacterial strain development to respond to a
wide variety of toxic aromatic hydrocarbons.

RESULTS AND DISCUSSION
DmpR has four diverse domains. The N-terminal A domain or
sensory domain is a variable domain that belongs to the vinyl4-reductase (V4R) family (Patil et al., 2016). The sensory domain
binds to phenol and relays the signal to make the protein
transcriptionally active (O'Neill et al., 2001). The sensory domain
is connected to the ATPase domain through a short B linker that
serves as a flexible linker (Shingler, 2003). The highly conserved
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FIGURE 1 I Characterization of the ATPase domain in DmpR. (A) Domain organization of the DmpR protein. (B) SDS-PAGE analysis of the ATPase domain.
(C) Size-exclusion chromatography of the ATPase domain. The elution profile of the protein is presented with the deduced molecular weight (~30 kDa).

C domain or ATPase domain belongs to the AAA+ ATPase family
and is involved in ATP binding/hydrolysis and interacts with σ54RNA polymerase which has important roles in relaying signals
(Zhang et al., 2002). The C-terminal D domain or DNA binding
domain contains a helix–turn–helix DNA binding motif necessary
for interacting with DNA elements known as the upstream
activation sequence (UAS) (Shingler, 2003) (Figure 1A).
To obtain a recombinant protein, the gene coding of the ATPase
domain in DmpR (residues 232-480) was amplified by PCR from
Pseudomonas putida KCTC 1452. The ATPase domain of DmpR
gene was cloned into the pProEx-HTa vector for the expression
of the recombinant protein, and it encodes a recombinant protein
of 249 amino acid residues with an N-terminal six-histidine tag
and a calculated molecular weight of 28 kDa. The recombinant
plasmid was expressed in E.coli BL21(DE3). The host cells
harboring the recombinant pProEx-HTa vector showed high
expression after induction by 0.5 mM IPTG at 18°C. Purification
was performed at 4°C using an affinity chromatography (NiNTA) column. After the affinity chromatography purification,
the N-terminal six-histidine tag was easily cleaved by the
TEV protease. After cleavage with TEV protease, affinity
chromatography purification was performed once again under
the same circumstances. After the affinity chromatography,
we performed size exclusion chromatography. The major peak
showed one band on the SDS-PAGE with estimated purity over
99% (Figure 1B). ATPase protein was purified as the eluent of the
single peak with an apparent molecular size of 30 kDa, based
on the logarithm of the molecular mass against protein standards
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FIGURE 2 I Crystal of the ATPase domain. Crystal of the ATPase domain of
DmpR in the presence of 1 mM ATP, 2 mM Mg2+ in 20% w/v PEG 3350, 280
mM Ammonium sulfate, 100 mM Tris pH 8.5 and 30% 1,6-Hexanediol at 291
K were obtained in a hexagonal thin plate shape by the hanging drop method
after 2 weeks. The scale bar is presented on the left bottom side.

that had been passed through the same column (Figure 1C).
To understand the structure of the ATPase domain of DmpR,
we obtained the crystal of the ATPase domain of DmpR in the
presence of 1 mM ATP, 2 mM Mg2+ in 20% w/v PEG 3350, 280 mM
Ammonium sulfate, 100 mM Tris pH 8.5 and 30% 1,6-Hexanediol
after 2 weeks of crystallization. The shape of the crystal was a
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TABLE 1 I ATPase domain of DmpR production information
Source organism

Pseudomonas putida KCTC 1452

DNA source

Chromosomal DNA

Forward primer*

GGCGCCATGGATCCGGAATTCCAGTACTACGGCATC

Reverse primer*

CTCTAGATTCGAAAGCGGCCGCTACCGTGGGAACAG

Cloning vector

pProEx-HTa

Expression host

E.coli BL21(DE3)

QYYGIGQTPAYQTVRNMMDKAAQGKVSVLLLGETGV
GKEVIARSVHLRSKRAAEPFVAVNCAAIPPDLIESELFGV
Complete amino
EKGAFTGATQSRMGRFERADKGTIFLDEVIELSPRAQAS
acid sequence of the LLRVLQEGELERVGDNRTRKIDVRVIAATHEDLAEAVK
construct produced AGRFRADLYYRLNVFPVAIPALRERREDIPLLVEHFLQRF
HQEYGKRTLGLSDKALEACLHYSWPGNIRELENVIERG
IILTDPNESISVQALFPR
*Restriction enzyme sites are underlined.

