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ANNOTATIOIN 

Halogenated pollutants represent one of the greatest threats to nature. 

Scientists have been searching for a solution to degradation of such compounds and 

soil remediation for many years, and several suggestions have been completed until 

know. One of the ways is the biodegradation of halogenated compounds by bacterial 

enzymes, such as haloalkane dehalogenases, enzymes that cleave halogen bonds 

and degrade this kind of compounds. The wide substrate specificity of these 

enzymes pushes forward the research for new techniques to improve existing 

dehalogenases and revealing new features in unique properties of novel types. 

In this work, X-ray crystallographic analysis was successfully used for 

structural-functional characterization of novel isolated and engineered haloalkane 

dehalogenases. The first part is devoted to the characterization of the novel 

haloalkane dehalogenase DpaA from Paraglaciecola agarilytica NO2. Unusual 

feature of this enzyme is its property to form multimeric construction, whereas other 

members of the same phylogenetic subfamily are present as monomers. We aim to 

expand the knowledge of the structure and formation of the multimeric haloalkane 

dehalogenases.  The second part of the thesis deals with novel enzyme synthesized 

by use of the ancestral sequence reconstruction from dehalogenases with the 



 
 

broadest range substrate specificity LinB and DmbA. Armed with a new technique 

the novel synthesized enzyme can enhance the effectiveness of the degradation of 

halogenated environmental pollutants. 
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1. PROLOGUE AND AIMS OF 

RESEARCH 

 

With the rapid development of industry, the question of nature recovering 

becomes one of the most important topics nowadays. The remediation of soil after 

the use of industrial chemicals such as agricultural pesticides is one of the most 

urgent problems to be solved for society. The most common pesticide material is 

halogenated aliphatic compounds, which subsequently represents one of the largest 

groups of environmental pollutants. Several approaches of soil remediation have 

been proposed. One of them is the biodegradation of halogenated compounds by 

enzymatic reactions of bacterial origin. This reaction can be leaded by enzymes, 

which belong to a large group of α/β hydrolases that are called haloalkane 

dehalogenases. They catalyze the cleavage of a carbon-halogen bond in halogenated 

compounds, resulting in the formation of a halide ion, a corresponding alcohol and 

a proton.  

The structure of haloalkane dehalogenase as well as other proteins and 

macromolecules is a key point in the understanding their properties as well as 

biological mechanisms. There are several methods of structure determination have 

been developed up to date, one of them is X-ray crystallography. This is the most 

powerful method based on the determining the atomic structure of a protein crystal, 

in which the crystalline structure causes a beam of incident X-rays to diffract into 

many specific directions. Therefore, X-ray crystallography is used to determine the 

structure of novel types of haloalkane dehalogenases.  

The aim of this research was to provide a structural analysis of the novel 

types of haloalkane dehalogenases to extend the knowledge of their nature and 

origin.  



2 
 

The specific research objectives were: 

1. To determine the structure of DpaA protein, analyze its oligomeric state and 

compare DpaA with other selected proteins 

2. To determine the structure of ancestral protein AncLinB-DmbA  

3. To provide a comparative structural analysis of AncLinB-DmbA with its 

descendants LinB and DmbA  

4. To provide a structural analysis of DbeA from Bradyrhizobium Elkanii USDA94 

Haloalkane Dehalogenase Variant with an Eliminated Halide-Binding Site. 
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2. INTRODUCTION 

 

The industrial revolution has enabled humanity to make a tremendous leap 

in development in the last few centuries. A wide variety of chemical compounds 

has been created for use in agriculture, industry, and on the battlefield. 

Unfortunately, many of them is very difficult to degrade, thus they pollute the 

biosphere and have enormous impact on human health. Therefore, many scientists 

are engaged in research on the degradation of these pollutants. 

Halogenated organic compounds belong to one of the largest groups of 

environmental chemicals. The utility of these compounds can range from pesticides 

and soil fumigants (1,2-dibromoethane, γ-hexachlorocyclohexane, etc.) to solvents 

(1,2-dichloroethane, chloromethane, etc.) and industrial chemicals (vinyl chloride, 

1,2-dichloroethane) [1-3]. The wide application of the above compounds and their 

high resistance to degradation make it difficult to abandon their use. 

A number of methods have been developed to detect and reduce the toxicity of 

halogenated compounds, for example extraction, combustion, chemical 

degradation, sonochemical destruction, photochemical processes and 

bioremediation [4, 5]. Recent studies in microbiology have shown that some 

microorganisms have adapted to live in polluted areas and conditions [6, 7]. Further 

analyses revealed that these microorganisms contain enzymes capable of cleaving 

carbon-halogen bonds, and the products of the reactions are nontoxic compounds 

[6-9]. This makes microorganisms degradating xenobiotics very attractive for 

studying the evolution of enzymatic specificity and the construction of new 

metabolic pathways. Exploiting and engineering the catalytic potential of microbial 

enzymes lead to the development of new biological processes for the production of 

valuable chemicals. 
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2.1. Haloalkane dehalogenases 

Haloalkane dehalogenases are enzymes (HLDs; EC 3.8.5.1) that catalyze 

hydrolytic cleavage of the carbon-halogen bond in various halogenated compounds 

into corresponding alcohols, halides, and protons. The HLDs have great potential 

applications in the detection and degradation of halogenated compounds such as 

1,2-dichloroethane, 1,2,3-trichloropropane, 1,2-dibromoethane, etc. which are 

important in industry and the environment [9]. The HLDs can also be immobilized 

and engineered for higher activity, thermal stability and resistance to organic 

solvents. Other practical applications include detoxification, protein production, 

and cell imaging. The HLDs are also a good model for studying structure-function 

relationships between enzymes, making these enzymes an important component of 

cutting-edge research in biotechnology [8-10].  

 

2.2. Structure of haloalkane dehalogenases 

 Structurally, haloalkane dehalogenase belongs to the α/β-hydrolase 

superfamily and consists of 2 domains: the main (or core) domain and the cap 

domain (Fig 1). The core domain is conserved in different members of the α/β-

hydrolase superfamily and contains 8 β-sheets surrounded by 6 α-helices and serves 

to maintain the arrangement of  
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Figure 1. Overview of the tertiary structure of LinB. α-Helices, β-sheets and 

loops forming the core domain are shown in dark blue, green and red, 

respectively; while the helices and loops from the cap domain are colored in 

light-blue [11]. 

the catalytic residues [11]. The helical cap domain is located at the top of the core 

domain and consists of multiple helices and loops. The cap domain is more flexible 

than the core domain and displays certain motions. It is known that this fact 

influences the substrate specificity of the enzymes [12].  

The active site is located between two domains in a cavity composed of 

hydrophobic residues. It contains a catalytic triad of three amino acids (nucleophilic 

aspartate, basic histidine, catalytic aspartic acid) involved in the dehalogenated 

reaction. In addition, this cavity contains a binding site, which consists of two amino 

acids (tryptophan-tryptophan or tryptophan-asparagine) stabilizing halogen atom of 

the substrate during the dehalogenation reaction [13]. 
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The phylogenic analysis revealed that haloalkane dehalogenase is divided 

into three subfamilies: HLD-I, HLD-II and HLD-III [14].  They revealed some 

sequence and structural differences mostly in the cap domain. Also, great 

differences are presented in the catalytic pentad (Fig. 2).  

 

Figure 2. The catalytic pentad within the haloalkane dehalogenase family. 

The tree is rooted based on the results of outgroup analysis and its probable 

root is indicated by the solid arrow. An alternative root position is indicated 

by the dotted arrow. Adapted from [14]. 

2.3. Multimeric nature of haloalkane dehalogenases 

Proteins in nature have tendencies to multimerization [15].  These molecules 

are form into a symmetrical higher-order complexes composed of subunits encoded 

by the same genetic locus. Depending on the numbers of subunits, such complexes 

are referred to as dimers, trimers, tetramers, etc. [16]. Such formation in nature gives 

proteins several advantages, which might be the factor of the evolution of this form 
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[16].  It is easier to fold multiple small proteins. Also the encounter rate of an 

enzyme and a small substrate is proportional to the effective radius of the enzyme 

[17]. A quite important advantage of multimeric formation is a more stable 

construction, which can decrease potential denaturation or other interactions due to 

a smaller surface area to volume [18].  

In case of enzymes a good feature of oligomers might be the potential higher 

substrate specificity of catalytic sites due to their lower sensitivity to internal 

motions in higher-order structures rather than in monomers [16].  

However, most of haloalkane dehalogenases are presented in nature as 

monomers. The quaternary structure among three subfamilies shows, that 

haloalkane dehalogenases mostly presented as monomers, with several dimers in 

HLD-II and HLD-III and some oligomeric states in HLD-III [14, 19]. The HLD-I 

subfamily dehalogenases were characterized only in monomeric state [20-22]. The 

dimer interaction has been discovered in haloalkane dehalogenases from organisms 

of various origin [23-27]. It may occur in dehalogenseses from marine organisms, 

such as DmxA from Marinobacter sp. (PDB entry 5mxp; [23]), HanR from 

Rhodobacteraceae sp. (PDB entry 4brz; [24] ) or a DmmA from a metagenomic 

DNA of a marine microbial consortium (PDB entry 3u1t; [25]). Also, several 

dehalogenases with dimer interactions were identified in soil microorganisms:  

DccA from Caulobacter crescentus (PDB entry 5ers; [26]), DbeA from 

Bradyrhizobium elkanii (PDB entry 4k2a; [27]).All mentioned dimers do not share 

the same pattern between interacted domains. Some of them interact between cap 

domains, some between main domains.  

On the other hand, several haloalkane dehalogenases show tendency to form 

a multimeric conformation. Haloalkane Dehalogenases DrbA and DmbC from 

HLD-III subfamily revealed a multimeric form on a size exclusion chromatography, 

but its structure has been not identified up to date [14, 19]. Quite interesting 
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properties have been found in DbjA from Bradyrhizobium japonicum USDA110. 

This enzyme shows high tolerance to pH changes, moreover its oligomerization is 

pH-dependent: monomer, dimer, tetramer and a high molecular weight cluster of 

the enzyme were distinguished in solution at different pH conditions [28]. The fact, 

that there is not so much data on multimeric haloalkane dehalogenases might be due 

to a difficulties of solving crystal structure of this oligomeric enzymes. 

2.4. Catalytic mechanism of haloalkane dehalogenases 

The catalytic reaction of haloalkane dehalogenases is similar among each 

other and can be described by DhaA R. rhodochrous (Fig. 3) [29]. It is carried out 

in the active site by a catalytic triad (Asp-Glu-His) and two tryptophan residues 

(Asn-Trp) forming a halide and substrate binding site. This mechanism is provided 

in four steps: (i) substrate binding in the active site; (ii) nucleophilic attack of 

aspartate on the substrate, leading to the formation of a halide anion and an alkyl 

enzyme intermediate; (iii) nucleophilic addition of water activated by His and 

formation of an ester intermediate; (iv) release of the reaction products.  
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Figure 3 The catalytic mechanism of haloalkane dehalogenase DhaA from R. 

rhodochrous [29]. 

More specifically, the dehalogenation reaction is initiated when the substrate 

binds the active site of the enzyme through its halogen to the nitrogen atoms of two 

halide-stabilizing amino acid residues (Fig.3a). As a result, the halogen-bound sp3-

hybridised carbon atom of the substrate is placed toward the nucleophilic amino 

acid residue Asp. Next, one of the oxygen atoms of the Asp side chain attacks the 

halogen-bound carbon atom of the substrate (Fig.3b). This leads to the formation of 

a halide anion and an alkyl enzyme intermediate that remains associated with the 

side chains of two halide-stabilizing amino acid residues (Fig.3c). The second 

carboxylic oxygen remains free and its negative charge [30]. 
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The third step of reaction consists of hydrolysis of the covalent alkyl enzyme 

intermediate by presenting water in the active site. The His base extracts a proton 

from the catalytic water molecule (Fig. 3d). The remaining hydroxyl anion attaches 

to the carboxyl carbon atom of Asp nucleophile side- chain, which form the so-

called tetrahedral intermediate. To stabilize the positive charge of the His-imidazole 

ring, the third acid of the catalytic triad Glu bonds its side-chain oxygen to His. 

Then the tetrahedral intermediate breaks the bond with Asp, leading to the formation 

of the alcohol, while the hydroxyl anion being a source of oxygen and protons. The 

protonated His base could be an alternative source of protons. Finally, all three 

products alcohol, halide ion, and proton are released, highlighting the end point of 

the reaction [31, 32].  

