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ANNOTATION 

 

Enhancement of the catalytic performance of various enzymes in the 

reaction systems requires advanced studies of enzymes’ structure-function 

relationships. The obtained information is used to engineer favourable enzyme 

variants exhibiting beneficial properties for applications in biotechnology. In the 

thesis X-ray crystallographic analysis was successfully employed for the 

structure-functional characterization of the glyceraldehyde dehydrogenase from 

thermophilic bacterium Thermoplasma acidophilum (TaAlDH). This enzyme is 

one of the key enzymes in the cell-free system for the production of ethanol or 

isobutanol from glucose. The second part of the thesis describes optimization 

by structure-guided engineering of the haloalkane dehalogenase LinB from the 

soil bacterium Sphingobium japonicum UT26, used for the effective 

degradation of halogenated environmental pollutants. 
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1. INTRODUCTION 

 
1.1. Prologue and aims of the research 

Scrutiny of various features, developed by different organisms for the 

adaptation to their environmental conditions, has always been a source of new 

ideas for scientists and engineers in their work. For instance, in 1903, brothers 

Wright have successfully created the first heavier-than-air aircraft, inspired by 

pigeons’ flight. Nowadays, biologically inspired engineering employs 

biological principles for new applications in industry, medicine and 

environment protection. Not only the natural principles are employed but also 

biological systems themselves. For thousands of years living organisms were 

modified for biotechnological applications in food industry, agriculture and 

medicine; e.g. using specific yeasts in brewing or production of antibiotic 

penicillin from the fungi Penicillium. 

Using biotechnological methods for the production of various chemicals 

is of particular importance as it is more environmentally gentle approach 

compared to a fossil-resources-based approach. A number of cell-based as well 

as cell-free techniques have been developed for synthesis of various compounds, 

starting from small organic molecules to proteins. The second component of 

environment protection is the limitation of waste emissions into the atmosphere 

and ground water, and the decay of existing pollutants. Presently, numerous 

methods are being developed for the biodegradation of environmental 

pollutants. Microorganisms with modified metabolic pathways or individual 

enzymes with engineered substrate specificity are used for such purposes. 

In terms of bio-catalysis, cell-free processes are generally more effective 

because ex-vivo enzyme reaction mixtures can tolerate higher concentrations of 

substrates and products as compared to the equivalent cell-based approaches. 

Another advantage of cell-free systems is that the supplied substrates do not get 

involved in cell’s metabolism, resulting in non-desired side-product formation. 

Enhancement of the catalytic performance of the applied enzymes in the ex-vivo 

reaction systems requires advanced studies of enzymes’ structure-function 

relationships. The obtained information is used to engineer favourable enzyme 

variants exhibiting beneficial properties for application in cell-free 

biotechnological processes. 
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This thesis comprises two projects. The first one is focused on the 

structure-functional characterization of the glyceraldehyde dehydrogenase from 

thermophilic bacterium Thermoplasma acidophilum (TaAlDH), which is one of 

the key enzymes in the cell-free system for the production of ethanol or 

isobutanol from glucose. The second part of this work concerns optimization by 

structure-guided engineering of the haloalkane dehalogenase LinB from the soil 

bacterium Sphingobium japonicum UT26, used for the effective degradation of 

halogenated environmental pollutants. 

 

1.2. Bioproduction of chemicals 

The outcome of the dependence on fossil fuels in the production of various 

chemicals is the eventual depletion of natural fossil resources. During the past 

few decades, the focus has considerably shifted from using natural fossil fuels 

to using organisms or even synthetic bioprocesses for the production of 

industrially relevant compounds. For this, biological systems are modified 

and/or parts of different natural systems are assembled to produce non-natural 

products (1). Several techniques for microbial bioproduction and for cell-free 

biosynthesis have been successfully implemented for interesting target 

molecules such as ethanol (2), butanol (3, 4), hydrogen (5), precursors for 

pharmaceuticals (6), amino acids (7), vitamins (8) and even plastics (9).  

Although bioproduction of chemicals, fuels and other materials require 

further improvement, in particular, enhancing product tolerance, increasing 

product yields and creating commercially relevant large-scale production 

systems, feasibility and utility of such approaches was demonstrated (10).  

 

 1.2.1. Cell-free biosynthesis 

The first established biotechnological processes for the synthesis of 

organic chemicals were cell-based systems, e.g. bacterial cells and yeast. They 

are predominantly used for production of different kinds of organic solvents 

(biofuels), as well as for a wide variety of other chemicals used in pharmacy and 

industry. 

However, the primary drawback of the microbial fermentation process is 

that the major fraction of energy from the supplied nutrients is utilized by the 

cells for proliferation and maintaining their integrity rather than to produce the 

desired product (11). Moreover, the involvement of substrates into cell 
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metabolism and non-desired by-product formation may lower both 

stoichiometric conversion rates and product yields, and even low concentrations 

of products can significantly affect microbial cell viability and productivity (3, 

12). The functioning of microbial systems is also restricted to physiological 

ambient conditions (neutral pH, mild temperature), while running reactions at 

elevated temperatures would conveniently increase reaction rates (13). 

The abovementioned limitations can be addressed through the 

development of synthetic cell-free enzyme systems by reprogramming the 

existing and designing novel metabolic pathways (14, 15).  Several factors need 

to be considered for the construction of such systems: cofactor balance, 

thermodynamics, reaction equilibrium, and product separation and purification 

(16). 

 
Figure 1.1. The relations between synthesis platforms in synthetic biology: microbial 

fermentation, crude extract cell-free systems (CECFs) and synthetic enzymatic pathways (SEPs) 

(14). 

 

Cell-free approaches can be divided into two big groups: crude extract 

cell-free systems (CECFs) and synthetic enzymatic pathways (SEPs) (14, 17) 

(Fig. 1.1). The first example of a cell-free system was shown by Eduard Buchner 

in 1897: yeast extract effectiveness was demonstrated for the conversion of 

sugar to ethanol and carbon dioxide (18) for which Buchner got awarded the 
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Nobel Prize in Chemistry in 1907. Currently cell-free approaches have practical 

applications in cellular metabolic pathways investigation, protein and peptide 

synthesis and evolution, small molecule production, and non-natural product 

synthesis (14).  

A major advantage of SEPs is their flexibility in rational programming of 

biosynthetic networks. For instance, a SEP for hydrogen synthesis is composed 

of thirteen proteins from different organisms, including rabbit, spinach, 

Pyrococcus furiosus, Saccharomyces cerevisiae, and Escherichia coli. 

Construction of this SEP allowed for high yields of 12 H2 molecules per glucose 

compared to only 4 H2 molecules per glucose obtained with anaerobic 

fermentation (5). 

