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Haloalkane dehalogenases (EC 3.8.1.5) are microbial enzymes that catalyse the

hydrolytic conversion of halogenated compounds, resulting in a halide ion, a

proton and an alcohol. These enzymes are used in industrial biocatalysis,

bioremediation and biosensing of environmental pollutants or for molecular

tagging in cell biology. The novel haloalkane dehalogenase DpaA described

here was isolated from the psychrophilic and halophilic bacterium Paraglacie-

cola agarilytica NO2, which was found in marine sediment collected from the

East Sea near Korea. Gel-filtration experiments and size-exclusion chromato-

graphy provided information about the dimeric composition of the enzyme in

solution. The DpaA enzyme was crystallized using the sitting-drop vapour-

diffusion method, yielding rod-like crystals that diffracted X-rays to 2.0 Å

resolution. Diffraction data analysis revealed a case of merohedral twinning, and

subsequent structure modelling and refinement resulted in a tetrameric model of

DpaA, highlighting an uncommon multimeric nature for a protein belonging to

haloalkane dehalogenase subfamily I.

1. Introduction

Environmental pollution caused by human activities is one of

the major global issues of our time. Halogenated organic

compounds are a major group of chemicals that are used in

agriculture and industry. Their applications vary from pesti-

cides and soil fumigants (for example 1,2-dibromoethane and

�-hexachlorocyclohexane) to solvents (for example 1,2-di-

chloroethane and chloromethane) and industrial precursors

(for example vinyl chloride and 1,2-dichloroethane) (Fishbein,

1979; Chaudhry & Chapalamadugu, 1991). The broad range of

application of these compounds, as well as their high resis-

tance to degradation, makes their decomposition difficult.

Nevertheless, a number of technologies for the degradation of

these compounds have already been developed (Swanson,

1999). Numerous microbiological surveys have shown that

some microorganisms can survive in highly polluted areas

(Janssen et al., 2005; Fetzner, 1998). Their resistance is

attributed to the presence of specific enzymes that are capable

of degrading pollutants, which makes these microorganisms

and their enzymes attractive targets for the development of

new bioremediation technologies.

Haloalkane dehalogenases (HLDs; EC 3.8.1.5) represent a

diverse group of enzymes that have attracted significant
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interest because of their ability to catalyse the hydrolysis of a

wide range of halogenated aliphatic compounds. This reaction

results in three products: (i) an alcohol, (ii) a halide ion and

(iii) a proton (Fetzner & Lingens, 1994). HLDs belong to the

�/�-hydrolase superfamily, which represents one of the largest

groups of structurally related enzymes with distinct catalytic

functions (Carr & Ollis, 2009; Holmquist, 2000). Phylogenetic

analysis divides HLDs into three subfamilies: HLD-I, HLD-II

and HLD-III (Chovancová et al., 2007; Vanacek et al., 2018).

Each family maintains a specific composition of the catalytic

pentad, which is made up of a catalytic triad and two halide-

stabilizing residues (Holmquist, 2000; Damborsky et al., 2010).

The catalytic pentad of the HLD-I subfamily consists of Asp-

His-Asp/Trp-Trp, while HLD-II members predominantly

contain Asp-His-Glu/Asn-Trp and HLD-III members contain

Asp-His-Asp/Asn-Trp (Chovancová et al., 2007). Because of

their broad substrate specificity, catalytic mechanism and

robustness, HLDs are used in industrial biocatalysis, bio-

remediation (Fetzner, 1998), biosensing of environmental

pollutants (Bidmanova et al., 2010; Campbell et al., 2006; Los

& Wood, 2007), cell imaging and protein analysis (Koudela-

kova et al., 2011), and decontamination of warfare agents

(Koudelakova et al., 2011; Prokop et al., 2006). Generally,

haloalkane dehalogenases occur in a monomeric form; the

exceptions are enzymes from the HLD-III group that form

high-order multimeric structures and specific enzymes from

the other groups that form dimers or dynamic oligomers

(Kunka et al., 2018). Oligomeric states of HLD-I enzymes are

rare and therefore such specimens are of great interest.

Moreover, the processing of X-ray diffraction data from

oligomeric proteins can be challenging (Goodsell & Olson,

2000). Various problems such as pseudosymmetry, quasi-

symmetry and twinning can affect the determination of the

correct structure and lead to uncertainties in space-group

assignment (Zwart et al., 2008).