 Described reaction mechanism is similar among all HLDs, however, the rate-

limiting step in catalytic cycle might differ. In the case of DhlA reaction with 1,2-

dichloroethane this is the halide release [33]. In another example: during the 

dehalogenation of 1,3-bromopropane by DhaA [32] the rate-limiting step is a 

release of alcohol and for dehalogenation of 1-chlorohexane and bromocyclohexane 

by LinB [34] it is hydrolysis of the alkyl-enzyme intermediate. The factors 

influencing the rate of the reaction are the catalytic residues composition, the active 

site cavity geometry, and number of access tunnels connecting the deeply buried 

active site cavity with the protein surface [31, 34, 35]. 

2.5. Haloalkane dehalogenases from marine organisms and their structural 

properties 

One of the most unusual features of planet Earth is the amount of water – indeed, 

more than 70% of the planet surface is covered by ocean. The life occurred in the 

sea, and until these days, marine organisms represent the most diverse, but the least 

investigated biological group. Biochemical processes that take place in marine 

environment are of a particular interest. Apparently, the water hides not only living 

organisms, but also undiscovered biochemical reactions, some of which would be 
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potentially applied for the benefit of humankind. HLDs are no exception, as about 

40% of haloalkane dehalogenases were first identified in the marine environment 

[20].  

HLDs originating from marine organisms expose some interesting properties. 

Some marine HLDs show a high level of activity toward a broad spectrum of 

substrates, while the others are characterized by very high stability (including the 

highest stability of all wild-type enzymes). Selective conversion of racemic 

mixtures of valuable synthons α-bromoalkanes and β-bromoesters was also reported 

[23, 36, 37]. Therefore, investigation of the catalytic properties of marine HLDs is 

a source of multiple discoveries in the field of biochemistry. 

The HLDs initially discovered in marine organisms were further identified in a 

different types of living organisms beyond the ocean, such as in organisms 

degrading volcanic products or oil industry side products, as well as in some 

symbionts [25]. Thus, different approaches of HLDs investigation were employed, 

depending on their origin.   

2.5.1. HLDs From Pollution-Degrading Microorganisms 

Ocean pollution is one of the hallmarks of the anthropogenic footprint on our 

planet. Recently, several bacteria have been discovered that are able to utilize 

polluted compounds as a source of carbon and energy through a specialized 

enzymatic pathway. The adaptation of HLDs for biodegradation of halogenated 

compounds in the ocean provides a valuable direction for their investigation [38, 

39].  

2.5.2. HLDs From Symbiotic Microorganisms 

Organohalogen producing organisms are often associated with symbiotic 

microorganisms. These microorganisms may use dehalogenase enzymes to degrade 

some of the toxic halogenated bioproducts of the host [40].  
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2.5.3. HLDs From Genomic Databases and Metagenomic Libraries  

A fast development of sequencing technologies, leading to a wide number of 

sequences deposited in a GenBank allow us to study HLDs from marine organisms 

without their in vitro cultivation. Thus, metagenomic libraries help to overcome a 

challenge of marine microorganisms cultivation. Moreover, genomic databases and 

metagenomic libraries became a valuable tools for investigation, taking in account 

low similarity in amino-acid sequences of some HLDs [41].  

Combination of proteomic and genomic analysis allowed identifying novel 

enzymes isolated from different marine habitats that catalyze a wide range of 

reactions in marine microenvironment [42-44].   

 

2.6. General properties of marine haloalkane dehalogenase 

Studies devoted to biochemical and biophysical characterization of HLD 

enzymes from marine organisms reported several properties common among HLDs. 

More importantly, several specific features in their enzyme activity and their 

physical and structural properties were revealed. 

Several types of marine HLDs show a broad range of substrate specificities, 

similarly to other characterized HLDs [36, 45], however, their preference for 

brominated and iodinated substrates over the chlorinated compounds is uncommon 

among other HLDs [20].     

The catalytic efficiency of marine HLDs seems to be similar to that of other 

characterized HLDs [46]. Nevertheless, the protein engineering allows reaching 

desired efficiency if the improvement of catalytic activity is required. 

Interestingly, HLDs identified from marine organisms are exceptionally 

stable in various harsh environments, including high temperature and critical pH 

conditions. Further investigation of this unique feature in combination with the use 
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of protein engineering seems promising for a stable biocatalyst’s generation [35, 46, 

47]. 

2.7. Quaternary Structure properties of marine haloalkane dehalogenases 

It is known that haloalkane dehalogenases from HLD-I subfamily are presented 

as monomers. Some dehalogenases from HLD-II subfamily can form dimers. 

Enzymes of HLD-III group represent an interesting exception, as they form high-

order multimeric structures [19]. DbjA, on the other hand, can display various states 

(monomer, dimer, or a tetramer) depending on pH [28]. Marine dehalogenases, 

apparently, behave in a similar way. For example, DspA exists as a dimer in the 

absence of salt, but in the presence of 0.15 M NaCl displays predominantly 

monomeric form [37]. DmmA was reported to dynamically switch between a 

monomer and dimer states, although dimeric form is predominant [25, 36]. The 

DmxA also forms a dimer, connected by a disulfide bridge between surface-exposed 

C294 residues [23].  

The DpaA, which was isolated from the psychrophilic and halophilic bacterium 

Paraglaciecola agarilytica NO2 and was found in marine sediment collected from 

the East Sea near Korea shows unique quaternary structure. This protein belongs to 

the HLD-I subfamily, however represents dimeric and tetrameric formation [20, 

48]. It is unusual not only for HLD-I subfamily, but also for the HLDs from the 

marine organisms. The DpaA enzyme shows high enantioselectivity towards a 

racemic mixture of ethyl 2-bromopropionate and moderates enantioselectivity 

towards 2-bromopentane [21]. This feature shows a great potential for the further 

investigations. 
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2.8. Ancestral sequence reconstruction of haloalkane dehalogenases 

Ancestral sequence reconstruction (ASR) is the method of determination of 

ancient protein sequences based on the employment of existing protein sequences. 

ASR combined with the experimental characterization of the corresponding proteins 

allows obtaining the most reliable results. Such analyses allow characterizing 

ancestral enzymes dating back to the millions of years, while deducing properties 

of the analogous organism. Furthermore, ASR enables the identification of amino 

acid residues that play a central role in the protein function, the aim often impossible 

to archive by only comparing extant proteins. Further applications include the 

longevity of mutations, the contribution of gene duplications to enzyme function, 

and the evolution of protein complexes [49, 50].  

ASR method consists of three steps: (1) inference of an ancestral sequence 

based on a comparison of homologous amino acid sequences; (2) biochemical 

synthesis of a gene encoding the amino acid sequence of interest; and (3) gene 

expression in vitro in a host microorganism such as Escherichia coli [51].  

There are several studies of ancestral reconstruction of HLDs  [52-54]. They 

have revealed several advantages of this method, such as improved thermostability 

or broader substrate specificity with possible additional substrates involving in the 

reaction. Proteins reconstituted in this manner are often highly thermostable [51]. 

In addition, it is very likely that the thermostability of a natural protein can be 

increased by replacing putative ancestral amino acids in natural enzymes without 

compromising the catalytic activity [51]. Other studies were focused on the 

substrate specificity [55]. Because ancestral enzymes are exhibiting broad substrate 

specificity, but with a low catalytic efficiency, They can be a good target for a 

potential protein engineering  [54].  Although mentioned studies have improved our 

understanding of the properties of HLDs, they did not provide any insights into 

ancestral proteins structure that is required for the next steps of their exploration 

and application, including protein engineering.  
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3. MATERIALS AND METHODS 

3.1. Protein crystallization 

Proteins consist of long polypeptide chains and are constructed of 20 different 

basic amino acids. These polypeptide chains form a secondary and tertiary structure 

of the protein. Despite the fact that the tertiary structure gives the protein molecule 

a globular shape, nevertheless the protein molecules actually have a rather unusual 

shape and are not ideal for crystal’s formation. Therefore, protein crystals are 

fragile, soft and sensitive to any kind of external influences. However, it is not clear 

why some proteins are relatively easy to crystallize and others not. The principles 

of crystal growth have been the subject of intense research for many years [56]. As 

a result, the theoretical and practical aspects of crystallization of molecules such as 

salts or small organic compounds are now well known. 

The mechanism of protein crystallization is much more difficult and can be 

explained as follows: When the concentration of the protein is higher than the limit 

of its solubility, the protein precipitates or (under certain conditions) goes into a 

supersaturated meta-stable phase and nucleate to a crystal. The protein must 

overcome an energy barrier to nucleate and form a crystal nucleus. The high-energy 

intermediate is the "critical nucleus" that seeds crystal growth [56]. To obtain the 

supersaturated phase, it is necessary to increase the effective protein concentration. 

For this purpose, the special mixture "precipitant solution" is used. It may be salt, 

polyethylene glycol or other compounds that remove water from the solution and 

allow protein to crystallize. The conditions required for crystallization also include 

any other factors, such as pH, temperature, type of precipitant, and concentration of 

protein and precipitant. 

It is known that there are three phases of the crystallization process common to 

all macromolecules: nucleation, crystal growth and end of crystal growth (Fig. 4). 
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During nucleation, the molecules associate and form thermodynamically stable 

aggregates. These nuclei form directions for further bonding to other molecules and 

crystal growth [57].  

 

Figure 4. Reversible protein association from monomers to associated chains 

and aggregates forms into crystals [56].  

The process of protein crystallization is described by phase diagram (fig. 5). 

This diagram illustrates the changing of crystallization parameters at different states 

of the macromolecule under specific conditions.  

In precipitation zone, with a high concentration of macromolecules, 

precipitation of the amorphous precipitate of protein is observed. In the nucleation 

zone, where concentration is lower, the nucleation centers are formed and decrease 

the concentration of macromolecules and transfer to the metastable zone. In this 

case, only existing nuclei growth and make crystals. Then solution became 

undersaturated and no crystal grows, no nucleation occurs, and the protein passes 

into a dissolved state.  
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Figure 5. A simplified protein crystallization phase diagram. The different 

routes of reaching nucleation and metastable zones for the four main 

crystallization techniques are also shown [58]. 

3.2. Methods of crystallization 

Nowadays, a number of techniques is used to crystallize macromolecules. The 

most common methods are vapor diffusion, microbatch, dialysis, and free interface 

diffusion (FID) [59-63]. Figure 5 shows how these techniques rich to the 

supersaturated state, nucleation, and growth of crystals. The most common 

techniques required for this action are shown in Figure 6. 

The principle of the vapor diffusion method (Fig. 6) is based on the properties 

of water to evaporate and equilibrate the system. The droplet containing the protein 

and precipitant is placed on a cover slide (in the case of a hanging drop) or a base 

(in the case of a sitting drop) over the reservoir containing the precipitant solution. 
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The water evaporates from the drop and increases the concentration of the protein 

and precipitant, reaching the supersaturated state [59].  

The microbatch method (Fig. 6) is a method, in which protein and precipitant 

are mixed and placed under the inertial oil to prevent evaporation. In this case, the 

supersaturated state is reached immediately after mixing of protein with the 

precipitant, and during crystallization, the crystallization concentration of the 

protein decreases and goes into metastable zone (Fig. 5) [59, 61].  

In the microdialysis method, a semi-permeable membrane is used (Fig. 6). 

Small molecules such as salts, additives, and other precipitants can pass through the 

membrane with different porous size that is not permeable for biological 

macromolecules. The crystallization reagent diffuses out of or into the sample at a 

constant sample concentration, allowing the protein to reach the supersaturated state 

(Fig. 5). The advantage of this method is that the solution can be easily changed 

until the correct conditions are no longer found [59]. 
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Figure 6. The schematic illustration of crystallization techniques:  the most 

common hanging drop vapor diffusion and sitting drop vapor diffusion, 

microbatch under oil, microdialysis and counter diffusion (free interface 

diffusion). Adapted from [61]. 

The principle of the free interface diffusion method is based on the diffusion of 

the protein through the precipitant in a small glass capillary that creates a 

concentration gradient (Figs. 4, 5). The two solutions diffuse against each other 

creating the supersaturated gradient along the length of capillary. It helps to find the 

best ratio and concentration of precipitant and protein for growing of the largest 

crystals [62, 63].   