Major challenges for cell-free synthetic biology include integration and 

activation of efficient and predictable enzyme networks at low cost and large 

scale by bridging in vitro and in vivo functionality. Nevertheless, cell-free 

systems have the potential to change the approach to study, control, and modify 

cellular ensembles for biomanufacturing of any chemical from renewable 

resources.  

 

 1.2.2. Cell-free enzyme cascade for biosynthesis of alcohols 

Usage of biofuels is already widespread in industry, especially of ethanol. 

However, butanol possesses a higher energy density, lower vapor pressure, and 

lower hygroscopicity than ethanol, therefore showing advantages in terms of 

commercial use, storage and transportation (3). Apart from being used as a 

biofuel, ethanol and butanol are utilized as intermediates in chemical synthesis, 

as solvents for a wide variety of chemicals and in textile industry applications. 

Recently, a completely artificial minimized reaction cascade was 

constructed for the conversion of glucose to ethanol or isobutanol (Fig. 1.2). The 

conversion of glucose to pyruvate, the central intermediate in this cascade, is 

achieved by modified non-phosphorylative Entner-Doudoroff-Pathway derived 

from hyperthermophilic archaea (19).  Only four enzymes are needed: glucose 

dehydrogenase (GDH), gluconate/glycerate/dihydroxyacid dehydratase 

(DHAD), 2-keto-3-desoxygluconate aldolase (KDGA), and glyceraldehyde 

dehydrogenase (AlDH). 2-keto-3-desoxygluconate is split into pyruvate and 

glyceraldehyde, which is then relayed for pyruvate production as well. In the 

subsequent two-step reaction, pyruvate can be converted to acetaldehyde and 
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acetaldehyde to ethanol by the action of pyruvate decarboxylase (PDC) and 

alcohol dehydrogenase (ADH). Alternatively, pyruvate can be used for 

isobutanol production. Two pyruvate molecules are joined by acetolactate 

synthase (ALS) to produce acetolactate, which is further converted by ketolacid 

reductoisomerase (KARI) to dihydroxyisovalerate. DHAD then catalyzes the 

conversion of dihydroxyisovalerate into 2-ketoisovalerate. The enzymes 2-

ketoacid decarboxylase (KDC) and an ADH are used to obtain isobutanol via 

isobutyraldehyde. 

This artificial pathway is completely redox balanced and requires only a 

single molecular shuttle NAD+, which is recycled in the reaction cascade. All 

enzymes for the cascade were selected according to their degree of substrate 

specificity, stability under reaction conditions and overall activity (20). One of 

the advantages of this artificial cascade is that the enzymes were found to remain 

highly active in up to 4% (v/v) isobutanol, a condition where bacterial cells are 

no more capable to survive or maintain an active metabolism (3). 

 

 
Figure 1.2. Schematic representation of the cell-free enzyme cascade for biosynthesis of 

ethanol and isobutanol. In the first part of the reaction (A) glucose is converted into two 

molecules of pyruvate; (B) requirements for AlDH functioning within the cascade: high 

specificity towards glyceraldehyde and no acceptance of acetaldehyde or isobutyraldehyde; (C) 

conversion of pyruvate to ethanol or isobutanol (adopted from 21). 
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In this system, molar yield of 57.4 % in 19 h for ethanol and 53% in 23 h 

for isobutanol were achieved, demonstrating the successful recycling of NAD+ 

and NADH, as well as successful redirection of glyceraldehyde resulting from 

2-keto-3-desoxygluconate cleavage towards pyruvate (20).  

 

 1.2.3. Glyceraldehyde dehydrogenase from Thermoplasma acidophilum 

and its implementation in the synthetic cascade for biosynthesis of ethanol and 

isobutanol 

Glyceraldehyde dehydrogenase from Thermoplasma acidophilum 

(TaAlDH) belongs to the aldehyde dehydrogenase superfamily and is involved 

in the downstream portion of the non-phosphorylated Entner–Doudoroff 

pathway. This pathway is used by thermoacidophilic archaea such as 

Thermoplasma acidophilum and Sulfolobus solfataricus to metabolize D-

glucose (22). 

One of the key reactions for the conversion of glyceraldehyde to pyruvate 

in the artificial enzyme cascade, described above, is the oxidation of D-

glyceraldehyde to D-glycerate. The corresponding enzyme, aldehyde 

dehydrogenase (AlDH), should ideally combine the following properties: high 

thermostability and tolerance towards the solvent, high activity, acceptance of 

NAD+ as a cofactor and high substrate specificity (21). NADP+-dependent 

TaAlDH was found to meet the requirement of high specificity for 

glyceraldehyde as it does not accept other aldehydes such as acetaldehyde or 

isobutyraldehyde, which are downstream reaction intermediates. Although it 

was successfully purified and implemented in the cascade (20, 23), protein 

engineering is needed to improve the enzyme’s acceptance for NAD+ as this 

cofactor is used as the only electron carrier in the cascade. TaAlDH was found 

to function at isobutanol concentration of up to 9%. Although such 

concentration of the solvent is already higher than the microbial tolerance limit, 

it is desirable to increase the enzyme stability toward isobutanol and ethanol, 

preferably up to the concentration where phase separation occurs (about 12%). 

Optimized variants of TaAlDH were obtained by the directed evolution 

approach (21). TaAlDH F34M+S405N variant showed an overall 8.5-fold 

increase in volumetric activity, a slight increase in NAD+ acceptance and a 9-

fold improvement of the catalytic efficiency with NAD+ compared to wild type 
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(Km = 17.6 mM, kcat = 10.99 s-1). TaAlDH F34M+Y399C+S405N displays a 

55.7-fold increase in activity of the wildtype enzyme and showed improved 

NAD+ acceptance and a slight improvement in solvent tolerance (Km = 116.7 

mM, kcat = 10.54 s-1). Further optimization of TaAlDH requires an 

understanding of the structural basis for enzyme functioning. 

 

1.3. Bioremediation of polluted environment 

A wide variety of chemical compounds used at some point in different 

industries, technologies and in agriculture are poorly biodegradable. Such 

chemicals accumulate and persist in the soil and ground water even decades 

after their use has been forbidden. Depending on the chemical nature these 

compounds can have various negative impacts on climate, biodiversity in 

polluted regions and human health. Therefore, diverse methods have already 

been developed or are currently being designed for the degradation of 

environmental pollutants, including biodegradation by bacteria or purified 

enzymes as well as abiotic techniques. 