~3.0Å

TABLE 2 I Crystallization
Method

FIGURE 3 I Diffraction image of the ATPase domain. X-ray diffraction
data were collected at ~3.0 Å, and the images were obtained at a 1° and 1 s
exposure per image in 360° range.

hexagonal thin plate (Figure 2). Before the X-ray diffraction, the
crystals were transferred to a cryo-protection buffer containing
50% glycerol (v/v) from the mother liquor of the reservoir solution.
The crystal diffraction data were collected to a resolution of ~3.0
Å on beamline 7A at the Pohang Accelerator Laboratory (PAL,
Pohang, Korea), using a Quantum 270 CCD detector (ADSC,
USA) (Figure 3). The ATPase domain of the DmpR crystals
belonged to the P622 group with unit cell parameters of a =
104.366 Å, b = 104.366 Å, c = 46.865 Å, α = β = 90 and γ =
120°. One promotor was present in the asymmetric unit with a
corresponding VM of 1.64 Å3 Da–1.

METHODS
Construction of the ATPase domain of DmpR
The gene coding the insert ATPase domain of the DmpR protein was
amplified by PCR from Pseudomonas putida KCTC 1452 (Accession
No. AF515710). The primer sequence is described in Table 1. PCR
products were inserted into the pProEx-HTa vector (into the EcoRI and
NotI restriction enzyme sites) using the EZ-Fusion™ Cloning core kit
(Enzynomics). The N-terminus of the protein contains the histidine tag
and TEV cleavage site. The information on the ATPase domain of DmpR is
given in Table 1.
Purification of the ATPase domain of DmpR
The plasmid DNA was used for transformation into E.coli BL21(DE3) cells.
The cells were cultured in 6 L of LB media. When the cell culture reached
an O.D. value of 0.8, it was induced with 0.5 mM IPTG and incubated at
18°C for 18 hours. The cells were collected by centrifuging at 4,000 rpm
for 30 min. The collected cells were lysed by sonication. The lysis buffer
contained 50 mM Tris pH 8.0, 200 mM NaCl and 2 mM β-mercaptoethanol.
After cell lysis, the supernatant was purified by affinity chromatography
(Ni-NTA) column (GE Healthcare). The lysis buffer was used as the loading
buffer, and the protein was eluted by 250 mM imidazole in addition to
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Plate type

Vapor diffusion in hanging drop
24-Well Hanging Drop Plate

Temperature (K)

291

Protein concentration (mg ml–1)

20

Buffer composition of
protein solution

50 mM Tris-HCl, pH 8.0,
200 mM NaCl,
2 mM β-mercaptoethanol

Composition of reservoir
solution

20% w/v PEG 3350, 280mM
Ammonium sulfate, 100 mM Tris pH
8.5, 30% 1,6-Hexanediol

Volume and ratio of drop

2 ul protein with 2 ul reservoir solution

Volume of reservoir (ul)

500

the lysis buffer. After the first purification, the N-terminal six-histidine tag
was cleaved by TEV protease at 4°C for 7 h. The tag cleavage efficiency
of the TEV protease was ~95%. After cutting the histidine tag, affinity
chromatography purification was performed once again under the same
circumstances. In the third purification, size-exclusion chromatography
(SEC, Hiload 10/300 Superdex 200, GE Healthcare) was performed in 50
mM Tris HCl pH 8.0, 200 mM NaCl and 2 mM β-mercaptoethanol buffer.
Crystallization of the ATPase domain of DmpR
The purified protein was used for the crystallization set up. The final
concentration of the ATPase domain of the DmpR protein was 20 mg/ml.
The crystallization set up used a hanging drop plate (24-Well Hanging-Drop
Plate) at 291 K. The drop contained 2 μl of protein and 2 μl of reservoir
solution (Table 2). We obtained crystals of the ATPase domain of DmpR
in the presence of 1 mM ATP, 2 mM Mg2+ in 20% w/v PEG 3350, 280 mM
Ammonium sulfate, 100 mM Tris pH 8.5 and 30% 1,6-Hexanediol after 2
weeks of crystallization (Figure 2). Before the X-ray diffraction, the crystals
were transferred to the cryo-protection buffer containing 50% glycerol (v/v)
from the mother liquor of the reservoir solution.
Data collection and processing
For the data collection, all crystals were transferred to 10 μl of cryoprotection buffer containing 5 μl of 50% glycerol and 5 μl of the reservoir
solution. X-ray diffraction data were collected at 3.0 Å on the beamline 7A
at the Pohang accelerator Laboratory (PAL, Pohang, Korea). Images were
obtained at a 1° and 1 s exposure per image in 360° range. Complete
diffraction datasets were subsequently processed, merged, and scaled
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TABLE 3 I Data collection
Diffraction source