3.3. Optimization 

 The first crystallization screening does not often lead to getting well-

diffracted crystals. Many not good-shaped crystals can be observed under 

stereomicroscope, but they are not good enough for diffraction data measurement. 

Thus, different optimization strategies are used for improving crystals to prepare 

them in better quality. 

The first step to grow better crystals should be variation parameters such as 

precipitant, pH, concentration of protein or precipitant and using different 

crystallization methods. Temperature dependence is also one of the sensitive 

conditions, which changes from one protein to another, so it is necessary to use 

different temperature regimes to grow better crystals [59]. 

The pH is also one of the most powerful and effective ways of inducing 

crystallization. Several proteins can be crystallized in fact in the absence of any 

precipitating agent simply by the very precise manipulation of pH [64]. 

The other strategy is using the additives. Additive is a chemical compound 

that promotes protein crystallization. Additives can be already present in the 

precipitant solution or extra-added to the mixture solution. Additives are classified 

into metal cations, small alcohols, detergents, reducing agents, etc. Metal cations 
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can improve crystallization by stimulation intermolecular interactions [65]. 

Detergents act as stabilizing agents and increase the solubility of the protein [65]. 

Reducing agents stabilize the protein by preventing cysteines oxidation and these 

are frequently added into protein during the protein preparation [66]. Moreover, 

physiological ligands, cofactors, substrates and inhibitors can function as stabilizing 

agents and improve crystal quality compared to apoprotein. 

The third strategy for crystal optimization is using of seeding method. The 

seeding methods improve already existing crystals, by removing them from their 

nucleation solution (with high level of supersaturation), to the solution where 

supersaturation is lower. Crystals in this solution cannot nucleate anymore, but they 

still stay in metastable zone and move to the position on the phase diagram, where 

only crystal growth occurs. Therefore molecules of protein gather around seeded 

crystals, which increase their size and quality [67]. This method is divided into two 

types: micro- and macro- seeding. In macroseeding, already existing crystals are 

moved into a new solution. Microseeding is performed by transfer of crystal 

fragments crushed by vortex, seed beads, glass rods or other tools to the solution. A 

modification of microseeding is streak seeding, where seeds are added in solution 

by streaking with whisker or fiber through the new drop [68]. 

3.4. Crystal structure 

 A crystal structure consists of an arrangement of molecules, which are kept 

together by weak non-covalent interactions. A crystal is a solid, in which the atoms 

are arranged in a lattice constructed of identical block called “unit cell”. The unit 

cell is the parallelepiped shaped block that contains the “unit of pattern” that repeats 

throughout the whole crystal by translation along the directions of the parallelepiped 

edges (Fig. 7) [69]. It is described by three distances a, b, c and 3 inter-axial angles 

α, β, γ.  
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Recall that the unit cell of a crystal is the smallest 3D geometric figure that can 

be stacked without rotation to form the lattice. The asymmetric unit is the smallest 

part of a crystal structure from that the complete structure is built using space group 

symmetry. The asymmetric unit may consist of only a part of a molecule, or can 

contains one or more  molecules, if the molecules are not related by symmetry [70]. 

There are only rotation and translation or screw axes symmetry operations that are 

allowed in protein crystallography. 

 

Figure 7. The arrangement of asymmetric unit into a unit cell and unit cell into 

whole crystal. The asymmetric unit (blue and red arrows) produces the copy by 

180° rotating around the two-fold crystallographic symmetry axis (black ellipse) 

and forms into the unit cell, which is a brick of the whole crystal. Adapted from 

[70]. 

The internal symmetry of the unit cell is described by “space groups”. They are 

motifs, in which protein molecules are arranged in a 3D crystal and belong to 7 

crystallographic systems (triclinic, monoclinic, orthorhombic, trigonal, tetragonal, 

hexagonal and cubic) [71]. There are 230 possible space groups, but biological 

macromolecules can crystallize only in 65 of them. The space group is found from 
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the diffraction pattern by looking for both symmetry in the intensity of the 

reflections (which give the rotational symmetry) and for missing reflections (which 

give the translational symmetries) [72, 73]. 

3.5. X-ray diffraction 

X-rays are type of electromagnetic waves with wavelength range from 10-3 to 

10-2 Å and high frequency, which make them easy to interact with the electrons of 

matter through oscillating electric field. The role of magnetic part of X-ray waves 

is lower, than electric and is usually neglected in measurements and calculations. 

There are three mechanisms of X-ray interaction with electrons: elastic 

(Rayleigh) scattering, inelastic (Compton) scattering and absorption of X-rays by 

the electrons of an atom. Elastic or Rayleigh scattering is a pure scattering of 

photons without any deposits of energy to the electrons, but the direction of 

distributed changes. It makes the diffraction pattern for structure determination. 

Compton scattering has more energy than electron bonds and releases electron from 

the atom. After interaction photon and electron, the energy is loosed and moved on 

the reflected direction with other frequency and higher wavelength. This scattering 

increases the noise of the diffraction pattern. Absorption occurs, when the energy 

of photon is the same as the energy of electron in the atom. In this case photon gives 

it’s all energy to electron, releasing it from electron shell. The shell can be filled by 

the electron from the higher level electron shell [70]. 

The reflected wave is found if the scattered wave and angle are known. A signal 

from the reflected wave is caught by X-ray detector if the waves have the same 

phase and interference occurs. In this condition, it is possible to calculate the 

structure of matter, which beam goes through, by using the Bragg’s law equation 

and collect data from many angles.   
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Figure 8. A schematic representation of the incoming X-ray photons scattering 

on electrons of atoms arranged in a crystal. 

The equation for constructive interference is Bragg’s law:  

𝑛λ = 2d sin θ 

where 𝜆 is wavelength of the incoming X-ray,  

𝑛 is an integer,  

𝑑 is the distance between planes,  

𝜃 is the angle between incoming (scattered) wave and plane,  

2𝑑sin𝜃 is the path difference between waves [74]. 

The technique to obtain information from a crystal to diffraction pattern is called 

data collection. It is the last experimental step in crystallography [75]. To collect 

data from a crystal an intense source of X-rays (lab diffractometer or synchrotron 

source) is used. It starts from mounting a crystal to a cryoloop. Sometimes the 

mother liquor is needed to prevent total evaporation. A low temperature of 

experiment is used to minimize radiation damage and to prolong the crystal life, but 

it requires cryostream, attached to a goniometer or cooling a cryoloop before 

measurements. This needs to add a cryoprotector in mother liquor, to minimize 

damage from ice formation. After that, the cryoloop is mounted to a rotating 

goniometer, which is placed between X-ray source and detector (fig. 9). X-rays 

scatter by the electrons of every atom in the crystal in many directions, interfere 

with each other and produce the diffraction pattern of regularly arranged spots 

(reflections) on the detector. The intensities of measured spots contain the 
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information about the arrangement of molecules within a protein crystal in atomic 

detail [69].  

 

Figure 9. A schematic representation of X-ray diffraction experiment. 

To obtain complete data it is necessary to measure as many reflections as 

possible. This is achieved by the rotation of the crystal around single axis with small 

angle during experiment. The result of the data collection is a set of diffraction 

images with recorded intensities for each single reflection and the position of 

reflections. 

3.6. Solving structure and modeling 

The main goal of the whole experiment is to calculate an electron density map 

(distribution of electrons in space). It allows obtaining the coordinates of atoms in 

the protein molecule. The data from the diffraction pattern are characterized by a 

structural factor. Structure factor (Fhkl) is a complex number that represents the total 

scattering from all atoms of the unit cell and can be mathematically expressed 



25 
 

through Fourier transformation, from which the electron density for any point in the 

unit volume 𝜌(𝑥𝑦𝑧) can be calculated [69]: 

𝜌(𝑥𝑦𝑧) =
1

𝑉
∑( |𝐹(ℎ𝑘𝑙)|) ∙ 𝑒−2𝜋𝑖[ℎ𝑥+𝑘𝑦+𝑙𝑧−𝜙(ℎ𝑘𝑙)]

∞

ℎ𝑘𝑙
−∞

 

where V - is the volume of the unit cell,  

hkl – are reflection Miller indices,  

|Fhkl| – The structure factor amplitudes,  

Φhkl – The phase of the structure factor. 

The structure factor amplitudes |F(hkl)| can be calculated as the square roots of 

the measured intensities (Ihkl). The information about phases (Φhkl) is not obtained 

experimentally and has to be calculated. This is the main problem of X-ray 

crystallography called the phase problem. However, several methods exist, which 

can solve the phase problem and determine the structure of a protein. They are 

molecular replacement, isomorphous replacement, anomalous dispersion, 

isomorphous replacement with anomalous scattering, radiation damage-induced 

phasing.  

Molecular replacement (MR) is the fastest and most common method for 

solving the structure of a protein. The phases are taken from an already known 

protein structure, which is homologous and has a similar fold and sequence to the 

measured structure. It can be achieved in two steps: rotation and translation. During 

rotation, the spatial orientation of the known and unknown molecules with relation 

to each other is determined. At the translation, the motion necessary to superimpose 

one molecule to another keeping one the orientation found during the rotation step 

calculations [74].  

Isomorphous replacement (IR) is a method, where diffraction data is required 

not only from the native protein crystal, but also from the modified crystal of single 
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(SIR) or multiple (MIR) heavy atom derivatives. Soaking of protein crystals in 

heavy-atom solutions is used to create heavy-atom derivative crystals. Both types 

of crystals should have the same dimensions of the unit cells, so they are 

isomorphous. The differences in the structure factor amplitudes between native and 

derivative protein crystals can identify the positions of the heavy atoms. This 

information is used for finding phase. Phase determination with SIR leading to two 

possible solutions (phase ambiguity), while using of MIR unambiguous phase 

determination can be achieved. The disadvantages of this methods include a 

creation of the perfect isomorphous crystals [76]. 

            Single and multiple anomalous dispersion (SAD and MAD) is a method 

that requires the presence of strong anomalously scattering atoms, included in the 

protein or soaked into a crystal. As X-ray wavelength approaching absorption edge, 

anomalous scattering occurs – Friedel pairs (Bragg’s reflections, related by 

inversion through origin) are no longer equal in intensities. The experiment for a 

MAD method needs few data sets to collect at several wavelengths around the 

absorption edge of the element, where the anomalous scattering factors of the 

element significantly different from each other. In the SAD case, just one dataset is 

collected at the wavelength corresponding to the absorption peak of the element. 

The differences in structure factor amplitudes arising from anomalous scattering are 

used to solve the phase problem. Only one crystal is needed, but multiple data sets 

must be collected at three different wavelengths. Combination of IR and anomalous 

dispersion single and multiple isomorphous replacement with anomalous scattering 

(SIRAS and MIRAS) can be achieved [77, 78]. 

            Radiation damage-induced phasing (RIP) is based on the radiation 

damage impact of X-ray or UV-induced on protein crystals. In this method, a single 

crystal is exposed of a high dose of X-ray or UV radiation after data collection. 

Afterward data are collected again. Radiation damage can make significant 
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differences in intensities between two datasets. These differences are used for 

determination of phases by a SIR-type method. RIP method works well for proteins, 

which contain disulfide bridges [48, 79]. 

When protein structure determination is finished, the structure refinement 

should be starting. Refinement is represented by iterative cycles of map calculation 

and model building to improve the agreement between the model and gathered data. 

The final step is deposition well of refined structure in the form of atomic 

coordinates list to the Protein Data Bank (PDB) to share it for scientific community 

[80]. 
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4. RESULTS AND DISCUSSION 

 

4.1 The tetrameric structure of the novel haloalkane dehalogenase DpaA from 

Paraglaciecola agarilytica NO2 

This chapter is based on Paper I: 

Andrii Mazur, Tatyana Prudnikova, Pavel Grinkevich, Jeroen R. Mesters, Daria 

Mrazova, Radka Chaloupkova, Jiri Damborsky, Michal Kuty, Petr Kolenko and 

Ivana Kuta Smatanova.,  
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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 Paraglaciecola agarilytica NO2, which was 

found in marine sediment collected from the East Sea near Korea. Gel-filtration 

experiments and size-exclusion chromatography 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 A˚ 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 
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Ratzeburger Allee 160, 23538 Lübeck, Germany, cLoschmidt Laboratories, Department of Experimental Biology and

RECETOX, Faculty of Science, Masaryk University, Kamenice 5, 625 00 Brno, Czech Republic, dInternational Clinical

Research Center, St Anne’s University Hospital Brno, Pekarska 53, 656 91 Brno, Czech Republic, and eFaculty of Nuclear

Sciences and Physical Engineering, Czech Technical University in Prague, Břehová 7, 115 19 Prague, Czech Republic.
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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
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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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Ühlein, M., Wilk, P. & Weiss, M. S. (2015). Eur. Phys. J. Plus, 130,
141–150.