 

 1.3.1. Halogenated environmental pollutants and biotechnological 

approach to remediation 

Halogenated compounds, e.g. 1,2-dibromoethane (ethylene dibromide, 

EDB), γ-hexachlorocyclohexane (γ-HCCH), 1,2-dichloroethane (DCE), etc., 

represent one of the largest groups of environmental pollutants. 1,2-

Dibromoethane was historically used as a pesticide and soil fumigant in various 

crops, as well as a scavenger in lead-containing automobile and aircraft fuels to 

prevent build-up of lead oxide deposits (24, 25). γ-HCCH has been used as an 

agricultural pesticide and as treatment for pediculosis (26), whereas DCE is 

utilized in industry, as an intermediate for the production of certain chemicals, 

and as an organic solvent (24). A number of halogenated compounds exhibit 

neurotoxic and carcinogenic effects, and were banned from use under 

the Stockholm Convention on persistent organic pollutants (27). Despite the 

ban, halogenated compounds pollution remains a significant issue due to the 

long half-life of such chemicals, the large amounts used in agriculture in the 

past, and leakages from the storage tanks (24, 28, 29). Thus, methods for the 

detection and remediation of polluted environments are needed. The use of 

microorganisms for bioremediation is especially attractive because of economic 
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and environmental reasons. 

 Various studies have shown possibilities for abiotic transformation of 

halogenated alkanes by iron sulfide (30) or hydrogen sulfide (31), and for 

biodegradation under anaerobic conditions by methanogenic bacteria and 

Dehalococcoides sp. (32, 33) as well as aerobic biodegradation (34, 35) and 

cometabolism by different bacteria (36, 37). It was also shown that stimulation 

by addition of ethane, propane or phenol to indigenous bacteria in presence of 

inorganic nutrients increases the microbial activity in degradation of EDB (38, 

39). It is advantageous to use biostimulation of native microorganisms, well-

suited to the environment, for bioremediation.  

Analysis of the bacteria participating in aerobic mineralization of 

halogenated compounds revealed that enzymes of the haloalkane dehalogenases 

family (EC 3.8.1.5) are responsible for one of the key reactions in the pathway. 

They catalyze the cleavage of the carbon-halogen bond in halogenated aliphatic 

pollutants, resulting in formation of a corresponding alcohol, a halide ion and a 

proton (40). Apart from applications in bioremediation (41, 42), haloalkane 

dehalogenases can be potentially utilized in biosensing of pollution (43, 44), 

biosynthesis (45), cellular imaging and protein immobilization (46). 

Furthermore, haloalkane dehalogenases have become an important model 

system for the in-silico study of molecular principles of enzymatic catalysis (47, 

48). 
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Figure 1.3. Degradability of some aliphatic and aromatic compounds: from readily 

biodegradable substrates on the left to recalcitrant compounds on the right. The compounds in 

the middle are biodegradable, but organisms are not ubiquitous and success depends strongly 

on environmental conditions (adopted from 40). 

 

Due to a scarcity of enzymes that catalyze crucial steps in catabolism of 

halogenated compounds, these xenobiotic chemicals display resistance to 

biodegradation, low-molecular weight ones in particular (40). As these synthetic 

chemicals are somewhat water soluble and bioavailable, investigation and 

engineering of haloalkane dehalogenases substrate specificity could improve 

their conversion by bacterial metabolic pathways. 

 

 1.3.2. Structure and reaction mechanism of haloalkane dehalogenases 

A number of haloalkane dehalogenase structures have already been 

determined, such as DhlA from Xanthobacter autotrophicus GJ10 (49), LinB 
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from Sphingobium japonicum UT26 (50), DbeA from Bradyrhizobium elkanii 

USDA94 (51), DhaA from Rhodococcus rhodochrous NCIMB 13064 (52), etc. 

Structurally, haloalkane dehalogenases belong to α/β-hydrolase structural 

superfamily (53) and consist of two domains: an α/β-hydrolase core domain and 

a helical cap domain, which lies on top of the core domain (Fig. 1.4). The active 

site is located in a hydrophobic cavity at the interface between the two domains 

and is connected to the protein surface by several tunnels.  

 

 
Figure 1.4. Cartoon representation of wild-type LinB structure: cap domain is shown in 

blue, core domain is shown in red and active site residues are yellow (PDB ID 1CV2, 50).  

 

The active sites of dehalogenases contain a catalytic triad of three amino 

acids that participate in dehalogenation reaction; a nucleophilic aspartate, a 

basic histidine and a catalytic aspartic or glutamic acid (54). The majority of 

haloalkane dehalogenases with known structures contain a halide anion binding 

site as part of the active site. Halide-binding site consists of two highly 

conserved amino acids, tryptophan-tryptophan (55) or tryptophan-asparagine 

(51, 52). These two amino acid side chains stabilize the halogen atom of the 

substrate and then the halide anion formed during the dehalogenation reaction. 

The catalytic mechanism of the haloalkane dehalogenase reaction 

includes four main steps: (i) substrate binding in the active site; (ii) nucleophilic 
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attack of the aspartate on the substrate, resulting in formation of an alkyl-

enzyme intermediate and a halide ion; (iii) nucleophilic addition of a water 

molecule to the intermediate; (iv) release of the reaction products (55). 

The composition of catalytic residues, architecture and solvation of the 

active-site cavity, the geometry and dynamics of the access tunnels, that connect 

the buried active site with the surrounding solvent, define substrate specificity 

and affect the catalytic efficiency of haloalkane dehalogenases (56). Therefore, 

optimization of haloalkane dehalogenases for biotechnological applications 

includes engineering of the active-site cavity as well as the access tunnels (45, 

57, 58). 

 

 1.3.3. Optimization of haloalkane dehalogenase LinB from Sphingobium 

japonicum UT26 for use in bioremediation 

Haloalkane dehalogenase LinB from the soil bacterium Sphingobium 

japonicum (formerly, Sphingomonas paucimobilis) UT26 has a broad substrate 

specificity and therefore a high potential for application in bioremediation of 

halogen-compound-polluted environments (59). Substrates for LinB are 

monochloroalkanes (C3 to C10), dichloroalkanes, bromoalkanes and 

chlorinated aliphatic alcohols (60).  

LinB is the second enzyme in a pathway of biodegratation of γ-

hexachlorocyclohexane, and effectively debrominates 1,2-dibromoethane to 

bromoethanol. The active site of LinB is considerably larger in comparison to 

the other dehalogenases; it has high binding affinity for larger substrates, with 

optimal chain length of six carbon atoms (61). 

Different LinB variants were constructed for studying the effect of 

mutations on the enzyme’s functionality and to enhance its catalytic properties 

(57). The main steps of dehalogenation reaction mechanism of the wild-type 

LinB have been visualized using molecular dynamics simulations (62). Several 

variants of the enzyme were crystallized and diffraction data were collected (63, 

64), as well as enzyme activity assays and measurements of product release rates 

were carried out (57, 65, 66) in order to compare the behavior of wild-type LinB 

with the variant proteins. Further analysis of LinB variant crystal structures 

combined with activity essays will need to follow in order to complete the 

picture of haloalkane dehalogenase LinB functioning and application in 

bioremediation. 
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1.4. X-ray crystallography as a tool for protein structure determination 

X-ray crystallography along with cryo-electron microscopy and nuclear 

magnetic resonance spectroscopy is one of the principal methods for the 

determination of atomic or close-to-atomic details of macromolecule structures. 