Here, we report the purification, crystallization and X-ray

data analysis of DpaA, a novel haloalkane dehalogenase

belonging to the HLD-I subfamily (Vanacek et al., 2018) that

was isolated from the psychrophilic and moderately halophilic

bacterium Paraglaciecola agarilytica NO2. The bacterium was

isolated from marine sediments collected in the East Sea near

Korea (Yong et al., 2007). The genes of this extremophilic

bacterium were identified and characterized by a combination

of bioinformatics tools and automated laboratory screening

techniques (Vanacek et al., 2018). The DpaA enzyme shows

high enantioselectivity towards a racemic mixture of ethyl

2-bromopropionate and moderate enantioselectivity towards

2-bromopentane (Vanacek et al., 2018). This enzyme has also

been demonstrated to form dimers in solution (Vanacek et al.,

2018), a feature that is not typical for a member of the HLD-I

subfamily (Kunka et al., 2018). Dimers and higher order

oligomers probably lead to an unusual protein crystal packing

that causes difficulties during X-ray data processing, space-

group assignment and structure determination. The model of

DpaA based on the crystallographic data is the first example

of a tetrameric structure in haloalkane dehalogenase

subfamily I. This finding contributes to the development of

structure-solution procedures for oligomeric proteins that

exhibit unusual crystal packing.

2. Materials and methods

2.1. Gene synthesis and cloning

The gene sequence encoding DpaA from P. agarilytica NO2

(GI 495580204) was optimized for expression in Escherichia

coli and commercially synthesized by Bio Basic, Canada

(Table 1). The recombinant gene was subcloned into the

expression vector pET-21b conveying ampicillin resistance

(Novagen, USA) employing NdeI/XhoI restriction sites. A tag

research papers

348 Mazur et al. � DpaA Acta Cryst. (2021). D77, 347–356

Table 1
Production details for DpaA.

Source organism P. agarilytica NO2
DNA source Synthesized DNA (GI 495580204)
Restriction sites NdeI/XhoI
Vector pET-21b
Expression host E. coli BL21(DE3)
Complete amino-acid sequence
of the construct produced

MTIKALRTPEERFSVLPAFPYQPNYVDDLG

GYESLRMAYIDEGDKDSEYTFLCLHGEP

TWSYLYRKMIPVFTDAGHRVVAPDLFGF

GRSDKPIEDSVYNFEFHRNSLIQLIEHL

DLKNIVLVCQDWGGGLGLTIPMDMQDRF

KKLIVMNTTISNGEPLAEAAVQWMAFNE

TISELPVAGLVACDAGAAVNVMDALAYD

APFPNKNYKVGVKRFPQMIPTNADDDAV

KYGLRAIEFWSNEWSGESFMAIGMKDAV

LGEAAMMQLKTVIKGCPEPMKIEEAGHF

VQEYGVEVAEQALASFTMIHHHHHH

Table 2
Data-collection and refinement statistics for DpaA.

Data collection
Space group P21212
a, b, c (Å) 117.39, 155.51, 155.61
�, �, � (�) 90.0, 90.0, 90.0
Resolution range (Å) 47.44–2.00 (2.03–2.00)
Total No. of reflections 1289197 (59344)
No. of unique reflections 191831 (9393)
Completeness (%) 100 (100)
hI/�(I)i 7.90 (1.30)
Rmeas† 0.18 (1.61)
CC1/2 99.80 (60.10)
Overall B factor from Wilson plot (Å2) 22

Refinement
No. of reflections used for refinement 182376
Rwork‡/Rfree§ (%) 17.17/20.22
No. of non-H atoms 20815
No. of protein atoms 18810
No. of chloride ions 18
No. of water molecules 1987
Average B factor (Å2) 27.21
Ramachandran plot
Most favoured (%) 96.04
Allowed (%) 3.62
Outliers (%) 0.34

R.m.s. deviations
Bond lengths (Å) 0.02
Angles (�) 1.81

PDB code 7avr

† Rmeas is a redundancy-independent merging R factor. Rmeas =P
hklfNðhklÞ=½NðhklÞ � 1�g1=2 Pi jIiðhklÞ � hIðhklÞij=Phkl

P
i IiðhklÞ, where hI(hkl)i is

the mean of the N(hkl) individual measurements Ii(hkl) of the intensity of reflection
hkl. ‡ Rwork =

P
hkl

�
�jFobsj � jFcalcj

�
�=
P

hkl jFobsj. § Rfree was monitored using 5% of
the reflection data that were excluded from refinement.
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sequence of six histidine codons was attached downstream of

the gene. Competent cells of E. coli strain DH5� were trans-

formed with the resulting constructs using the heat-shock

method for plasmid propagation.