Murshudov, G. N., Skubák, P., Lebedev, A. A., Pannu, N. S., Steiner,
R. A., Nicholls, R. A., Winn, M. D., Long, F. & Vagin, A. A. (2011).
Acta Cryst. D67, 355–367.

Novak, H. R., Sayer, C., Isupov, M. N., Gotz, D., Spragg, A. M. &
Littlechild, J. A. (2014). FEBS Lett. 588, 1616–1622.

Pettersen, E. F., Goddard, T. D., Huang, C. C., Couch, G. S.,
Greenblatt, D. M., Meng, E. C. & Ferrin, T. E. (2004). J. Comput.
Chem. 25, 1605–1612.
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Abstract: Haloalkane dehalogenases (EC 3.8.1.5) play an important role in hydrolytic degradation
of halogenated compounds, resulting in a halide ion, a proton, and an alcohol. They are used in
biocatalysis, bioremediation, and biosensing of environmental pollutants and also for molecular
tagging in cell biology. The method of ancestral sequence reconstruction leads to prediction of
sequences of ancestral enzymes allowing their experimental characterization. Based on the sequences
of modern haloalkane dehalogenases from the subfamily II, the most common ancestor of thoroughly
characterized enzymes LinB from Sphingobium japonicum UT26 and DmbA from Mycobacterium bovis
5033/66 was in silico predicted, recombinantly produced and structurally characterized. The ancestral
enzyme AncLinB-DmbA was crystallized using the sitting-drop vapor-diffusion method, yielding
rod-like crystals that diffracted X-rays to 1.5 Å resolution. Structural comparison of AncLinB-DmbA
with their closely related descendants LinB and DmbA revealed some differences in overall structure
and tunnel architecture. Newly prepared AncLinB-DmbA has the highest active site cavity volume
and the biggest entrance radius on the main tunnel in comparison to descendant enzymes. Ancestral
sequence reconstruction is a powerful technique to study molecular evolution and design robust
proteins for enzyme technologies.

Keywords: haloalkane dehalogenase; ancestral sequence reconstruction; structural analysis;
halogenated pollutants

1. Introduction

Halogenated compounds are major components of herbicides, insecticides, fungi-
cides, and other chemical agents that are widespread in industry and agriculture. Their
environmentally safe disposal still remains an unsolved issue to date [1]. Haloalkane
dehalogenases (HLDs) (EC 3.8.1.5) are hydrolytic enzymes that cleave carbon-halogen
bonds in a broad range of halogenated aliphatic compounds, resulting in a corresponding
alcohol, a halide ion, and a proton [2–4]. The interest in these enzymes is growing because
of their utilization in biocatalysis, bioremediation, biosensing, and molecular imaging [5].
Structurally, HLDs belong to the α/β-hydrolase fold superfamily [6,7]. The tertiary struc-
ture of HLDs is comprised of two domains: an α/β-hydrolase core domain and a helical
cap domain. The α/β-hydrolase domain is composed of an eight-stranded mostly parallel
β-sheet flanked by α-helices and serves as a scaffold for the catalytic residues. The cap
domain consists of a few helices inserted in the catalytic domain and is known to influence
the substrate specificity of these enzymes [8]. The active site cavity is located between
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the core main domain and the cap domain [9]. HLDs are divided into three subfami-
lies, HLD-I, HLD-II, and HLD-III, according to the composition of their catalytic residues
and the anatomy of the cap domain. The catalytic residues in the HLD-I subfamily are
D-H-D/W-W, while HLD-II members predominantly contain D-H-E/N-W and HLD-III
members contain D-H-D/N-W [10,11].

LinB from Sphingobium japonicum UT26 [12,13] and DmbA from Mycobacterium bovis
5033/66 [14] are closely related enzymes sharing 68% of sequence identity [15] and both
exhibiting a wide range of substrate specificity. The LinB breaks down many halogenated sub-
strates including 1,2-dibromoethane, 1,3-dibromopropane, 1-bromo-3-chloropropane, 1-bromo-
2-chloroethane, 4-bromobutanenitrile, γ-hexachlorocyclohexane and 1,2-dibromoethane [15,16].
It has been shown that its active site is one of the largest among other HLDs [17]. DmbA
has a similar catalytic behavior as LinB but differs in access tunnels composition. It also cat-
alyzes biodegradation of 1,2-dichloroethane, 2-iodobutane and 1,3-dichloropropene [15,18].
These properties make LinB and DmbA a good target for protein modification and bioengi-
neering. A number of these enzyme variants have been successfully crystallized and their
crystal structures have been solved [19–22].

Most of the enzymes have their active sites buried inside the protein core, rather
than exposed to the solvent on the surface. These buried active sites are connected to
the bulk solvent through tunnels, which act as exchange pathways for the substrate pen-
etration and product release from the active site [23]. The structural and biochemical
properties of these tunnels have a major impact on the catalysis and substrate specificity of
an enzyme [24]. Therefore, the access tunnels became a frequent target of enzyme modi-
fications [21]. Haloalkane dehalogenases contain several tunnels connecting the protein
surface and the active site cavity. The tunnels identified in crystal structures of HLDs are
usually referred to as the main tunnel and several slot tunnels; each of them can serve
as a path for the substrate access to the active site, release of the reaction products from
the active site, and exchange of solvent molecules. The main p1 tunnel is used for the
halogenated substrate access to the active site as well as alcohol and halide products ex-
change. The p2 secondary slot tunnels are served for the alcohol release and water solvent
exchange. There are several further variations of tunnel branches originating from p1 and
p2 tunnels [21,23,25].

Ancestral sequence reconstruction represents a valuable tool for modification of the
structure and biochemical properties of modern enzymes [26]. This technique allows the
prediction of the sequence of a hypothetical common ancestor from an already known
and related set of sequences of modern-day enzymes. Gene-encoding inferred ancestral
sequence can then be synthetized, expressed in expression systems, and characterized. Here
we report crystallization and X-ray structural analysis of the ancestral enzyme AncLinB-
DmbA that combines structural features of LinB, DmbA and other closely related modern
haloalkane dehalogenases.

2. Results and Discussion

A freshly isolated and purified sample of AncLinB-DmbA in a concentration of
9.8 mg/mL in 50 mM Tris–HCl buffer pH 7.5 was used for the initial screening of suitable
crystallization conditions. The initial crystallization screen resulted in the formation of sev-
eral needle-shaped and 3D crystals. Three-dimensional (3D) crystals grew in the condition
with precipitant composed of 30% PEG 4000, 0.1 M sodium citrate pH 5.6, 0.2 M ammonium
acetate. Several crystals were prepared for diffraction analysis on the synchrotron. The
diffraction dataset was collected at the resolution of 1.5 Å. The data collection statistics are
presented in Table 1. The tetragonal P4322 space group was determined in POINTLESS [27]
from CCP4 [28] program suit for further data processing. The model was constructed
using molecular replacement and the structure of DmbA (PDB ID 2QVB) [14] sharing
83.2% sequence identity with AncLinB-DmbA was used as a template. After several cycles
of restrained and anisotropic refinement as well as a manual rebuilding and refinement in
COOT [29] the Rwork and Rfree of 15.9% and 17.1%, respectively, were achieved.
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Table 1. The data collection and refinement statistics for AncLinB-DmbA.

Data Collection

Space Group P4322

a, b, c (Å) 68.89, 68.89, 156.24
α, β, γ (◦) 90.0, 90.0, 90.0

Resolution range (Å) 50–1.50 (1.59–1.50)
Total no. of reflections 641,156 (102,219)

No. of unique reflections 61,367 (9534)
Completeness (%) 99.6 (97.8)

〈I/σ(I)〉 13.68 (1.65)
Rmeas * 102.9 (9.6)
CC1/2 0.99 (0.77)

Overall B factor from Wilson plot (Å2) 27.062

Refinement

No. of reflections used for refinement 58,297
Rwork

‡/Rfree
§ (%) 15.94/17.10

No. of non-H atoms 2810
No. of protein atoms 2475
No. of chloride ions 5

No of ligands 1
No. of water molecules 319
Average B factor (Å2) 22.357

Ramachandran plot

Most favored (%) 95.89
Allowed (%) 3.79
Outliers (%) 0

R.m.s. deviations

Bonds (Å) 0.019
Angles (◦) 1.958

PDB ID 7PW1

* Rmeas is a redundancy- independent merging R factor, Rmeas = ∑
hkl
{N(hkl)/[N(hkl)− 1]}1/2

∑
i
|Ii(hkl)− 〈I(hkl)〉 |/ ∑

hkl
∑
i

Ii(hkl), where 〈I(hkl)〉 is the mean of the N(hkl) individual measurements Ii(hkl)

of the density of reflections hkl., ‡ Rwork = ∑
hkl
||Fobs| − |Fcalc||/ ∑

hkl
|Fobs|, § Rfree was calculated using 5% of the

reflection data that were excluded from refinement.

The structural organization of AncLinB-DmbA is similar to other HLDs-II subfamily
members [9,10]; it is composed of two compact domains, a cap domain and a main domain.
The cap domain is responsible for the substrate specificity, while the main domain carries
out the catalytical function (Figure 1a). Eight β-strands, where β2 is antiparallel, form
a twisted β-sheet surrounded by six α-helices on both sides. The α2, α3, α8, and α9 are
located on the front side and the others on the back side. The cap domain consists of
residues 149 to 211. It is formed by α4, α5, α6, and α7 helices and connects to the main
domain before α8 (Figure 1a).
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Figure 1. Cartoon model of the overall structure of AncLinB-DmbA (a) and the active site with bound ethylene glycol (EDO)
(b). The overall structure of AncLinB-DmbA (a) is shown in cartoon representation. α-helices are shown in red; β-strands
are in yellow, and loops are in green for the core domain; the cap domain is shown in cyan. Details of the active site (b):
the catalytic pentad and EDO are represented by sticks; the chloride ion and water molecules 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 1.3σ is drawn as light grey mesh.

The active site of AncLinB-DmbA is similar to LinB, DmbA, and other HLD-II mem-
bers [10]. It is buried in a hydrophobic cavity between two domains (Figure 1b). The
catalytic triad contains nucleophile D109, catalytic acid E133, and catalytic base H273.
W110 and N39 act as halide-stabilizing residues in AncLinB-DmbA (Figure 1b). All to-
gether three catalytic and two halide-binding amino acids represent the catalytic pentad.
The electron density map in the vicinity of the active site was interpreted as a chloride
anion. coordinated by two water molecules (HOH483 and HOH490) and the ethylene
glycol molecule (EDO) as a component of the precipitant in two alternative conformations
(Figure 1b).

The chloride anion is coordinated by two halide stabilizing residues with distances
between the Nε1 atom in W110 and the Nδ1 atom in N39 of 3.29 and 3.37 Å, respectively.
Further coordination of chloride ion is provided by N atom from P209 with 3.56 Å distance
and two water molecules HOH483 and HOH490 with 3.25 and 3.34 Å distance, respectively
(Figure 1b). The catalytic pentad is stabilized by the following hydrogen bonds: the N atom
of the E109 interacts with the O atom of E133 with 3.03 Å distance, the D109 Oδ1 atom is
coordinated by the Nε1 of H273 with a distance of 2.83 Å, and H273 Nδ1 interacts with
D109 Oδ1 with Oε1 atom of E133 with 2.83 Å and 2.76 Å distances, respectively.