Biomolecules of any size are suitable for X-ray diffraction analysis, starting 

from small globular soluble proteins (e. g. lysozyme) up to huge protein-protein 

or protein-RNA complexes, such as the photosystem or the ribosome. 

To reveal atomic details of a protein structure, an imaging technique must 

use electromagnetic radiation with a wavelength comparable to or shorter than 

the diameter of the electron cloud of an atom (~ 1 Å). This makes X-rays, with 

its wavelength range of 0.1 – 100 Å, one of the options to be used in such a 

technique. As the refractive index in this X-ray range is almost identical for all 

materials, there exist no material, i.e. lens, that can focus X-rays as glass can do 

with visible light for microscopy. Instead, diffraction of X-rays on periodic 

objects such as 3-dimensional crystals of biomolecules, is used. Therefore, for 

structure determination by X-ray diffraction analysis one needs to grow high 

quality crystals of macromolecules. Details of procedures for crystal formation 

and growth are described below. 

 

 1.4.1. Protein crystallization 

Obtaining crystals suitable for X-ray diffraction analysis is still the least 

understood step in the determination of protein structures by biocrystallography 

methods because the technique relies a lot on a trial-and-error approach. 

However, there are several principles that form a basis of all crystallization 

techniques.  

First of all, properties of the protein itself are critical for the success of 

crystallization. Surface amino­acid residues that can participate in crystal 

contacts; disordered regions in protein molecule (flexible loops) can perturb or 

prevent the formation of stable crystal contacts; cofactors and post-translational 

modifications (glycosylation, etc.) either help or hinder crystal formation (67, 

68). 

High concentrations of protein are needed to increase the probability of 

interaction between molecules and to overcome the surface tension energy 

barrier in order to form crystal nuclei. Supersaturation of protein solution is 
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achieved by increasing the effective protein concentration. For this purpose, 

precipitant (for example, salt or polyethylene glycol) is added to the protein 

solution, which affects the packing of water molecules in the protein hydration 

shell.  

Crystals contacts between protein molecules are formed by electrostatic 

forces, van der Waals and hydrophobic interactions and hydrogen bonding. To 

enhance the effectiveness of interactions between protein molecules, repulsive 

forces need to be diminished and attractive forces increased. 

Thus, external parameters that affect crystallization are: (1) concentration 

of protein and precipitant; (2) type of precipitant; (3) pH, which affects charges 

of surface amino-acid residues and therefore electrostatic forces between protein 

molecules; (4) temperature, that influences kinetics of crystal growth and 

strength of hydrophobic interactions (69).  

If the protein and/or precipitant concentration is too high, protein 

molecules will aggregate and form amorphous precipitate. At even higher 

concentrations phase separation of protein and precipitant solutions occurs. If a 

protein solution is not saturated, no precipitation or crystallization will occur 

and the crystallization drop will remain clear. Solubility of a protein in a 

precipitant solution is illustrated by the phase diagram (Fig. 1.1). 
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Fig. 1.1. The phase diagram. Crystallizing agent (precipitant) may help to solubilize the 

protein at low concentrations (salting-in effect), while at higher concentrations it induces 

decomposition of the solution, namely crystallization or precipitation of the protein as well as 

phase separation (67).  

 

Various crystallization techniques are nowadays used to achieve 

supersaturation, including (i) vapor-diffusion techniques, (ii) microbatch under 

oil, and (iii) counter-diffusion in capillaries. The principle of vapor diffusion 

methods is to place a drop of protein and precipitant mixture on a cover slide 

over a reservoir containing precipitant (hanging drop) or on a pedestal over the 

reservoir (sitting drop) and seal the system to prevent contact with the 

environment (Fig. 1.2a,b). Water will evaporate from the drop due to a lower 

concentration of the crystallizing agent in comparison to the reservoir. With the 

microbatch under oil technique, a drop of protein and precipitant mixture is 

pipetted under the layer of mineral oil that either allows evaporation of water 

(silicon oil or silicon-paraffin mixture) or not (paraffin) (Fig. 1.2c). With the 

counter-diffusion method, protein and precipitant solutions are for example 

pipetted into different ends of a thin glass capillary such that they can freely 

diffuse into each other creating a gradient of concentrations. A layer of agarose 

gel can be placed between protein and precipitant to slow down the diffusion 

process (67, 70). Supersaturation of the protein, necessary for nuclei formation, 

can be achieved at some point during diffusion, concentration or to evaporation. 
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Fig. 1.2. Crystallization techniques: a) hanging- and b) sitting-drop vapor diffusion; c) 

microbatch under oil; d) counter-diffusion in capillaries. 

 

Currently, exact/successful crystallization conditions for a specific protein 

cannot be predicted. Therefore, crystallization starts with screening various 

combinations of chemicals. After first successful crystallization conditions are 

obtained, they often require optimization to enhance the crystal diffraction 

quality. Optimization can help to stabilize protein molecules, form additional 

crystal contacts, determine the optimal rate of crystal growth, introduce 

crystallization centers to aid nucleation. It includes the systematical alteration 

of protein and precipitant concentrations, pH, temperature and protein-to-

precipitant ratio in the crystallization drop. Further optimization steps can 

include additive screening, micro- and macroseeding of crystals, trying a 

different crystallization technique, crystallization in low melting point agarose 

gel, etc. (70, 71). 

Properties and symmetry of macromolecular crystals are described in the 

next section. 
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1.4.2. Protein crystals properties and symmetry 

Protein crystals are periodic arrangements of protein molecules in three-

dimensional space forming a crystal lattice (fig. 1.3). Intermolecular contacts 

between amino acid residues of different protein molecules, are weak, sparse 

and anisotropically distributed over the crystal volume, and protein molecules 

themselves are flexible and irregular. Therefore, protein crystals are usually 

very soft and crush easily, are temperature and pH sensitive, decay if allowed to 

dehydrate, and undergo extensive damage during prolonged exposure to 

radiation. 

 
Fig. 1.3. Arrangement of an asymmetric unit into a unit cell by applying for exampletwo-

fold crystallographic axis (shown as black ellipse) and subsequent translation about three 

dimensions in order to form a crystal.  