2.2. Protein production

E. coli strain BL21(DE3) was used for routine high-level

gene expression and protein production as outlined below.

The competent cells were transformed with the pET-21b

vector containing the dpaA gene using the standard heat-

shock method, plated on agar plates with ampicillin

(100 mg ml�1) and grown overnight at 37�C. Single colonies

were used to inoculate 10 ml lysogenic broth (LB) medium

(Sigma–Aldrich, USA) with ampicillin (100 mg ml�1) and the

cells were grown overnight at 37�C. The overnight culture was
used to inoculate 1000 ml LB medium. The cells were culti-

vated at 37�C with shaking at 110 rev min�1 until an OD600 of

0.4–0.6 was reached. Overexpression was induced by the

addition of 0.5 mM isopropyl �-d-1-thiogalactopyranoside
(Sigma–Aldrich, USA). The cells were then cultivated for 24 h

at 20�C with shaking at 105 rev min�1. Biomass was harvested

by centrifugation (3700g at 4�C for 10 min), washed with

purification buffer A (20 mM K2HPO4/KH2PO4 pH 7.5, 0.5 M

NaCl, 10 mM imidazole) and resuspended in 10 ml buffer A

per gram of wet biomass. The harvested biomass was frozen at

�80�C. DNase I (New England Biolabs, USA) was added to a

final concentration of 1.25 mg ml�1 and the cell suspension was

disrupted by a One-shot cell homogenizer (Constant Systems,

UK) using one cycle at 1.5 kbar pressure. The cell lysate was

centrifuged for 1 h at 21 000g and 4�C. The crude extract was

decanted and the total protein concentration was determined

by the Bradford method (Bradford, 1976).

The overexpressed histidine-tagged DpaA was purified

from the crude extract using a single-step nickel-affinity

chromatography approach. The cell-

free extract was loaded onto a 5 ml

nickel–nitrilotriacetic acid (Ni–NTA)

Superflow column (Qiagen, Germany)

in purification buffer A (20 mM potas-

sium phosphate buffer pH 7.5, 0.5 M

sodium chloride, 10 mM imidazole).

Unbound and weakly bound proteins

were washed with the same buffer

until the baseline was reached. The

target protein was eluted with elution

buffer (purification buffer A containing

300 mM imidazole). The eluted protein

was dialyzed overnight against 50 mM

Tris–HCl buffer pH 7.5 at 4�C. Protein
concentration was determined by the

Bradford method and purified proteins

were stored at 4�C.

2.3. Crystallization

Crystallization screening was

performed on a Gryphon crystallization

robot (Art Robbins Instruments, USA)

and an Oryx4 crystallization robot

(Douglas Instruments, UK) in MRC

2-well crystallization plates (Hampton

Research, USA) and CombiClover

Junior crystallization plates (Rigaku

Reagents, USA), respectively, employ-

ing the sitting-drop vapour-diffusion

method (Ducruix & Giegé, 2000). Initi-

ally, commercial crystallization screens

were used: JCSG-plus, Structure Screen

1&2, Morpheus, the PGA screen,

MIDAS (Molecular Dimensions, UK)

and Index (Hampton Research, USA).

Protein in 50 mM Tris–HCl buffer

pH 7.5 was mixed with the precipi-

tant solution in various ratios and
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Figure 1
Crystals of DpaA from P. agarilytica NO2. (a) The DpaA crystals grown after initial screening; (b)
the DpaA crystals used for data-collection experiments.

Figure 2
Cartoon model of the asymmetric unit of DpaA: dimers AB and EH are shown in light blue; dimers
DC and FG are shown in green.
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equilibrated against 50–70 ml precipitant for the MRC 2-well

plates and 200 ml precipitant for the CombiClover Junior

plates. Optimization of successful crystallization conditions

was performed by varying the salt, PEG and protein concen-

trations and the temperature (McPherson & Cudney, 2014).