The 3D structure of AncLinB-DmbA was superposed with its closely related structures
of descendant enzymes LinB and DmbA. As it is shown in Figure 2a the enzyme structure
is highly conserved (RMSD of Cα atoms of AncLinB-DmbA and LinB is 0.778 Å and
AncLinB-DmbA and DmbA is 0.895 Å), however, some small differences between the
structure of ancestral and descendant enzymes were identified. These differences were
uncovered not only in the cap domain but also in the main domain (Figure 2a). The
α4 in the cap domain of AncLinB-DmbA is shorter than the corresponding helices of
LinB and DmbA and has a slightly different position; moreover, α6 in the cap domain of
DmbA is longer than the corresponding helices of AncLinB-DmbA and LinB (Figure 2a).
Both these differences are presented in the positions, where the cap domain connects
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with a core domain. Furthermore, some differences are presented in several loops: the
loop near the N-terminus of AncLinB-DmbA forms an additional small helix and another
additional helix is formed in AncLinB-DmbA between α3 and β6, which is not presented
in DmbA and LinB structures. The core domain structure is generally more conserved
among all compared enzymes, however, some structural differences in the arrangement
of the secondary elements were also observed. The β1, β2, and β7 are much shorter in
AncLinB-DmbA than in DmbA and LinB. The β1 differs in AncLinB-DmbA not only by
length but also by an angle that is almost orthogonal to the position of β1 in LinB and
DmbA. The β8 sheet in AncLinB-DmbA is shorter than in the other two proteins and
slightly shifted by 3 Å towards α10 helix than the corresponding sheet in both modern
enzymes. The α10 helix is longer in DmbA by five amino acids compared to other enzymes
(Figure 2a).

Figure 2. Structural comparison of AncLinB-DmbA (PDB ID 7PW1), LinB (PDB ID 1CV2) and DmbA (PDB ID 2QVB).
(a,c) Superposition of the overall structure of AncLinB-DmbA with LinB (a) and of AncLinB-DmbA with DmbA (c). Cα

cartoon trace shows elements of the protein secondary structures. The AncLinB-DmbA is colored in grey; LinB is colored
in light brown; DmbA is shown in light blue. The most significant structural differences are highlighted by red ellipses.
(b,d) Superposition of AncLinB-DmbA with LinB (b) and AncLinB-DmbA with DmbA (d) active sites. Amino acids of
AncLinB-DmbA are shown as grey sticks; amino acids of LinB are shown as light-yellow sticks; amino acids of DmbA are
shown as light-blue sticks. The ions and other ligands are presented in the same color for related proteins.
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The active site is located at the same position in all compared proteins (Figure 2b).
The catalytic amino acids are conserved. The water molecules have similar distances to the
corresponding coordinating residues in all tested enzymes. The chloride ion is presented
in all structures at a similar position. Similarly, to AncLinB-DmbA, ethylene glycol in two
conformations was found in the active site of DmbA as an artifact of used crystallization
conditions. This leads to the similarities in bond distances of water molecules in both
DmbA and AncLinB-DmbA.

The sequence alignment of AncLinB-DmbA (PDB ID 7PW1), LinB from Sphingobium
japonicum UT26 (PDB ID 1CV2) [12]) and DmbA from Mycobacterium bovis 5033/66 (PDB
ID 2QVB) [14]) was performed to compare AncLinB-DmbA with related dehalogenases
in their access tunnel composition (Figure 3). The alignment shows a highly conserved
secondary structure of AncLinB-DmbA to the modern dehalogenases. The active site
residues are conserved among all compared proteins; the catalytic triad D109, E133, and
H273 (numbers according to AncLinB-DmbA) and two halide-binding residues (N39 and
W110) are identical in the tested dehalogenases (Figure 3), which is in agreement with the
whole HLD-II subfamily [10,15,30]. However, comparison to the residues involved in access
tunnel composition revealed some differences. The main differences in the composition of
the access tunnels between the AncLinB-DmbA and the modern enzymes were found in
positions 147, 135–139, and 250. The residue corresponding to position 147 in AncLinB-
DmbA plays an important functional role, due to its location in the mouth of the p1 tunnel.
AncLinB-DmbA contains glutamic acid in position 147, while DmbA contains alanine
and LinB contains glutamine in the corresponding position. Another difference in tunnel
composition was identified in position 250, where valine is found in AncLinB-DmbA,
isoleucine in DmbA, and threonine in LinB. This position is also functionally important
due to its location at the entrance of the p2 tunnel.

Figure 3. Sequence alignment of ancestor AncLinB-DmbA with modern-day counterparts LinB from Sphingobium japonicum
UT26 (PDB ID 1CV2) and DmbA from Mycobacterium bovis 5033/66 (PDB ID 2QVB). Amino acid residues forming the p1 tunnel
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are marked in blue box, the residues of the p2a tunnel are marked in green box and the residues of the p2b tunnel are
marked in red box. Catalytic residues are marked by blue stars. Identical residues are highlighted by black background;
similar residues are shown in bold typeface. The alignment was generated with Clustal Omega [31] and visualized using
ESPript 3.0 [32].

The active site cavity is connected to the solvent on the protein surface by several
tunnels. The physical properties of these tunnels play an important role in the substrate
specificity of the enzyme [33]. The tunnel architecture was calculated using the program
Caver WEB [34], and some differences in the tunnel and cavity constructions were found
between the compared proteins (Figure 4). The AncLinB-DmbA and LinB contain one
main tunnel p1 (highlighted in blue) and one slot tunnel p2a, while DmbA has one main
tunnel p1 and two slot tunnels p2a and p2b (Figure 4). The information about the tunnel
composition of the tested enzymes is listed in Table 2.

Figure 4. Access tunnels identified in crystal structure of AncLinB-DmbA (PDB ID 7PW1) (a), LinB (PDB ID 1CV2) (b) and
DmbA (PDB ID 2QVB) (c). The crystal structures are presented in cartoon representation. Access tunnels are presented in
two orientations: front (up) and top (down) view. The main (p1) tunnel is presented in blue, and slot p2a and p2b tunnels
are presented in green and red, respectively.
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Table 2. The properties and tunnel composition of selected haloalkane dehalogenases.

AncLinB-DmbA LinB DmbA

PDB code 7PW1 1CV2 2QVB
Resolution (Å) 1.5 1.58 1.19

Sequence identity to
AncLinB-DmbA (%) - 81.7 83.2

R.m.s.d. for
AncLinB-DmbA - 0.778 0.995

Active site cavity
volume (Å3) 460 406 375

p1 main tunnel characteristics

Bottleneck radius (Å) 2.0 1.4 2.1
Number of residues 17 22 18

Length (Å) 3.9 6.9 3.9
Entrance radius (Å) 2.5 1.4 2.2
Distance to surface *

(Å) 3.9 6.7 3.5

Curvature ‡ 1 1 1.1

p2a slot tunnel characteristics

Bottleneck radius (Å) 1 1 0.9
Number of residues 32 34 30

Length (Å) 22.4 17 19.9
Entrance radius (Å) 1.0 1.7 1.6
Distance to surface *

(Å) 8.1 11.5 11.3

Curvature ‡ 2.8 1.5 1.8

p2b slot tunnel characteristics

Bottleneck radius (Å) - - 0.9
Number of residues - - 36

Length (Å) - - 24.3
Entrance radius (Å) - - 1.6
Distance to surface *

(Å) - - 19.4

Curvature ‡ - - 1.3
* Distance to surface is a shortest length from the starting point (active site) and the surface in the direction of the
tunnel. ‡ Curvature as a description of the shape of the tunnel as the ratio between the length of the tunnel and
the shortest possible distance between the starting point and the tunnel ending point.

The p1 tunnel of AncLinB-DmbA is formed by 17 residues. The bottleneck consists
of residues P145, E147, V148, V174, A178, A272, G177, and its radius is ∼2 Å (Figure 5a).
The largest bottleneck radius of p1 is determined to be ∼2.10 Å in DmbA (Figure 5c). The
smallest radius is in LinB (∼1.45 Å on Figure 5b). The location of the bottleneck of the
p2 tunnel in AncLinB-DmbA is close to the entrance to the surface when compared to its
descendants. The p2 tunnel of AncLinB-DmbA consists of 32 residues, with the bottleneck
formed by D143, W144, P145, A248, I249, T251, M254, V250 with a radius of ∼1 Å. LinB
has the same bottleneck radius. The bottleneck radius of the p2a and p2b tunnels in DmbA
is the smallest, both are at ∼0.9 Å.
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Figure 5. The p1 and p2 access tunnels with corresponding amino acids of AncLinB-DmbA (PDB ID 7PW1) (a,d), LinB (PDB
ID 1CV2) (b,e) and DmbA (PDB ID 2QVB) (c,f,g). The main p1 tunnel with its residues is colored blue, p2a slot tunnel with
amino acids is colored green, p2b tunnel with its amino acids is colored red.

The p1 tunnel entrance is located between the α4-helix and the β7- and β8-sheets in all
compared proteins. The p2 tunnel entrance is located near the α9 in all proteins, however,
the p2b tunnel entrance in DmbA is located between α2 and α8 on the opposite side of the
molecule (Figure 5g). The radius of the entrance in AncLinB-DmbA is the largest among
the descendants: it is ∼2.5 Å, compared to DmbA ∼2.2 Å and LinB ∼1.4 Å (Table 2). The
entrance to the p1 tunnel additionally consists of residues P145, E147, A178, A272, G177,
G247 (Figure 5a). The main difference in the p1 entrance among the tested enzymes is
represented by the negatively charged residue E147 in AncLinB-DmbA, while to nonpolar
Q146 in LinB and the nonpolar hydrophobic A145 in DmbA. Another major difference is
the location of L177 in LinB (Figure 5b), while both DmbA and AncLinB-DmbA contain
A178 (Figure 5a,c). The surface residue L177 in LinB is located in the mouth of the p1 tunnel
where its side chain partially blocks the entrance of the substrates inside the enzyme active
site. The presence of bottleneck residue L177 thus makes the bottleneck radius of LinB p1
tunnel the smallest when compared with AncLinB-DmbA and DmbA. The sidechain of
D147 in LinB faces tunnel p1 and thus forms another bottleneck residue together with L177.
It can be concluded that these two residues are responsible for the narrowest bottleneck in
LinB, compared to other tested enzymes. Both D147 and L177 are important determinants
of substrate specificity of LinB and therefore have been subjected to mutagenesis [35]. Other
amino acids involved in the p1 tunnel formation are similar to each other and probably
do not play a crucial role in enzyme functionality. The difference in entrance composition
of p2 tunnel in AncLinB-DmbA is represented by bottleneck residue M254, where this
residue is replaced by R253 and R252 in DmbA and LinB respectively. The other bottleneck
residues of p2 tunnel in AncLinB-DmbA are L139 and with I249. In DmbA, the bulky M254
is replaced by I254 and thus the bottleneck is formed only by M139 and I249 resides. In
LinB, M253 forms a bottleneck of the p2 tunnel together with I138 and L248 (Figure 5d,e).
Another difference is W144 residue present in AncLinB-DmbA and DmbA in both tunnels
p1 and p2a and F143 in LinB. At this position, the curvature of p2a in AncLinB-DmbA and
DmbA is higher than in LinB (Figure 5d–f), which might indicate that W144 is responsible
for the flexure. The other residues, participating in the p2a tunnel formation are the same
or similar in all compared proteins.
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The comparison of tunnels length revealed the longest p1 tunnel in LinB ∼6.9 Å. The
shorter tunnels are in AncLinB-DmbA and in DmbA, both ∼3.9 Å. The length of p2 tunnels
showed different situations: DmbA slot tunnels have length p2a ∼19.9 Å and p2b ∼24.3 Å;
LinB p2a ∼17 Å (Table 2). The longest p2a tunnel length is in AncLinB-DmbA ∼22.4 Å.
Due to a big curvature of AncLinB-DmbA, its p2a slot tunnel has the shortest distance to
the surface among the others (Table 2). The overall tunnel properties of AncLinB-DmbA
correlate more with DmbA than with LinB. The chemical properties of AncLinB-DmbA
residues composing entrance to the p1 and p2a tunnels probably play a vital role in the
substrate specificity of this protein.

The active site cavity is located between two domains in all dehalogenases and its
volume is important in substrate specificity [36]. The volume of the active site cavity of
AncLinB-DmbA is 460 Å3, which is larger compared to both LinB (406 Å3) and DmbA
(375 Å3) (Table 2). Previous studies have demonstrated a correlation of active site cavity
volume and access radius with substrate specificity in haloalkane dehalogenases [37,38].
The fact that AncLinB-DmbA has the biggest cavity volume leads to the conclusion that
this enzyme exhibits a broader substrate specificity.