 

There are 65 different ways in which asymmetric, chiral protein molecules 

can be arranged into a three-dimensional periodic crystal. These 65 types of 

arrangement are called space groups (72). A crystal lattice divides crystal space 

into translationally periodic units, called unit lattice. Unit lattice combined with 

molecular motif (i.e. one or more biological macromolecules) is called unit cell, 

therefore, a protein crystal is a finite periodic assembly of unit cells. Each 

identical unit cell will contain the same number of identically arranged protein 

molecules and is characterized by axes a, b and c and angles between them α 

(between axes b and c), β (axes a and c), and γ (axes a and b). The protein 



17 

 

molecules inside the unit cell in turn can be related by symmetry operations, 

thus, a unit cell may be packed with multiple symmetry equivalent copies of a 

molecule. The part of the unit cell that contains all necessary information to 

generate the complete unit cell by applying the symmetry operators is called the 

asymmetric unit. Allowed symmetry operations for protein crystals are 2-, 3-, 

4- and 6-fold rotation and screw axes. Mirror operation, inversion or any 

combination of symmetry operations including a mirror plane or inversion are 

not allowed for asymmetric, chiral protein molecules, as these change the 

handedness of the macromolecule. If an asymmetric unit contains more than one 

protein molecule, they are related by non-crystallographic symmetry. Non-

crystallographic operations are not limited to crystallographic operations and 

can contain, for example, 5-fold rotation axes, as pentameric molecules 

assemblies are quite common (67). 

 

 1.4.3. Scattering of X-rays on atoms 

X-rays are electromagnetic waves that interact with the electrons of an 

atom, as they are polarizable enough to interact with changing electromagnetic 

field of such high frequency. The magnetic component impact is much lower 

than that of the electric field component and is usually neglected in the 

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. During elastic scattering X-ray photons do not lose 

energy through interaction with electrons (i.e. frequency remains the same) but 

change propagation direction. Summation of such scattered waves results in a 

diffraction pattern that is used for structure determination. Compton scattering 

contributes to radiation damage of the sample and increases background noise 

of the diffraction pattern, as an incoming X-ray photon deposits some amount 

of energy inside the crystal and is deflected in a random direction with lower 

frequency. If the energy of an incoming photon equals the energy of a bound 

electron in the atom, it can be absorbed by the electron creating a vacancy in the 

electron shell. Vacancy is then filled by another electron that loses energy in 

form of an X-ray photon. Absorption of X-rays is also called anomalous 

scattering and is used in experimental phasing techniques (67). 

The condition for constructive interference of scattered waves is easy to 
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derive if one considers the waves scattered in the same direction to be reflected 

by a parallel set of (imaginary) planes (Fig. 1.4). A signal will be read by the 

detector if the waves arrive to it in the same phase, i.e. the path difference 

between the waves is equal to an integer number of wavelengths. 

 
Fig. 1.4. Schematic representation of the incoming X-ray photons scattering on electrons 

of atoms arranged in a crystal. 

 

The condition for constructive interference is called Bragg’s law: 

 

𝑛𝜆 = 2𝑑 sin 𝜃        (1.1) 

 

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, and 2𝑑 sin 𝜃 is the path difference between waves (67, 69). 

 

 1.4.4. The reciprocal lattice and X-ray data collection 

Both reciprocal lattice and Ewald sphere (73) are formal constructs used 

to visualize the concepts of X-ray data collection (Fig. 1.5).  

Sets of equidistant and parallel lattice planes (as the one presented in Fig. 

1.4) in the real space are described by Miller indices h, k and l, that are integers 

indicating the number of intersections between set of planes and unit cell axes. 

Each set of real lattice planes hkl corresponds to a reciprocal lattice point with 

reciprocal lattice vector d*
hkl perpendicular to this set of real lattice planes. The 
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magnitude of the reciprocal lattice vector is reciprocal to the distance between 

real lattice planes dhkl (fig. 1.4): 

 

𝑑ℎ𝑘𝑙
∗ = 1/𝑑ℎ𝑘𝑙       (1.2) 

 

The Ewald construction is a graphical representation of Bragg’s law and 

consists of a sphere with radius 1/𝜆 and a reciprocal lattice, as shown in Fig. 

1.5. Whenever a reciprocal lattice point touches the Ewald sphere, Bragg’s law 

is fulfilled and a reflection (result of constructive interference) is observed by 

the detector. To collect more reflections, the crystal is rotated along one or more 

axes thereby rotating the reciprocal lattice and moving more reciprocal lattice 

points through the Ewald sphere surface. 

 

 
Fig. 1.5. Ewald construction (73). 
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An important feature of the reciprocal lattice is its centrosymmetry, 

meaning that reflections ℎ𝑘𝑙 and ℎ𝑘𝑙̅̅ ̅̅  have equal intensity (Friedel’s law, 74). 

 

 1.4.5. Data processing, structure determination and refinement. 

Total scattered wave from a crystal in the exact direction (described by 

Miller indices of a reciprocal lattice point on Ewald sphere) is called structure 

factor 𝑭(ℎ𝑘𝑙) and can be calculated as a Fourier transform of electron density 

𝜌(𝑥𝑦𝑧): 

 

𝑭(ℎ𝑘𝑙) = ∫ 𝜌(𝑥𝑦𝑧)
𝑐𝑟𝑦𝑠𝑡𝑎𝑙

exp⁡(2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧))𝑑(𝑥𝑦𝑧)  

 (1.3) 

 

where 𝜌(𝑥𝑦𝑧) is the electron density in a point with coordinates 𝑥𝑦𝑧; h, k 

and l are Miller indices. 

The intensities of the reflections on the diffraction pattern are proportional 

to the amplitude of structure factors |𝑭(ℎ𝑘𝑙)|. Therefore, the first steps of data 

processing, once data collection was finished, are to assign Miller indices to all 

reflections on all diffraction patterns and integrate partial reflections, and to 

calculate data collection statistics in order to evaluate the quality of the data. 

Electron density can be reconstructed from the structure factors by reverse 

Fourier transform: 

 

𝜌(𝑥𝑦𝑧) =
1

𝑉
∑ |𝑭ℎ𝑘𝑙|ℎ𝑘𝑙 exp(𝑖𝜑) exp⁡(−2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧)  

 (1.4) 

 

where 𝑭(ℎ𝑘𝑙) = |𝑭ℎ𝑘𝑙|exp(𝑖𝜑), |𝑭ℎ𝑘𝑙| is the amplitude of structure 

factor, 𝜑 is its phase, and  𝑉 is the volume of a crystal (67). 

To reconstruct electron density not only amplitude of the structure factor 

is needed but also phase, which cannot be obtained from the diffraction pattern. 