2.4. Data collection

Diffraction data were collected on beamline BL14.1 for

macromolecular crystallography at the BESSY II electron-

storage ring (Berlin-Adlershof, Germany) operated by the

Helmholz-Zentrum Berlin (Mueller et al., 2015) and equipped

with a PILATUS 6M detector (Dectris, Switzerland).

The crystals of DpaA were mounted in LithoLoops

(Molecular Dimensions, UK) or nylon cryoloops (Hampton

Research, USA) and were immediately flash-cooled in liquid

nitrogen. As a cryoprotectant, 0.5 ml 50%(w/v) PEG 400 was

added to the droplet with crystals 5 min before harvesting.

Diffraction experiments were performed at 100 K. Data-

collection statistics are summarized in Table 2.

2.5. Structure solution and refinement

Data sets were indexed and integrated using the XDS

software package (Kabsch, 2010) and were scaled using

AIMLESS from the CCP4 suite (Winn et al., 2011). The

structure was solved using molecular replacement with

MOLREP (Vagin & Teplyakov, 2010). Structure refinement

was performed with REFMAC5 (Murshudov et al., 2011) and

Coot (Emsley et al., 2010). A global overview of the inter-

actions in assemblies in the asymmetric unit was obtained by

making use of the PISA server (Krissinel & Henrick, 2007).

All figures showing structural representations were prepared

with PyMOL (DeLano, 2002). The surface model was gener-
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Figure 3
Multiple sequence alignment of the structurally described haloalkane dehalogenases DpaA from Paraglaciecola agarilytica NO2 (PDB entry 7avr),
DccA from Caulobacter crescentus (PDB entry 5ers), DppA from Plesiocystis pacifica SIR-I (PDB entry 2xt0) and DhlA from Xanthobacter
autotrophicus GJ10 (PDB entry 2dhc). Catalytic residues are marked by blue stars. Identical residues are presented in white on a black background;
similar residues are in bold. Secondary-structure elements of DpaA are shown above the sequences. The alignment was generated with Clustal Omega
(Sievers et al., 2011) and visualized using ESPript 3.0 (Robert & Gouet, 2014).
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ated in UCSF Chimera 1.14 (Pettersen et al., 2004), which

shows solvent-excluded molecular surfaces composed of probe-

contact, toroidal and re-entrant surfaces. Solvent-excluded

molecular surfaces were created with the help of the MSMS

package (Sanner et al., 1996). In UCSF Chimera, amino-acid

residues were assigned according to the kdHydrophobicity

(Kyte & Doolittle, 1982), with values within the range �4.5

(blue) to 4.5 (red). The more positive the value, the more

hydrophobic the amino acids located in that region of the

protein are. Hydrophobicity scales offer insight into the

thermodynamics of the interactions that occur between the

proteins. Data-refinement statistics are summarized in Table 2.

The refined structure was deposited in the Protein Data Bank

with PDB code 7avr.

3. Results and discussion

The recently isolated and characterized wild-type haloalkane

dehalogenase DpaA (Vanacek et al., 2018) from P. agarilytica

NO2 was used in initial crystallization. Microcrystals and thin

needle-shaped crystals (Fig. 1a) were found after seven days

using a protein stock concentration of 13.6 mg ml�1 in a

condition consisting of 0.1 M Na HEPES pH 7.5, 2%(w/v)

PEG 400, 2M ammonium sulfate at 293 K. To optimize the

crystal size, various concentrations of protein and precipitant

components and a lower temperature of 277 K were used. The

best-diffracting DpaA crystal (Fig. 1b), with dimensions of 350

� 50 � 30 mm, grew within a week in a condition consisting of

0.1 M Na HEPES pH 7.5, 4%(w/v) PEG 400, 2 M ammonium

sulfate using a protein concentration of 8 mg ml�1 and a 2:1

ratio of protein solution to precipitant.

Several diffraction data sets were collected with a maximum

resolution ranging from 2.0 to 2.9 Å. The data sets exhibited

space-group ambiguity and pseudotranslation, with values

ranging from 27.8% to 47.6%. Data-collection statistics for the

best-diffracting crystal are summarized in Table 2.