Finally, the structure of AncLinB-DmbA was solved and it shares a high degree of
similarity with closely related modern-day haloalkane dehalogenases. Despite the highly
conserved structure of AncLinB-DmbA and structural similarities with LinB and DmbA,
the ancestral enzyme exhibits some differences in the overall structure. This is embodied in
variations of α-helices and β-sheets sizes and positions as well as the positioning of more
flexible elements such as loops. Caver analysis revealed differences in several residues
responsible for tunnels formation. Nevertheless, the core residues correspond to those in
both LinB and DmbA. The differences in access tunnels of compared proteins revealed
some advantages of AncLinB-DmbA from its descendants. The bottleneck radius in the
p1 tunnel of AncLinB-DmbA is close to the wider bottleneck in DmbA. However, the
ancestral protein revealed the widest entrance radius of the main tunnel among the other
two proteins. The p2a bottleneck radius of AncLinB-DmbA has the same radius as LinB
and from all compared proteins AncLinB-DmbA p2a bottleneck is located at the entrance of
the tunnel. The biggest active site cavity was revealed in the AncLinB-DmbA. The largest
active site cavity was found in AncLinB-DmbA. The knowledge of the composition of
tunnel residues in AncLinB-DmbA may represent an advantage in further modification of
its catalytic properties.

3. Materials and Methods

3.1. Ancestral Sequence Reconstruction and Gene Synthesis

The ancestral sequence was reconstructed as previously described [39–41]. Protein
sequences for the HLD-II subfamily were identified by database searching followed by
clustering. The final nonredundant HLD-II dataset comprised several sequences and was
used to infer the maximum likelihood phylogenetic tree of the HLD-II subfamily. The
topology of the HLD-II tree agreed with the relevant parts of a previously published HLD
family tree. The ancestral nodes along the evolutionary lineage to LinB and DmbA were
predicted and the most common ancestor of the two enzymes was selected for laboratory
resurrection. The selected node, the most probable ancestor sequence, was predicted
by assigning to each position the ancestral state with the highest-weighted posterior
probability. Positions with posterior probability less than 90% in the most likely ancestral
state were considered ambiguous. Gene encoding inferred sequence of AncLinB-DmbA
was synthetized artificially (GeneArt, Life technologies, Regensburg, Germany). The codon
usage was automatically adapted to the codon bias of Escherichia coli genes by GeneArt’s
website service. For expression purposes, the AncLinB-DmbA gene was subcloned into
the expression vector pET21b (Novagen, San Diego, CA, USA) between NdeI and BamHI
restriction sites (Table 3).



Int. J. Mol. Sci. 2021, 22, 11992 11 of 14

Table 3. Production specifics for AncLinB-DmbA.

Source Organism Artificial Gene

DNA source -

Restriction sites NdeI/BamHI

Vector pET21b

Expression host E. coli

Complete amino acid sequence of the
construct produced

MTALGAEPYGQKKFIEIAGKRMAYIDEGEGDPIVF
QHGNPTSSYLWRNIMPHLEGLGRLIACDLIG

MGDSDKLSPSGPDRYSYAEHRDYLFALWEALDL
GDNVVLVIHDWGSALGFDWANQHRDRVQ
GIAYMEAIVTPLEWADWPEEVRDIFQGFRSP

AGEEMVLENNIFVERVLPGAILRQLSDEEMAEY
RRPFLNAGEDRRPTLSWPRQIPIDGEPADV

VAIVSDYASWLAESDIPKLFINAEPGAIVTGRM
RDFCRSWPNQTEITVKGAHFIQEDSPDEIGAA

IAEFVRRLRAAAGV

3.2. Protein Expression and Purification

To overproduce AncLinB-DmbA in E. coli, expression of the corresponding gene (under
control of the T7lac promoter) was induced by adding isopropyl β-D-thiogalactopyranoside
(IPTG). E. coli strain BL21(DE3) cells containing recombinant plasmid pET21b: ancLinB-
DmbA were grown in Luria broth medium containing ampicillin (100 μg/mL) at 37 ◦C.
When the cell culture reached an optical density of 0.6 at a wavelength of 600 nm, gene
expression was induced by the addition of IPTG (final concentration 0.5 mM) and the cells
were cultivated overnight at 20 ◦C. The cells were harvested, disrupted by sonication using
a UP200S ultrasonic processor (Hielscher, Teltow, Germany), and centrifuged for 1 h at 4 ◦C
and 21,000× g. The supernatant was collected and further purified on a HiTrap IMAC HP
5 mL column charged with Ni2+ ions (GE Healthcare, Uppsala, Sweden). The His-tagged
enzyme was bound to the resin in an equilibrating buffer (20 mM potassium phosphate
buffer, pH 7.5, containing 0.5 M sodium chloride and 10 mM imidazole). Unbound and
nonspecifically bound proteins were eliminated by washing with a buffer containing
50 mM imidazole. The enzyme was eluted by a buffer containing 300 mM imidazole. The
active fractions were pooled and dialyzed against 50 mM potassium phosphate buffer
(pH 7.5) at 4 ◦C. The Bradford reagent (Sigma-Aldrich, St. Louis, MO, USA) was used
to determine the enzyme concentration, with bovine serum albumin used as a standard.
Enzyme purity was checked by sodium dodecyl polyacrylamide gel electrophoresis.

3.3. Crystallization

The crystallization process was performed manually in CombiClover crystallization
plates (Emerald Biosystems, Bainbridge Island, WA, USA) by the sitting drop vapor diffu-
sion method [42]. PegRx and Crystal screen (Hampton Research, Aliso Viejo, CA, USA) as
well as NeXtal DWBlock Suites (Quigen, Crawley, UK) commercial crystallization screens
were used. Finally, the crystals grew in the crystallization screen Crystal screen (Hampton
Research, Aliso Viejo, CA, USA). One microliter of protein solution at a concentration
of 9.8 mg/mL in a 50 mM Tris–HCl buffer pH 7.5 was mixed with a reservoir solution
in the ratios 1:1 and 1:2 and equilibrated against 500–1000 μL of the reservoir solution.
The crystals grew with a size appropriate for synchrotron data collection without any
further optimization.

3.4. Data Collection

The diffraction dataset was collected at the BESSY-II electron storage ring (Berlin-Adlershof,
Germany) by the macromolecular crystallographic beamline 14.1, operated by the Helmholz-
Zentrum Berlin [43], equipped with a PILATUS detector (Dectris, Baden, Switzerland).



Int. J. Mol. Sci. 2021, 22, 11992 12 of 14

The crystals of AncLinB-DmbA were mounted in Litholoops (Molecular Dimensions
Limited, Sheffield, UK) or nylon cryoloops (Hampton Research, Aliso Viejo, CA, USA) and
then flash-cooled in liquid nitrogen. Diffraction experiments were performed at 100 K. All
the data collection statistics are summarized in (Table 1).

3.5. Structure Solution and Refinement

The dataset was indexed and integrated using the XDS software package [44], and
scaled using the program Scala from the CCP4 program package [28]. The structure was
solved using the molecular replacement method by the MOLREP program [45]. The
structure was refined by the REFMAC5 program [46] and manual building in COOT [29].
Figures with structural representations were prepared using PyMOL [47]. The data refine-
ment statistics are summarized in (Table 1). The Caver Web v.1.0 program was used for
tunnel detection and visualization [34].

4. Conclusions

In summary, the structural analysis of the reconstructed ancestral enzyme AncLinB-
DmbA was performed, and the crystal structure was compared with closely related de-
scendants LinB and DmbA. Despite high sequence similarities, all three proteins exhibited
structural differences in the size and special arrangement of some secondary structure
elements in both the main and the cap domains. Significant differences in the architecture
of the access tunnels were also found. The tunnels of AncLinB-DmbA are more similar to
those of DmbA in size and number of residues. The physical properties (length, curvature,
radius of bottlenecks, and active site cavity volume) of tunnels in AncLinB-DmbA show
that this protein has the best characteristics from its descendants. AncLinB-DmbA was
found to have the largest volume of the active site cavity and the largest entrance radius of
the p1 main tunnel among the compared proteins. In addition, the curvature of the slot p2a
channel in AncLinB-DmbA is the highest in comparison to LinB and DmbA. In conclusion,
the structural information on AncLinB-DmbA reported here improves the understanding
of the enzyme properties and supports the method of ancestral sequence reconstruction as
a valuable tool for enzyme modification.
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Abstract: Haloalkane dehalogenases are a very important class of microbial enzymes for
environmental detoxification of halogenated pollutants, for biocatalysis, biosensing and molecular
tagging. The double mutant (Ile44Leu + Gln102His) of the haloalkane dehalogenase DbeA
from Bradyrhizobium elkanii USDA94 (DbeAΔCl) was constructed to study the role of the second
halide-binding site previously discovered in the wild-type structure. The variant is less active, less
stable in the presence of chloride ions and exhibits significantly altered substrate specificity when
compared with the DbeAwt. DbeAΔCl was crystallized using the sitting-drop vapour-diffusion
procedure with further optimization by the random microseeding technique. The crystal structure of
the DbeAΔCl has been determined and refined to the 1.4 Å resolution. The DbeAΔCl crystals belong
to monoclinic space group C121. The DbeAΔCl molecular structure was characterized and compared
with five known haloalkane dehalogenases selected from the Protein Data Bank.

Keywords: Haloalkane dehalogenase; halide-binding site; random microseeding

1. Introduction

Hazardous halogenated compounds are an important class of environmental pollutants.
An obvious critical step in the potential biodegradation pathway is the dehalogenation process [1,2].
Haloalkane dehalogenases (HLDs) play an essential role in biodegradation of the halogenated pollutants.
HLDs are predominantly bacterial enzymes that belong to the superfamily of α/β-hydrolases and
catalyze the hydrolytic conversion of a wide range of halogenated aliphatic compounds, and therefore
play an important role in bioremediation [3] and industrial biocatalytic processes [4]. An aliphatic
alcohol, a halide and a hydrogen cation are released during the enzymatic dehalogenation of haloalkanes
by HLDs. The tertiary structures of HLDs are composed of a conserved α/β-hydrolase core domain
and an α-helical cap domain [5]. The core domain is responsible for the catalytic reaction of the enzyme
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and the cap domain is essential for substrate specificity and recognition [6]. A deep cleft is situated
between these two domains, allowing the solvent to access the buried active site. The active site is
composed of two halide-anion stabilizing residues and the catalytic triad consisting of a nucleophile,
a base and an acid [7]. HLDs can be divided into three subfamilies, HLD-I, HLD-II and HLD-III,
according to the composition of the catalytic residues and the anatomy of the cap domain [4].

A novel HLD DbeA from B. elkanii USDA94, a member of HLD-II subfamily [4], was structurally
and biochemically characterized [7]. The structure of DbeA wild type was determined to 2.2 Å
resolution and displays a typical topology of the α/β-hydrolases (EC 3.8.1.5). The unique feature of the
DbeA structure is the presence of two halide-binding sites, both fully occupied by chloride anions [7].
The first halide-binding site is located in the protein active site and is involved in substrate binding and
stabilization of halogen ion produced during dehalogenation reaction. DbeA active site consists of five
catalytic residues: two halide stabilizing residues (Trp104 and Asn38) and three amino acids essential
for the catalytic activity of the enzyme [2,4]: the nucleophile Asp103, the catalytic base His271, and the
catalytic acid Glu127. The second halide-binding site in DbeA is unique and has never been observed
within HLD structures deposited in the PDB [8]. The second halide-binding site, which is buried in the
protein core domain and located approximately 10 Å far from the first halide-binding site, is formed
by five amino-acid residues: Ile44, Gln274, Gln102, Gly37 and Thr40 [7]. Superposition of the DbeA
structure with other related HLD-II members revealed the presence of two unique amino acids in the
second halide-binding site: Gln102 instead of a typical His and Ile44 as a substitution of an ordinary
Leu, thereby sufficiently increasing the cavity volume to accommodate the second halide ion. The
variant DbeAΔCl (Ile44Leu+Gln102His) was constructed and biochemically characterized to elucidate
the role of the second halide-binding site in structure and function of DbeA [7].

Removal of the second halide binding site in DbeA significantly changed the substrate specificity
of DbeAΔCl and reduced the catalytic activity by an order of magnitude towards most of the tested
substrates [7]. Wild-type DbeA is more active, its melting temperature rises with an increasing
concentration of chloride salts and the binding energy for chloride ions is higher when compared
with the DbeAΔCl variant [7]. It was suggested that the chloride anion bound in a vicinity of second
binding site may increase basicity of catalytic histidine and consequently accelerate the nucleophilic
addition of water to the alkyl-enzyme intermediate [7]. In previous attempts, the crystallization of
DbeAΔCl was unsuccessful. The obtained crystals were very unstable, sensitive to mechanical stress
and poorly diffracted X-rays to about 10 Å resolution. It took several years to grow crystals with an
improved diffraction quality. Here, we report the successful crystallization, structure determination
and further characterization of DbeAΔCl variant.