This is referred to as the phase problem in crystallography. There are several 

ways to resolve the phase problem such as direct methods, isomorphous 

replacement, anomalous scattering and molecular replacement (75). In direct 

methods, the phases of some reflections are known, or can be given a variety of 

starting values, then the phases of other reflections can be deduced afterwards. 
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These methods require very high resolution data (<1.2 Å) and calculations are 

increasingly time-consuming with and increasing number of atoms in the 

asymmetric unit. Molecular replacement is used when a structurally similar 

search model to the target protein is available (usually requires sequence identity 

>25%). The idea of the method is to search for the proper orientation and 

location of the search model within the unit cell of the unknown target crystal 

structure and derive phases from the rotated and translated model structure. 

Isomorphous replacement uses differences in the reflections intensities of a 

native crystal and crystal soaked with a heavy atom (both crystals must display 

the same space group and unit cell dimensions) in order to determine the 

positions of the heavy atoms. Native protein phases are estimated using obtained 

phases and amplitudes of heavy atoms structure factors. Anomalous scattering 

leads to a breakdown of Friedel's law, resulting in anomalous differences that 

can then be used to locate the anomalous scatterers and use their phases to 

calculate native structure phases (67, 75). 

Once a starting model is obtained by any of these phasing techniques, the 

model is refined further to comply with the electron density maps and validated 

using known stereochemical restraints. 
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2. MATERIALS AND METHODS 

 

2.1. Crystallization 

The initial screening for crystallization conditions for wild-type 

glyceraldehyde dehydrogenase from Thermoplasma acidophilum (TaAlDHwt) 

and its variants TaAlDH F34M+S405N and TaAlDH F34M+Y399C+S405N, 

and for haloalkane dehalogenase LinB from Sphingobium japonicum variants 

LinB73 and LinB86 was carried out using a Gryphon crystallization robot (Art 

Robbins Instruments, USA) by the sitting-drop vapour-diffusion method in 

MRC 2-well crystallization plates (Hampton Research, USA). Protein solution 

was mixed with reservoir solution in 1:1 and 2:1 ratios and equilibrated against 

reservoir solution at 277 K and/or at 295 K. Various commercial screens from 

Hampton Research (USA), Molecular Dimensions (UK) and Qiagen (The 

Netherlands) were applied for the initial screening.  

The first stage of the optimization of crystallization conditions included 

variation of pH and protein and precipitant concentrations and ratios. Additive 

Screen (Hampton Research, USA) and/or microseeding procedure (70) were 

used if crystals required further optimization to obtain reasonable diffraction 

quality. Optimization experiments were carried out by the sitting-drop vapour-

diffusion technique in 24-well CombiClover crystallization plates (Rigaku 

Reagents, USA) and Cryschem Plates (Hampton Research, USA) at 277 and 

295 K.  

For the preparation of seed stocks, crystals of the protein were transferred 

into a drop of reservoir solution with a nylon loop (Hampton Research, USA) 

and crushed into microseeds using a Seed Bead (Hampton Research, USA), 

followed by serial dilutions of 1:10 to 1:100 000. 0.5-1 µl of seed stock were 

then added to 3-6 µl drop of protein and precipitant mixture in different ratios. 

The identity of crystallized protein was checked by Coomassie Blue 

staining of a 12% SDS–PAGE gel using ColorBurst Electrophoresis Marker 

MW 8–220 kDa (Sigma–Aldrich, USA). 

The solutions for optimization were prepared using chemicals from 

Sigma-Aldrich (USA). 

 

2.2. Soaking with ligands 

Prior to adding the substrate for haloalkane dehalogenase LinB variants, 
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1,2-dibromoethane, the crystals were stabilized by cross-linking procedure. 

Cross-linking was performed in CombiClover crystallization plates (Rigaku 

Reagents) at room temperature using sitting drop vapor diffusion technique with 

microbriges (Hampton Research) to create a separate reservoir for the cross-

linking agent (glutaraldehyde). 1-2 µl drop of 25% glutaraldehyde was placed 

in the well of the microbridge positioned in the reservoir of crystallization plate 

(76) and the system was sealed with the sealing tape. The reaction proceeded 

for 10-45 minutes and at the end of the period microbridge was removed from 

the reservoir and crystals were transferred to a fresh drop of crystallization 

cocktail. 

Substrate soaking experiments were performed both at 277 and 295 K. 20 

µl of 1,2-dibromoethane was added to reservoir of CombiClover plate and the 

system was sealed with the sealing tape for the period from 5 minutes to 4 hours. 

At the end of the period crystals were fished out from the crystallization drop 

and flash-cooled in liquid nitrogen for X-ray data collection. 

 

2.3. Data collection 

Obtained crystals were tested either at the home X-ray source, Venture 

D8 (Bruker, USA) system equipped with Photon II CPAD detector or directly 

at the synchrotron. Diffraction data collections were performed at the BL14.1 

beamline operated by the Joint Berlin MX Laboratory at the BESSY II electron-

storage ring in Berlin-Adlershof, Germany (77) equipped with a PILATUS 6M 

detector (Dectris, Switzerland) at 100 K.  

Crystals for data collection were mounted in a LithoLoops (Molecular 

Dimensions, UK), nylon cryoloops (Hampton Research, USA) or MicroLoops 

(MiTeGen, USA). For testing crystals at room temperature MicroRT system 

(MiTeGen) was used. 

For the data collection at 100 K crystals were cryoprotected before flash-

cooling in liquid nitrogen. If the crystallization condition contained sufficient 

amount of salt or other compound which serves as a cryoprotectant, crystals 

were fished out for measurements directly from the crystallization drop and 

flash-cooled in liquid nitrogen without additional cryoprotection. For 

cryoprotection in case of low concentrations of cryoprotectant in crystallization 

cocktail one-two microliters of the same compound in higher concentration (40-

50% w/v in case of PEGs or 2-3 M in case of salt) were added to crystallization 
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drop and left for several minutes for soaking. Transferring protein crystals 

between drops with gradually increased cryoprotectant concentration was used 

as an alternative way of cryoprotection for very fragile and sensitive crystals. 

For the conditions not containing cryoprotectant crystals were transferred to the 

drop of crystallization cocktail mixed with ethylene glycol, glycerol or 2-

methyl-2,4-pentanediol for soaking prior to cooling in liquid nitrogen.  

Diffraction quality of the crystals was tested by collecting two diffraction 

images with 1° oscillation angle, second image after 90° rotation compared to 

the first one. These images were used for estimation of space group, unit cell 

parameters and data collection strategy calculation using iMOSFLM graphical 

interface for running MOSFLM (78). The diffraction data for all crystals were 

processed using the XDSAPP graphical user interface (79) to run XDS (80). The 

solvent content of the crystals was analyzed by calculation of the Matthews 

coefficient (81) for all data sets using MATTHEWS_COEF from the CCP4 

package (82). 

 

2.4. Structure solution and refinement 

The structures of all proteins were solved by molecular replacement 

method using the structure with the highest sequence identity from the PDB. 