Data processing of the data set presented here was difficult

because of the space-group ambiguity. Although AIMLESS

suggested space groups with a tetragonal lattice, no successful

molecular-replacement solution was found. Based on its

sequence identity (52%), the haloalkane dehalogenase DppA

from Plesiocystis pacifica SIR-I (PDB entry 2xt0; Hesseler et

al., 2011) was used as a structural template. We attempted

phasing in several space groups (for example P1, P21, P21212

and C2221). Phasing was successful in several of them, but the

refinement proved to be stable in space group P21212 with

nearly perfect merohedral twinning. A total of eight molecules

of DpaA were placed into the electron-density map. After

several cycles of manual and automated refinement (including

amplitude twin refinement), Rwork and Rfree decreased to

values of 17.2% and 20.2%, respectively.

The asymmetric unit of DpaA consists of two tetramers,

chains A, B, C and D and chains E, F, G and H, which are

shown in Fig. 2, with a dimer–dimer interaction in each. In the

ABCD tetramer, two dimers,AB and CD, are held together by

interactions between chains B and C and chains D and A.
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Figure 4
Cartoon model of the overall structure of DpaA (a) and the active site (b). (a) Overall structure. �-Helices are shown in red, �-strands are shown in
yellow and loops are in green for the core domain of DpaA. The cap domain is shown in cyan, the chloride ion in the active site is shown as a green sphere
and the catalytic pentad is shown as green sticks. (b) Details of the active site. The catalytic pentad is represented by sticks. The chloride ion and water
molecule are shown as green and red spheres, respectively. Coordinating interactions are represented by orange dashed lines. The 2Fo � Fc electron-
density map for ions and interacting residues contoured at 1.0� is drawn as light grey mesh.
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Analysis of the solvent-accessible surface area of the

preliminary model of DpaA, using the PISA server (Krissinel

& Henrick, 2007), suggested dimerization and tetramerization.

Dimerization has previously been confirmed for this protein

using size-exclusion chromatography (Vanacek et al., 2018).

A multiple alignment with representatives of the HLD-I

subfamily that show a dimeric nature and/or have a higher

sequence identity (Carlucci et al., 2016; Hesseler et al., 2011;

Silberstein et al., 2007) was performed to compare DpaAwith

its relatives with previously determined crystal structures

(Fig. 3). The alignment shows that DpaA has a highly

conserved secondary structure in comparison with other

dehalogenases. The active-site residues are conserved among

all compared proteins; the catalytic triad Asp125, Asp252 and

His281 (numbering according to DpaA) and the two halide-

binding residues (Trp126 and Trp165) are identical in all

represented dehalogenases (Fig. 3). The main domain

sequences are highly conserved among dehalogenases, in

contrast to the amino-acid divergence of the cap-domain

components. The amino acids of the main domain are

responsible for the catalytic function, although the cap-

domain residues are important for substrate recognition and

specificity. Every HLD has its own wide or narrow range of

substrate specificity, which is a result of the deviation of the
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Figure 5
Cartoon models of the overall structures of various haloalkane dehalogenase dimers: (a) DpaA from Paraglaciecola agarilytica NO2 (PDB entry 7avr;
this study), (b) DmmA from Moorea producta (PDB entry 3u1t), (c) HanR from Rhodobacteraceae sp. (PDB entry 4brz), (d) DccA from Caulobacter
crescentus (PDB entry 5ers), (e) DmxA from Marinobacter sp. (PDB entry 5mxp) and ( f ) DbeA from Bradyrhizobium elkanii (PDB entry 4k2a). The
cap domain is shown in cyan.
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amino-acid composition of the cap domain among the HLD

family members.

3.1. Overall DpaA structure

DpaA has the typical organization of haloalkane dehalo-

genases from the HLD-I subfamily (Chovancová et al., 2007),

consisting of two domains (the main domain and the cap

domain) with a deep cleft between them that harbours the

active site (Fig. 4a). The main domain consists of an eight-

stranded �-sheet with an antiparallel orientation of �2. The
�-strands are surrounded by six �-helices: two on one side (�2
and �10) and four on the other side (�1, �3, �4 and �9). The
cap domain, consisting of residues 156–221 inserted between

the �6 strand and the �8 helix of the main domain, is formed

by four �-helices (�4, �5, �6 and �7) and five connective loops

(Fig. 4a).