2. Materials and Methods

2.1. Gene Synthesis, Cloning, Expression and Protein Purification

The recombinant gene dbeAΔCl-His6 (Ile44Leu + Gln102His) was synthesized artificially
(Entelechon, Regensburg, Germany) according to the DbeA sequence [7] (Table 1). The restriction
endonucleases NdeI and XhoI (Fermentas, Burlington, Canada) and T4 DNA ligase (Promega, Madison,
USA) were applied to transfer the synthesized gene into the expression vector pET-21b (Novagen,
Madison, USA). In order to overexpress DbeAΔCl in E. coli BL21(DE3) cells, the final genes were
transcribed by T7 RNA polymerase, which is expressed by the isopropyl β-D-1-thiogalactopyranoside
(IPTG)-inducible lac UV5 promoter. Cells containing the plasmid were cultured in Luria broth medium
at 310 K. When the culture reached an optical density of 0.6 at a wavelength of 600 nm, gene expression
(at 293 K) was induced by the addition of 0.5 mM IPTG. The cells were subsequently harvested and
disrupted by sonication using a Soniprep 150 (Sanyo Gallenkamp PLC, Loughborough, England). The
supernatant was collected after centrifugation at 100,000 g for 1 h. The crude extract was further purified
on a HiTrap Chelating HP 5 ml column charged with Ni2+ ions (GE Healthcare, Uppsala, Sweden).
The His-tagged enzyme was bound to the resin in the presence of 20 mM potassium phosphate buffer
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pH 7.5, 0.5 M sodium chloride, 10 mM imidazole. Unbound and non-specifically bound proteins were
washed out by a buffer containing 37.5 mM imidazole. The target enzyme was eluted with a buffer
containing 300 mM imidazole. The active fractions were pooled and dialyzed overnight against 50 mM
Tris-HCl pH 7.5. The DbeAΔCl enzyme was stored at 277 K in 50 mM Tris-HCl pH 7.5 buffer prior to
analysis. The DbeAΔCl production information is summarized in Table 1.

Table 1. Production specifics for DbeAΔCl.

Source Organism Bradyrhizobium Elkanii USDA94

DNA source Artificially synthesized DNA

Transport vector pMA

Expression vector pET-21b

Expression host E. coli BL21(DE3)

Complete amino acid sequence of
DbeAΔCl

MTISADISLHHRAVLGSTMAYRETGRSDAPHVLFLHGNPTSSYL
WRNIMPLVAPVGHCIAPDLIGYGQSGKPDISYRFFDQADY
LDALIDELGIASAYLVAHDWGTALAFHLAARRPQLVRGLA

FMEFIRPMRDWSDFHQHDAARETFRKFRTPGVGEAMILDN
NAFVERVLPGSILRTLSEEEMAAYRAPFATRESRMPTLML

PRELPIAGEPADVTQALTAAHAALAASTYPKLLFVGSPGA
LVSPAFAAEFAKTLKHCAVIQLGAGGHYLQEDHPEAIGRS

VAGWIAGIEAASAQRHAALEHHHHHH

2.2. Crystallization

The freshly isolated and purified DbeAΔCl protein was crystallized at a concentration of 30 mg.ml−1

in 50 mM Tris–HCl buffer pH 7.5 by the sitting-drop vapour-diffusion procedure [9]. For initial screening
several commercial precipitants kits were used: JBScreen Classic Kits№ 1-10 and Wizard I-III (Jena
Bioscience GmbH, Jena, Germany), Morpheus®HT-96, JCSG-plus™HT-96, PACT premier™HT-96
and Structure Screen 1 + 2 HT-96 kit (Molecular Dimensions Ltd (MDL), Suffolk, UK), Crystal Screen
kit, PEGRx HT™ and PEG/Ion HT™ (Hampton Research (HR), Aliso Viejo, USA) and Axygen I-VIII
crystallization kits (Axygen Biosciences, Union City, USA). The CombiClover 96 well plates (MDL,
Suffolk, UK) for manual screening experiments as well as Swissi polystyrene MRC 2-drop plate (MDL,
Suffolk, UK) were utilized for the initial screening on an Oryx3 robot (Douglas Instruments Ltd,
Hungerford, UK) for the DbeAΔCl protein.

The hanging drop crystallization trials were carried out in Limbro 24 well plates (HR, Aliso Viejo,
USA). The Douglas Instruments, USA Vapour Batch 96 well plates were used to perform the microbatch
under oil crystallization [10]. Macroseeding experiments [11] were carried out by lowering the protein
concentration to 20–25 mg.ml−1. The counter-diffusion crystallization was performed in single glass
capillaries with inner diameters ranging from 0.1 to 0.4 mm (HR, Aliso Viejo, USA) using a three-layer
configuration [12].

2.3. Data Collection, Processing and Structure Solution

X-ray diffraction data at 100 K were collected to the 1.4 Å resolution at the BESSY II electron
storage ring on beamline MX 14.1 of the Helmholtz-Zentrum Berlin (Berlin-Adlershof, Germany; [13]).
2500 images were processed with the graphical user interface XDSAPP [14] for running XDS [15].
Phasing by molecular replacement was performed using MOLREP [16] and the structure of DbeA
as the template (PDB code 4k2a; [7]). One molecule was found in the asymmetric unit of DbeAΔCl.
Structure refinement and model building was performed using isotropic and anisotropic refinement
protocols in REFMAC5 [17] and Coot [18] from the CCP4 package [19], respectively. The quality of
the protein models was confirmed with MolProbity [20,21] and wwPDB [22] validation servers. The
structure of the DbeAΔCl has been deposited to the Protein Data Bank under accession code 6s42.
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Figures with the structure were prepared using the program PyMOL [23]. The complete information
about the data collection, processing, and refinement statistics are provided in Table 2.

Table 2. Data collection and crystallographic statistics.

X-ray Diffraction Data Collection Statistics

Space group C121
Cell parameters (Å, ◦) a = 128.95, b = 63.95, c = 46.05; α = γ = 90, β = 106.27

Wavelength (Å) 0.918
Resolution (Å) 1.39

Number of unique reflections 68,322
Redundancy 2.18 (2.20)

Completeness (%) 96.13 (92.17)
Rmerge

# 4.9 (26.3)
Average I/σ(I) 12.72 (3.19)
Wilson B (Å2) 20.8

Refinement Statistics

Resolution range (Å) 41.96–1.4 (1.43–1.39)
No. of reflections in working set 64,907 (4,609)

R value (%) ## 13.98
Rfree value (%) ### 15.22

RMSD bond length (Å) 0.006
RMSD angle (◦) 1.635

No. of atoms in AU 2,823
No. of protein atoms in AU 2,333

No. of water molecules in AU 470
No. of iodide ions in AU 8

No. of chloride ions in AU 3
Mean B value (Å2) 13.42

Ramachandran Plot Statistics

- Residues in favoured regions (%) 97.2
- Residues in allowed regions (%) 100

PDB code 6s42

The data in parentheses refer to the highest-resolution shell. # Rmerge = (|Ihkl − 〈I〉|)/Ihkl, where the average intensity
〈I〉 is taken over all symmetry equivalent measurements and Ihkl is the measured intensity for any given reflection;
## R-value = ||Fo| − |Fc||/|Fo|, where Fo and Fc are the observed and calculated structure factors, respectively;
### Rfree is equivalent to R value but is calculated for 5% of the reflections chosen at random and omitted from the
refinement process.

3. Results and Discussion

The crystallization procedure previously successfully used for growing of the DbeAwt protein [24]
was applied to prepare crystals of freshly purified DbeAΔCl protein. Initially, only a light amorphous
precipitation was observed. Further optimization of the crystallization conditions was carried out by
variation of the protein and precipitant concentrations (PEG and salt) and drop protein-reservoir ratio
composition. This optimization did not improve the results. Additional screening was conducted
by applying further commercial crystallization kits: JBScreen Classic Kits№ 1-10 and Wizard I-III
(Jena Bioscience GmbH, Jena, Germany). Again, only very small and thin needle crystals or a heavy
amorphous precipitation were observed. The next optimization step was based on moving the system
closer to the metastable zone based on the phase transition diagram by decreasing the concentration of
the crystallization drop components. The reduction of the DbeAΔCl concentration and variation of the
precipitant concentrations yielded small microcrystals (Figure 1a) and a two-dimensional (2D) single
needle crystals (Figure 1b) within a period of 1-3 weeks. The microcrystals were grown within three
weeks from precipitant consisting of 28% (w/v) PEG 4000, 0.2 M Li2SO4 in 0.1 M Tris pH 8.2 buffer and
a 30 mg.ml−1 protein concentration. The small needle crystals were observed after 10 days at a 10 to
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30 mg.ml−1 protein concentration in precipitant composed of 12– 17% (w/v) PEG 3350, 115– 125 mM
MgCl2 in 100 mM Tris-HCl 7.5 buffer.

 

Figure 1. Results of initial crystallization experiments of DbeAΔCl protein from B. elkanii USDA94:
(a) microcrystals and (b) small 2D needle crystals. The scale bar represents 100 μm.

In order to improve the crystal quality, Morpheus®HT-96, JCSG-plus™HT-96, PACT premier™
HT-96 and Structure Screen 1 + 2 HT-96 kit (Molecular Dimensions Ltd (MDL), Suffolk, UK), Crystal
Screen kit, PEGRx HT™ and PEG / Ion HT™ (Hampton Research (HR), Aliso Viejo, USA) and Axygen
I-VIII crystallization kits (Axygen Biosciences, Union City, USA) were applied. Finally, small 3D
crystals (Figure 2a) with a dimension of about 15 × 5 × 35 μm were grown from a solution containing
26.57% (w/v) hexanediol at 295 K over 10 days. The crystals diffracted X-rays to a maximum resolution
of 8–10 Å. The quality of these crystals did not allow to record good diffraction data and additional
strategies were needed to improve the size and shape of obtained crystals.

 

Figure 2. DbeAΔCl crystals used for diffraction analysis: (a) small 3D crystals grown at 26.5% (w/v)
hexanediol and (b) big 3D crystals developed by random seeding experiments. The scale bar represents
100 μm.
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Further optimization using the precipitant solution mentioned above was pursued by setting up
the experiments at a lower temperature (193K), by application of the Additive Screen (HR) and by
variation of the protein concentration from 10 to 40 mg.ml−1, however, without success. The same
conditions were tested in a hanging drop vapour-diffusion, microbatch under oil, counter-diffusion and
macroseeding procedure. All these experiments did not significantly improve the diffraction quality of
the crystals. Next, the small crystals (Figure 2a) were used for random microseeding experiments [25]
with application of two commercial crystallization kits: PACT premier™HT-96 and Structure Screen 1 +
2 HT-96 kit (MDL), which finally resulted in the appearance of 3D crystals with an average dimensions
70 × 75 × 100 μm within a period of two weeks (Figure 2b). These crystals, later used for X-ray
data collection experiments, were obtained by lowering the protein concentration to 20 mg.ml−1 and
applying the following precipitant: 0.2M sodium iodide and 20% (w/v) PEG 3350.

Crystals of DbeAΔCl diffracted X-rays to 1.4 Å resolution and belong to the monoclinic
base-centered space group C121. The diffraction data allowed localizing 294 amino-acid residues
fitting to the one molecule in the asymmetric unit. The overall shape of DbeAΔCl is like a block with
2,823 non-hydrogen atoms (470 water molecules, 8 iodide anions, 3 chloride anions and hexanediol
molecule) and corresponds to the canonical architecture of HLDs of the α/β hydrolase fold superfamily
(Figure 3a). The structural organization of DbeAΔCl displays two compact domains: an α/β hydrolase
core domain and a helical cap domain with the active site located between them. The cap domain
(residues 134–214) consists of five α-helices (α4, α5¸α5´, α6, α7 and α8) and six loops, together forming
a lid, protecting the active site cavity. The core domain (residues 4–133 and 215–298) consists of a
central twisted eight-stranded β-sheet with the β2 strand running antiparallel. The β-sheet region
is flanked by six α-helices: two elements (α1 and α2) cover one side and the remaining four (α3, α9,
α10 and α11) the other side [2,26] (Figure 3a). The protein displays a monomer as the biological unit
according to the analysis of crystal contacts between molecules in the unit cell and crystal packing. The
exploration of macromolecular interfaces by PDBePISA server [27] underpins the monomeric nature of
the protein.