Web-based version of the automated pipeline for molecular replacement 

BALBES (83) or programs MOLREP (84) and PHASER (85) as a part of CCP4 

were used for different structures. All ligands and water molecules were 

removed from the coordinates file used as a search model for molecular 

replacement, and in case of oligomeric structure both monomer and 

corresponding oligomer were tried out. 

REFMAC (86) for automated refinement and Coot (87) for manual 

rebuilding were used for the structure refinement of all proteins at resolution 1.5 

Å and lower. At the resolution around 2 Å, non-crystallographic symmetry 

restraints were used at the early stages of restrained refinement, accompanied 

by resetting B-factor to the value derived from the Wilson plot and by 

introducing 0.2-0.3 Å noise into the coordinates before each cycle of automated 

refinement. B-factors were refined isotropically. At a later stage, TLS 

(translation-libration-screw) restraints were introduced (88) for several 

structures. Waters were added at the positions where the level of the difference 

Fo-Fc map exceeded 3σ and given reasonable distance and geometric constraints 
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with neighboring amino acids residues. 

For resolution 1.5 Å water molecules were refined with isotropic B-

factors, atoms in protein molecules and ligands with anisotropic refinement of 

B-factors. Choice for anisotropic refinement was based on Hamilton R-ratio test 

(89, 90), and on overall better quality of electron density map after anisotropic 

refinement in contrast to the map with isotropic refinement of B-factors. 

Low-resolution refinement (lower than 3.0 Å) was done using ProSMART 

(91) to generate fragment restraints followed by isotropic B-factor refinement 

in REFMAC. Given the resolution, no water molecules or ligands were added. 

High-resolution refinement (1.1 Å and higher) was performed using 

SHELXL (92) with anisotropic refinement of individual B-factors for all atoms 

in an asymmetric unit. Coot was used for the manual validation and refinement. 

The model geometry (e.g. bond length, angles, Ramachandran plot, 

clashes) and agreement between the structure and the experimental data were 

validated using Coot, PDB_REDO (93) and wwPDB Validation Server at 

http://wwpdb-validation.wwpdb.org/validservice/. 

 

2.5. Structure analysis 

Interaction surfaces between monomers in either dimer or tetramer were 

analyzed by means of PISA Interfaces (94) from within the Coot package. 

CAVER Analyst (95) was used for locating accession tunnels in the enzyme 

structures, with probe radius 1.0 Å. 

 

http://wwpdb-validation.wwpdb.org/validservice/


 

 

3. RESULTS AND DISCUSSION 

3.1. Crystallization behaviour of glyceraldehyde 

dehydrogenase from Thermoplasma acidophilum 

This chapter is based on Paper I: 

Iermak I, Degtjarik O, Steffler F, Sieber V, Kuta Smatanova I (2015) 

Crystallization behaviour of glyceraldehyde dehydrogenase from 

Thermoplasma acidophilum. Acta Cryst F 71:1475-1480. 

 

ABSTRACT 

The glyceraldehyde dehydrogenase from Thermoplasma acidophilum 

(TaAlDH) is a microbial enzyme that catalyzes the oxidation of 

D­glyceraldehyde to D-glycerate in the artificial enzyme cascade designed for 

the conversion of glucose to the organic solvents isobutanol and ethanol. 

Various mutants of TaAlDH were constructed by random approach followed by 

site-directed and saturation mutagenesis in order to improve enzyme properties 

essential for its functioning within the cascade. Two enzyme variants, TaAlDH 

wild type and mutant TaAlDH F34M+S405N were crystallized successfully. 

Crystals of TaAlDHwt belong to monoclinic P1211 space group with 8 

molecules per asymmetric unit and diffracted to the resolution of 1.95 Å. 

TaAlDH F34M+S405N crystallizes in two different space groups: triclinic P1 

with 16 molecules per asymmetric unit and monoclinic C121 with 4 molecules 

per asymmetric unit. These crystals diffracted to the resolutions of 2.14 and 2.10 

Å for P1 and C121, respectively.  

  



 

 

3.2. Structural features of glyceraldehyde 

dehydrogenase from Thermoplasma acidophilum 

This chapter is based on Paper II: 

Iermak I, Mesters JR, Steffler F, Sieber V, Kuta Smatanova I (2017) 

Structural features of glyceraldehyde dehydrogenase from Thermoplasma 

acidophilum. Manuscript. 

 

ABSTRACT 

Glyceraldehyde dehydrogenase from Thermoplasma acidophilum (TaAlDH) 

catalyzes the oxidation of D-glyceraldehyde to D-glycerate, which is one of the 

key reactions of the pathway for the production of ethanol and isobutanol. The 

enzyme was selected for its high substrate specificity and thermostability and 

was successfully implemented in the cascade. However, further optimization is 

required to enhance TaAlDH functioning within the cell-free system, including 

NAD+ acceptance, product tolerance and overall activity. The cascade is 

intended to function as completely redox balanced and to use only a single 

molecular electron shuttle NAD+ (as the majority of used enzymes are NAD+-

dependent), which is recycled within the cascade. 

In this article, we report models of the crystal structures of the wild-type 

TaAlDH and two variants, that were obtained by a random evolution approach. 

The experimentally obtained structures will be used for the rational design of 

the enzyme. 

 

 

 

 

 

  



 

 

3.3. Engineering a de novo transport tunnel. 

This chapter is based on Paper III: 

Brezovsky J, Babkova P, Degtjarik O, Fortova A, Gora A, Iermak I, 

Rezacova P, Dvorak P, Kuta Smatanova I, Prokop Z, Chaloupkova R, 

Damborsky J (2016) Engineering a de novo transport tunnel. ACS 

Catalysis, 6(11):7597-7610. 

 

ABSTRACT 

Transport of ligands between buried active sites and bulk solvent is a key 

step in the catalytic cycle of many enzymes. Absence of evolutionary optimized 

transport tunnels is an important barrier limiting the efficiency of biocata-lysts 

prepared by computational design. Creating a structurally defined and 

functional “hole” into the protein represents an engineering challenge. Here we 

describe the computational design and directed evolution of a de novo transport 

tun-nel in haloalkane dehalogenase. Mutants with a closed native tunnel and 

newly opened auxiliary tunnel in a distinct part of the structure showed 

dramatically modified properties. The attained enzymes showed specificity 

never observed for native family members including the most proficient 

haloalkane dehalogenase reported to date. Crystallographic analysis and 

molecular dynamics simulations confirmed successful introduction of the new 

tunnel. The results demonstrated the power of enzymes with de novo transport 

tunnels. We anticipate that this engineering strategy will facilitate creation of a 

wide range of useful biocatalysts. 