The active site of DpaA is buried in a hydrophobic cavity

and consists of a catalytic pentad, which is a typical structural

signature of the HLD-I subfamily (Chovancová et al., 2007),

namely two halide-stabilizing residues, Trp126 and Trp165,

and a catalytic triad comprised of the nucleophile Asp125, the

catalytic acid Asp252 and the catalytic base His281 (Fig. 4b).

The nonprotein electron density in the active site was inter-

preted as water molecules and a chloride anion. The chloride

anion occupies the halide-binding site and interacts with the

N�1 atoms of Trp126 and Trp165, the two halide-stabilizing

residues, at distances of 3.20 and 3.24 Å, respectively. Further

coordination of the chloride ion is provided by the N atom of

Pro214 at a distance of 3.50 Å and the catalytic water molecule

HOH185 at a distance of 2.94 Å (Fig. 4b). Asp125 O�1 forms a

hydrogen bond of 2.74 Å to the main-chain amino group of

the halide-stabilizing Trp126 and connects to His281 and

Asp252 of the catalytic triad (Fig. 4b). The whole catalytic

pentad in DpaA has a similar conformation to the corre-

sponding catalytic residues in other members of HLD-I with

known structures, such as DccA, DhlA and DppA.

3.2. Oligomerization

Dimerization has previously been discovered in several

HLD structures deposited in the Protein Data Bank: DmmA

from Moorea producta (PDB entry 3u1t; Gehret et al., 2012),

HanR from Rhodobacteraceae sp. (PDB entry 4brz; Novak et

al., 2014), DccA from Caulobacter crescentus (PDB entry 5ers;

Carlucci et al., 2016), DmxA from Marinobacter sp. (PDB

entry 5mxp; Chrast et al., 2019), DbeA from Bradyrhizobium

elkanii (PDB entry 4k2a; Chaloupkova et al., 2014) and DbjA

from B. japonicum (PDB entry 3a2m; Prokop et al., 2010)

(Figs. 5b–5f). The DmmA dimers are formed by two

C-terminal helices from the main domain (Fig. 5b). In the

HanR structure, the dimers are formed by the contact of the

external part of the cap domains, mainly by the residues in the

loops connecting the �5 and �6 helices (Fig. 5c). In the DccA

structure, the assembly is attained by an amino-acid inter-

action situated in the �2 helix on one side of the main domain

(Fig. 5d). The dimerization in the DbjA and DbeA structures

is identical and is achieved through residues in the C-terminal

�11 helix (Fig. 5f). In the DmxA structure, the dimers are

formed similarly to those of the DbeA protein but are also

aided by a disulfide bridge between the C-terminal Cys294

residues (Fig. 5e).

The tertiary structure of DpaA represents a tetramer that

consists of two homodimers. An analysis of intermolecular

contacts in the modelled structure of DpaA suggested that the

dimers are formed through noncovalent interactions mainly of

the �5 (residues 173–183) and �6 (residues 191–198) helices.

Further interaction is provided by the loop residues (11–18,

170–172 and 202–204; Figs. 5a and 6). Overall, 32 amino acids

are involved in the formation of the protein-dimer interface.

According to the protein interface analysis provided by
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Figure 6
Cartoon model of the dimer structure of DpaA and the interactions between chains A and B. Chain A is shown in light blue and chain B is in grey. The
cap domain in chain A is shown in cyan. The amino acids involved in the interactions are shown as sticks. The interactions are shown as orange dashed
lines.
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PDBePISA (Krissinel & Henrick, 2007), the buried solvent-

accessible protein area of the dimer is 935.2 Å2, representing

7.7% of the total solvent-accessible surface area of the dimer.

Hydrogen bonds are formed from the N�1 atom of Arg12 in

chain B to the O�2 atom of Glu174 and the O�1 atom of Ser173

in chain A, with distances of 2.77 and 3.10 Å, respectively.

Further interaction is provided by the contact of O�1 of Ser173

in chain B and O"1 of Glu11 in chain A, with a distance of

2.62 Å. Another bond is represented by the interaction of the

S atom of Cys183 in chain A with the N atom of Val191 in

chain D, with a distance of 3.80 Å. Additional interaction is

provided by the same residues of chain D and chain A. Chains

C and D show the same set of interactions with similar

distances.