The DbeAΔCl active site displays a substrate-binding pocket typical for all haloalkane
dehalogenases. The enzyme’s active site cavity contains the catalytic triad consisting of Asp103,
His 271 and Glu127. The nucleophile Asp103 is located at the turn between β-strand β5 and helix α3.
The catalytic base His271 is positioned on the loop joining β8 and α11. The catalytic acid Glu127 is
located behind β-strand β6. Inspecting the electron density map, one iodide anion and one molecule
of hexanediol as components of precipitant cocktail were identified near the DbeAΔCl active site. The
iodide ion is mainly stabilized by interactions with the N atoms of two halide-binding residues: Asn34
Nδ2 and Trp104 Nε1 with distances of 3.72 Å and 3.47 Å, respectively. Further coordination is realized
with the N atom of the pyrrolidine ring of Pro205 at a distance of 3.64 Å and an O atom of bound
hexanediol at 3.68 Å distance (Figure 3b).

The substitutions Ile44Leu and Gln102His introduced into the structure of DbeA result in the
elimination of the second halide-binding site (Figure 3c). The site is occupied by a water molecule
in the mutant enzyme. Apparently, insufficient space is left for the positioning of the second halide
anion as observed in the DbeAwt structure. The atoms of three residues: Thr40 Oγ1, His102 Nδ1

and Gly37 N, with hydrogen bond distances of 2.74 Å, 2.79 Å, and 2.94 Å, respectively, coordinated
water molecule W71 that was modelled instead of the halide anion (Figure 3c). Further coordination is
realized by water molecule W11 at a distance of 2.73 Å. Water molecule W11 is situated between two
halide-binding sites, 6.73 Å away from the iodide ion in the canonical active site of the protein. Water
W11 is stabilized by interaction with the Oδ2 atom of catalytic nucleophile Asp103 at 2.71 Å distance.
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Figure 3. The overall structure of DbeAΔCl (a), close-up view of the canonical DbeAΔCl active site
(b) and second halide-binding site (c). The 2Fo-Fc electron-density map contoured at 2σ is shown in
grey (a) Cα ribbon trace shows elements of the protein secondary structure. The α-helices are coloured
red for the main domain and brown for the cap domain; β-strands are coloured yellow; loops are
shown in green; iodide ion is presented as a cyan sphere, water molecule (W71) is shown as a red
sphere; the two point substitutions Ile44Leu + Gln102His introduced into DbeA are highlighted as blue
sticks. (b) The iodide ion in the active site is presented as a cyan sphere with coordination interaction
distances in Å and highlighted by yellow dashed lines; hexanediol (Hez) (shown in two alternative
conformations) and amino acids Asp103, Trp104, Pro205 coordinating the iodide ion are shown as sticks
with carbon atoms coloured yellow. Carbon atoms of catalytic triad are highlighted in green. (c) The
water molecules W11 and W71 are presented as red spheres; amino acids coordinating water molecule
W71 are shown as sticks with carbon atoms coloured in yellow with and interactions with distances in
Å shown by yellow dashed lines. Water molecule W71 is located in second-halide binding site.
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The sequence of DbeAΔCl from B. elkanii (PDB ID code: 6s42) was aligned (Figure 4) and compared
with five known sequences of HLDs deposited in the PDB: DbeA wild type from B. elkanii (PDB ID code:
4k2a [7]), DhaA from Rhodococcus species (PDB ID code: 1bn6 [1]), DhlA from Xanthobacter autotrophicus
(PDB ID code: 1cij [28]), LinB from Sphingomonas paucimobilis (PDB ID code: 1cv2 [29]) and DmbA from
Mycobacterium tuberculosis (PDB ID code: 2qvb [30]). The reason for selection of these dehalogenases
is that DbeAwt is the same protein without two point mutations occurring in DbeAΔCl with 99.3%
sequence identity, DhaA as HLD with highest sequence identity shows 50.7% and DhlA as HLD with
lowest sequence identity displays 26.5% in comparison to DbeAΔCl. Alignment of DbeAΔCl with
different kind of haloalkane dehalogenase LinB from the same substrate specificity group (SSG-I)
demonstrates 47.4% sequence identity similar to DmbA as another type of HLD from different SSG-III
(44.8%) [31].

Figure 4. Multiple sequence alignment of DbeAΔCl with five Haloalkane dehalogenases (HLDs)
deposited in PDB. Amino acids from canonical HLD active site are highlighted in yellow, catalytic
triad residues are highlighted in green and second halide binding site residues are highlighted in cyan.
Sequence alignment was performed by ClustalW [32].

The molecular structures of DbeA, DhaA, LinB, DmbA, and DhlA were superposed with the
DbeAΔCl enzyme’s Cα atoms with root mean square deviations of 0.335, 1.018, 0.985, 1.127 and 2.112 Å,
respectively. 3D-superpositions of the DbeAΔCl structure with the closest similarity model (DhaA)
and the lowest identity model (DhlA) are shown in Figure 5a.



Crystals 2019, 9, 375 9 of 12

Figure 5. Structural comparison of DbeAΔCl with homologous dehalogenases. (a) DbeAΔCl secondary
structure superposition with DhaA and DhlA. Cα ribbon trace shows elements of the protein secondary
structures. The DbeAΔCl is coloured in red; DhaA is coloured in blue; DhlA is shown in yellow; iodide
ion (cyan sphere) is placed in the canonical active site of DbeAΔCl. (b) Superposition of DbeAΔCl,
DhaA and DhlA active sites. Amino acids of DbeAΔCl are shown as red sticks; amino acids of DhaA
are shown as blue sticks; amino acids of DhlA are shown as yellow sticks. The iodide ion and water
molecule W11 bound to DbeAΔCl are represented as red spheres; bromide ion and water are shown as
blue spheres for the DhaA structure and the single water molecule in the DhlA is shown as yellow
sphere. (c) Superposition of second halide binding site residues of mutant and wild type DbeA.
DbeAΔCl amino acids are shown as red sticks; amino acids of DbeAwt are shown as green sticks. Water
W71 is shown as red sphere and Cl− ion is shown as green sphere.

In general, the secondary structure elements of the core domain are better conserved compared to
the cap domain for the most dehalogenases. Significant differences in cap domains define substrate
specificity and variability [1]. The considerable divergence among the superimposed structures was
also observable at the relatively disordered N- and C-terminal parts of the proteins (Figure 5a). The
position of the active site residues was well conserved among HLDs with some differences in DhlA
structure. DbeAΔCl, DbeA, LinB, DhaA and DmbA belong to the HLD-II subfamily with Asp-His-Glu
catalytic triad and Asn-Trp halide binding residues [4] whereas DhlA belongs to the HLD-I subfamily
with an Asp-His-Asp + Trp-Trp catalytic pentad composition. The positions of the halide-binding
residues Asn38 and Trp104 in the DbeAΔCl structure is conserved in comparison to the rest of HLD
structures. The position of the catalytic triad (Asp103; His271 and Glu127) is well conserved among
the dehalogenases from HLD-II subfamily. The side chain of the catalytic acid Asp in DhlA is situated
slightly deeper in the active site cavity in comparison to HLD-II structures.

Superposition of the iodide ion at the DbeAΔCl active site with halide ions in the vicinity of
halide-stabilizing residues of the rest structures reveals some structural differences. DhlA and DmbA
contain halide ions inside the active site: Br- (DhlA) and Cl- (DmbA) with shifts in 0.47 and 0.39 Å
from the DbeAΔCl iodide ion position, respectively. However, there is only a water molecule in the
LinB structure (0.27 Å away from iodide ion of DbeAΔCl) and an empty space in the DhaA structure
(the closest water molecule is located 6.48 Å away from the iodide ion position).

Water molecule W71, which substitutes the halide ion at the second halide-binding site of the
DbeA wild type structure, was found at the canonical place where only a water molecule is present in
all the HLDs with a shift of 1.39 Å compared to the DhaA structure, 0.80 Å to the DhlA, 0.55 Å to the
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LinB and 0.43 Å to the DmbA, and 1.28 Å away compared to the second chloride anion in the DbeA
structure. Superposition of halide binding sites of the DbeAΔCl structure with halide binding sites of
the closest relative (DhaA) and the lowest identity HLD (DhlA) is shown in the Figure 5b.

4. Conclusions

After many crystallization experiments and optimization cycles, we found that two point mutations
deeply buried in the structure have a significant influence on the crystallization of the macromolecule.
Finally, random microseeding experiments with a seed stock prepared from small 3D crystals obtained
at a protein concentration of 20 mg.ml−1 and 0.2 M sodium iodide plus 20% (w/v) PEG 3350 as the
precipitant solutions produced crystals of the double mutant DbeAΔCl from B. elkanii USDA94. These
crystals were of sufficient quality for X-ray diffraction experiments. The structure of DbeAΔCl was
solved using molecular replacement and refined to 1.4 Å resolution. Overall, the structure is very
similar to other HLDs structures of the α/β hydrolase fold superfamily (EC 3.8.1.5). The substitutions
Ile44Leu and Gln102His resulted in a space reduction of the second halide-binding site and thus
incapability of DbeAΔCl to bind a second halide anion as compared to the wild type structure. Instead
of a chloride anion, a water molecule (W71) was found in the site of which the consequences are,
DbeAΔCl is less active and less stable in the presence of chloride salts when compared with the DbeAwt
enzyme [7]. The DbeAΔCl structure of B. elkanii was aligned and compared with five molecular
structures of haloalkane dehalogenases selected from the PDB. The elements of the secondary structure
and the catalytic pentad are well conserved. Superposition of the iodide ion at the DbeAΔCl active
site with the other structures reveals some structural differences. The water molecule W71 located at
the compromised second halide-binding site of DbeAΔCl was coordinated at the canonical place as
compared to other HLDs.
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5. CONCLUSIONS 

The overall goal of the present PhD study was to determine the structure of the novel 

types of haloalkane dehalogenases, which represent a promising tool for 

degradation of halogenated compounds. Better understanding of their biology and 

structural geometry is necessary for further improvement of their substrate 

specificity and catalytic activity.  

The structural characterization of the novel marine dehalogenase from 

Paraglaciecola agarilytica NO2 bacterium as well as newly synthesized by 

ancestral sequence reconstruction dehalogenase AncLinB-DmbA wre performed. 

 Crystallographic analysis of the DpaA protein was done. An unusual for 

HLD-I subfamily crystal packing of the DpaA protein was revealed. Specifically, 

using X-ray crystallography DpaA tetramers formation was observed, phenomenon, 

that has not been described before for haloalkane dehalogenase subfamily I. 

Usually, the HLD-I subfamily members display monomeric arrangement in crystal 

structures, while some members of subfamily HLD-II were found in dimers 

formation, and some members of HLD-III subfamily – in oligomeric form 

(however, their structure is not solved yet). The multimeric haloalkane 

dehalogenases provide unique characteristics and expand the range of properties for 

such enzymes. However, the tendency of the DpaA protein to oligomerize 

challenges protein structure solution in a wide range of crystallization conditions 

and across various crystal lattices.  

 The structure of AncLinB-DmbA was studied in the second part of the 

thesis. Structural analysis revealed a high degree of similarity between ancestral 

enzyme AncLinB-DmbA and closely related modern haloalkane dehalogenases 

LinB from Sphingobium japonicum UT26 and DmbA from Mycobacterium bovis 

5033/66. Despite the highly conserved structure, AncLinB-DmbA exhibits some 
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differences in the overall construction, such as variations in the sizes and positions 

of α-helices and β-sheets and the presence of more flexible elements such as loops. 

Nevertheless, the core residues of ancestor enzyme correspond to those in LinB and 

DmbA. In addition, caver analysis revealed differences in several residues 

responsible for the formation of tunnels, that might indicate some advantages of 

AncLinB-DmbA compared with its descendants. The radius of the bottleneck in the 

p1 tunnel of AncLinB-DmbA is similar to the wider bottleneck in DmbA, while the 

ancestral protein displays the widest main tunnel entrance radius compared to the 

other two proteins. In addition, AncLinB-DmbA displays the largest active site 

cavity. Knowledge of the composition of tunnel residues in AncLinB-DmbA is 

required for further modification of its catalytic properties. 
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