 

 

  



 

 

3.4. Structural features of haloalkane 

dehalogenase LinB variants 

This chapter is based on Paper IV: 

Iermak I, Mesters JR, Chaloupkova R, Damborsky J, Kuta Smatanova I 

(2017) Structural features of haloalkane dehalogenase LinB variants. 

Manuscript. 

 

ABSTRACT 

Haloalkane dehalogenases are bacterial enzymes that convert a wide 

range of halogenated environmental pollutants to the corresponding alcohol, a 

halide ion and a proton. These enzymes have the potential for application in 

biosensing and biodegradation of halogenated compounds in soil and 

groundwater, as well as other biotechnological applications.  

Haloalkane dehalogenase LinB isolated from the soil bacterium 

Sphingobium japonicum UT26 has a broad substrate specificity compared to the 

other enzymes from the haloalkane dehalogenase family. Different variants of 

haloalkane dehalogenase LinB were constructed with a goal to study the effect 

of amino-acid substitutions on enzyme function. Amino-acid substitutions in 

LinB73 (D147C+L177C) cause blocking of the main tunnel in the variant 

protein by formation of a disulphide bridge. In LinB86 variant 

W140A+F143L+L177W+I211L the main tunnel is obstructed by a bulky 

tryptophan, while an alternative pathway is opened between the deeply buried 

active site and the surrounding solvent. Both structures were solved using X-ray 

crystallographic techniques. The LinB73 structure, refined to a resolution of 

1.15 Å, revealed that disulfide bond is formed only fractionally and is affected 

by crystal contacts. Successful introduction of a de-novo transport tunnel in 

LinB86 was reported previously and the aim of the current study was to 

investigate the details of the reaction mechanism. Two post-cleavage reaction 

snapshots were revealed using 1,2-dibromoethane as a substrate. 

  



 

 

4. CONCLUSIONS 

 

After first organisms were employed in industrial applications, the 

question arose regarding their optimization for more efficient usage. Genetic 

engineering along with the metabolic engineering has been used as an 

optimization tool for the cell-based approaches for decades. Development of 

structural biology techniques opened additional possibilities for the rational 

design of cell-based biosynthesis as well as for improvement of cell-free 

pathways. Currently, such techniques as X-ray crystallographic analysis and 

NMR are widely employed in the construction of biotechnologically effective 

enzymes and their combinations, as the structural information is valuable for the 

understanding of enzymes’ functions. 

This thesis includes two projects. The first part is focused on the structure-

functional analysis of glyceraldehyde dehydrogenase from Thermoplasma 

acidophilum (TaAlDH) for employment in cell-free enzyme cascade for 

biosynthesis of ethanol or isobutanol from glucose. Aldehyde dehydrogenase 

catalyzes the conversion of glyceraldehyde to glycerate, one of the key reactions 

within the pathway. The enzyme needs to possess high substrate specificity to 

avoid side-product production. TaAlDH was selected to be applied in the 

enzyme cascade due to its high specificity towards glyceraldehyde and 

optimized by random evolution approach to improve other properties essential 

for functioning within the cascade (21). For further rational enhancement of the 

enzyme X-ray diffraction analysis of the crystals of TaAlDH and its constructed 

variants was carried out. 

Wild-type TaAlDH and TaAlDH F34M+S405N and TaAlDH 

F34M+Y399C+S405N variants displayed an unusual crystallization behaviour; 

crystals of each of the variants were found in 20-30 different conditions (Iermak 

et al, 2015). Only several crystallization conditions were selected for 

optimization based on the next criteria: (i) the already known diffraction quality 

of the crystals, (ii) the size and shape of the crystals (large single crystals with 

sharp edges are preferred) and (iii) visually different crystal forms (to check as 

many different variants of protein-molecule packing inside the crystal as 

possible). Interestingly, the best resolution of the diffraction was obtained for 

crystals from quite different conditions for each of TaAlDH variants, although 

they differ only in few amino acids. 



 

 

Structurally, wild-type TaAlDH is a homotetramer composed of two 

homodimers, that are connected via β-sheet extension. Active site residues, 

Glu247 and Cys281, are located inside the protein molecule and are connected 

to NADP+-binding pocket on the surface by the tunnel. The second end of the 

tunnel also connects active site with the bulk solvent and, most likely, is used 

for substrate and product transport between active site and solvent. Amino acids, 

substituted in TaAlDH F34M+S405N and TaAlDH F34M+Y399C+S405N 

variants, do not display any contact with the active site or NADP+-binding 

cavity. Therefore, these amino-acid substitutions have indirect and subtle effect 

on enzyme’s properties. 

As the cascade for alcohols biosynthesis is intended to use and recycle 

single molecular electron shuttle NAD+, TaAlDH should be optimized to prefer 

NAD+ as a cofactor. Analysis of NADP+-binding pocket of wild-type TaAlDH 

helped to uncover amino acid residues, potentially responsible for the of 

interaction with NADP+. Site-directed mutagenesis of the identified residues is 

planned in order to check our idea experimentally. 

The second part of thesis describes structure-functional analysis and 

structure-based rational design of haloalkane dehalogenase LinB variants. 

Haloalkane dehalogenases are bacterial enzymes that catalyse cleavage of 

halogen-carbon bond in a wide range of halogenated environmental pollutants. 

Haloalkane dehalogenase LinB, isolated from a soil bacterium Sphingobium 

japonicum UT26, is a promising target for biotechnological degradation of 

halogenated compounds due to its broad substrate specificity (60). Several 

variants of LinB were constructed in order to study the effects of the mutations 

on enzyme’s properties. 

The active site of LinB is situated between cap and core domains of the 

enzyme, and is connected to the bulk solvent by several tunnels. Tunnels play 

an important role in the activity and catalytic efficiency of LinB and their 

alterations cause major changes in enzyme’s kinetic parameters (Brezovsky et 

al, 2016). Blocking of the main access tunnel by the introduction of bulky 

amino-acid residues resulted in the dramatic decrease of activity, while opening 

a de novo transport tunnel enhanced catalytic efficiency. Although we cannot 

accurately predict all the effects of amino-acid substitutions in access tunnels, 

the proposed strategy for opening transport tunnels could be useful for protein 

engineering of biocatalysts. 



 

 

The details of the reaction mechanism were investigated for LinB variant 

with the highest catalytic efficiency due to de novo introduced tunnel, LinB86 

(LinB-OpenW). Two post-cleavage snapshots were revealed using 1,2-

dibromoethane as a substrate, illustrating the starting positions of the products 

for the transport through the tunnel and release into the bulk solvent. Further 

studying of reaction stages for different LinB mutants will complete the 

understanding of enzyme functioning and the effects of the tunnels engineering 

on catalytic properties of the enzyme.  
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