Beamline 7A, PAL

Wavelength (Å)

1.000

Temperature (K)

100

Detector

Quantum 270 CCD

Crystal-to-detector distance (mm)

350

Rotation range per image (°)

1

Total rotation range (°)

360

Exposure time per image(s)

1

Space group
a, b, c ( Å )
α, β, γ (o)
Resolution (Å)

P622
104.366, 104.366, 46.865
90.00, 90.00, 120.00
30.00-3.00

Total No. of reflections

Rmerge (%)a

8071
16.6 (17.1)b

I / σI

24.4 (0.3)

Completeness (%)

80.3 (25.6)

Redundancy

15.0 (3.5)

Rmerge = Σ |Iobs – Iavg| / Iobs, where Iobs is the observed intensity of individual
reflections and Iavg is averaged over symmetry equivalents.
b
The numbers in parentheses are statistics from the highest resolution shell.
a

with HKL 2000 (Table 3).
CONFLICT OF INTEREST
The authors declare no potential conflicts of interest.
ACKNOWLEDGEMENTS
This research was partly supported by the Marine Biotechnology Program
of the Korea Institute of Marine Science and Technology Promotion
(KIMST), the Ministry of Oceans and Fisheries (MOF) (No. 20170488), the
National Research Fund (NRF-2018R1A2A2A05021648) and the KRIBB
Research Initiative.

REFERENCES
Campos, V.L., Zaror, C.A., and Mondaca, M.A. (2004). Detection of
chlorinated phenols in kraft pulp bleaching effluents using DmpR mutant
strains. Bull Environ Contam Toxicol 73, 666-673.
Joly, N., Zhang, N., Buck, M., and Zhang, X. (2012). Coupling AAA protein
function to regulated gene expression. Biochim Biophys Acta 1823, 108116.
Lee, S.Y., De La Torre, A., Yan, D., Kustu, S., Nixon, B.T., and Wemmer,
D.E. (2003). Regulation of the transcriptional activator NtrC1: structural
studies of the regulatory and AAA+ ATPase domains. Genes Dev 17, 25522563.
O'Neill, E., Ng, L.C., Sze, C.C., and Shingler, V. (1998). Aromatic ligand
binding and intramolecular signalling of the phenol-responsive sigma54dependent regulator DmpR. Mol Microbiol 28, 131-141.
O'Neill, E., Wikstrom, P., and Shingler, V. (2001). An active role for a
structured B-linker in effector control of the sigma54-dependent regulator
DmpR. EMBO J 20, 819-827.
Patil, V.V., Park, K.H., Lee, S.G., and Woo, E. (2016). Structural Analysis
of the Phenol-Responsive Sensory Domain of the Transcription Activator
PoxR. Structure 24, 624-630.
Pavel, H., Forsman, M., and Shingler, V. (1994). An aromatic effector
specificity mutant of the transcriptional regulator DmpR overcomes the
growth constraints of Pseudomonas sp. strain CF600 on para-substituted
methylphenols. J Bacteriol 176, 7550-7557.
Shingler, V. (2003). Integrated regulation in response to aromatic
compounds: from signal sensing to attractive behaviour. Environ Microbiol
5, 1226-1241.
Skarfstad, E., O'Neill, E., Garmendia, J., and Shingler, V. (2000).
Identification of an effector specificity subregion within the aromaticresponsive regulators DmpR and XylR by DNA shuffling. J Bacteriol 182,
3008-3016.
Sze, C.C., Moore, T., and Shingler, V. (1996). Growth phase-dependent
transcription of the sigma(54)-dependent Po promoter controlling the
Pseudomonas-derived (methyl)phenol dmp operon of pVI150. J Bacteriol
178, 3727-3735.
Zhang, X., Chaney, M., Wigneshweraraj, S.R., Schumacher, J., Bordes,
P., Cannon, W., and Buck, M. (2002). Mechanochemical ATPases and
transcriptional activation. Mol Microbiol 45, 895-903.

Original Submission: Jun 1, 2019
Revised Version Received: Jun 13, 2019
Accepted: Jun 17, 2019

bdjn.org

Bio Design l Vol.7 l No.2 l Jun 30, 2019

55