The interactions which form a tetramer are shown in

Fig. 7. This contact is weaker and is connected to the �9
helix and �8 sheet. The strongest hydrophilic interaction is

provided by the O"1 and O"2 atoms of Glu277 from chain A

and the N atoms of Asp252 and Ala253 from chain D, with

distances of 3.00 and 3.10 Å, respectively. A hydrophilic

interaction is provided by Glu278 from chain A and Lys251

from chain D, with a distance of 3.20 Å between the O"2 and

N� atoms, respectively. These interactions are similar for the

same residues in chain D and have similar consistency in the

interactions of chains B and C. Additional coordination is

provided by hydrophobic interactions of one chain (residues

159–162, 250–255, 259–263, 269–271, 274 and 279) with the

corresponding residues of the other chain (Fig. 8). Chains B

and C show the same set of interactions with similar distances.

To verify the crystallographic arrangement of monomeric

units in the multimeric assembly, two tetramers were

constructed by PDBePISA in space group P21212, ABCD and

EFGH tetramers, with values of �G for the interaction of

�113.4 and �165 kcal mol�1, respectively. The ABCD

tetramer is nearly identical to the EFGH tetramer in its

organization. According to the protein interface analysis

calculated by PDBePISA, the buried solvent-accessible area is
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Figure 7
Cartoon model of the tetramer structure of DpaA and interactions between chains A andD. Chain A is shown in light blue; other chains are in grey. The
interactions are shown as grey sticks with coloured elements for chain D and light blue sticks with coloured elements for chain A. The interactions are
shown as orange dashed lines.

Figure 8
Cartoon representation of hydrophobic interactions between two dimers
forming a tetramer, where the residues are coloured according to the
kdHydrophobicity values from �4.5 (shown in blue) to 4.5 (shown in
red): (a) cartoon view of the interaction area and (b) surface
representation of the contact area. Hydrophobicity values were
calculated using UCSF Chimera (Pettersen et al., 2004).
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7147 Å2, representing 17% of the total solvent-accessible

surface area of a tetramer.

4. Conclusions

Crystallographic analysis of the DpaA protein revealed an

unusual crystal packing in comparison to other members of

the HLD-I subfamily. The model of DpaA reported in this

paper represents the first tetrameric structure observed by

X-ray crystallography in haloalkane dehalogenase subfamily I.

Currently, all crystal structures of HLD-I subfamily members

deposited in the PDB are monomeric. There are only a few

examples of dimeric haloalkane dehalogenases from sub-

families HLD-II and HLD-III, such as DbjA (PDB entry

3a2m; Prokop et al., 2010), DbeA (PDB entry 4k2a;

Chaloupkova et al., 2014), DmmA from the metagenomic

DNA of a marine microbial consortium (PDB entry 3u1t;

Gehret et al., 2012), HanR from Rhodobacteraceae sp. (PDB

entry 4brz; Novak et al., 2014), DccA from Caulobacter cres-

centus (PDB entry 5ers; Carlucci et al., 2016) and DmxA from

Marinobacter sp. (PDB entry 5mxp; Chrast et al., 2019).

Crystal structures of enzymes from the HLD-III subfamily

(DmbC and DrbA) that show oligomeric properties in size-

exclusion chromatography (Jesenská et al., 2009; Moore, 2018)

have not been solved to date. The tendency of the DpaA

protein to oligomerize is likely to cause problems during

protein structure solution in a wide range of crystallization

conditions and also across various crystal lattices.
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Ducruix, A. & Giegé, R. (2000). Crystallization of Nucleic Acids and
Proteins. A Practical Approach. Oxford University Press.

Emsley, P., Lohkamp, B., Scott, W. G. & Cowtan, K. (2010). Acta
Cryst. D66, 486–501.

Fetzner, S. (1998). Appl. Microbiol. Biotechnol. 50, 633–657.
Fetzner, S. & Lingens, F. (1994). Microbiol. Rev. 58, 641–685.
Fishbein, L. (1979). Sci. Total Environ. 11, 111–161.
Gehret, J. J., Gu, L., Geders, T. W., Brown, W. C., Gerwick, L.,
Gerwick, W. H., Sherman, D. H. & Smith, J. L. (2012). Protein Sci.
21, 239–248.

Goodsell, D. S. & Olson, A. J. (2000). Annu. Rev. Biophys. Biomol.
Struct. 29, 105–153.
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ková, R., Prokop, Z., Geerlof, A. & Damborský, J. (2009). Appl.
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