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1. Introduction and aims 

Nowadays, biocatalytic steps are used industry-wide to manufacture a wide range of products, i.e. 

drugs, food, organics, fine chemicals or plastics.1 This is due to the developments in molecular genetics, struc-

tural biology, materials science, and bioinformatics. One of the main challenges facing organic chemistry is 

the synthesis of an ever growing number of complex, optically active natural products and their analogues. 

Enzymes represent a viable tool for the synthesis of such compounds. These syntheses are also regularly 

rewarded for selectivity, sustainability, environment friendliness, economic viability, and can avoid the 

formation of hazardous materials during the whole process. However, in nature, enzymes have rather 

evolved to operate under the specific needs and conditions provided by the host organism. It is clear that the 

needs of a living organism and the industry will seldom match exactly, which leaves plenty of room for 

improvement. Thus enzyme engineering has emerged as an indispensable tool for the design of new enzymes 

with enhanced properties. In the rational way of enzyme engineering, kinetics studies of numerous substrate 

analogues, direct mechanistic investigations, environment dependence experiments (tolerance of 

temperature, pH, salts etc.) provide data about the elementary processes of biocatalysis, and statistics 

provides the means to extract information from the gathered data.  The newly acquired knowledge serves as 

the foundation for rational enzyme design. In summary, the result is a highly diversified industry that is still 

growing in terms of both size and complexity (Figure 1).2 

In the research group, my work was inherently „multi dimensional”, and it can be partitioned mainly 

along three dimensions based on i) the aspect of scientific work (i. e. basic research, process development, 

etc), ii) the enzymatic process of interest (i. e. kinetic resolution of secondary alcohols, aromatic amino acids, 

etc), and iii) the disciplines used (i.e. synthetic organic chemistry, modeling protocol development, etc). One 

of my main goals was to reduce the workhour needed for research and development using computational 

enzyme design and design and evaluation of experiments. It was an important factor to evalute and interpret 

all the experimental and computational results, and to work with other members of the group in close 

collaboration. Also, I tried to learn and make use of other disciplines as much as possible throughout my work 

because they can be more efficient as an integrated whole. Segments of my work represent excerpts from 

                                                 
1 O Kirk, TV Borchert, CC Fuglsang, Current Opinion in Biotechnology, 2002, 13, 345 
2 OECD, Key Biotechnology Indicators www.oecd.org/sti/msti.htm, 2016 

 

Figure 1 Recent expenditures of countries on biotechnology research and development2 
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different parts and phases of rational enzyme engineering, they are inherently not in a uniform state and are 

part of an ongoing research. 

2. Background 

2.1 MIO enzymes 

Since phenylalanine has an important role in biologically active peptides and proteins, development 

of synthetic methods yielding sterically more demanding and optically pure α- and β-amino acid analogues 

has gained increased attention.3 An attractive enzymatic route for the synthesis of non-natural, enantiopure 

phenylalanine analogues is provided by aromatic ammonia-lyases and aminomutases which show high struc-

tural and sequence similarities and have a common electrophilic prosthetic group, the autocatalytically form-

ing 3,5-dihydro-5-methylidene-4H-imidazol-4-one (MIO).  

In nature, phenylalanine ammonia-lyases (PAL) catalyze the non-oxidative ammonia elimination from 

(2S )-phenylalanine, yielding cinnamic acid, an α,β-unsaturated carboxylic acid (panel A, Figure 2). Their in-

dustrial importance is well exemplified by the phenylalanine ammonia-lyase (PAL)-based process, developed 

by DSM (Netherlands), for the multiton scale production of (S)-2,3-dihydro-1H-indole-2-carboxylic acid.4 Due 

to its broad substrate tolerance, phenylalanine ammonia-lyase from Petroselinum crispum (PcPAL) was one 

of the most frequently used aromatic amino acid ammonia-lyase applied as a biocatalyst. Another PAL from 

the thermophilic and radio-tolerant bacterium Rubrobacter xylanophilus (RxPAL) holds the promise to be a 

potent biocatalyst in synthetic biotransformations also. The main advantage of these enzymes lies in the 

stereoconstructive reverse reaction, but further applications of stable and biocompatible PAL formulations 

could be the use as therapeutic enzymes in treatment of phenylketonuria or leukemia. 

Phenylalanine aminomutase (PAM) from Pantoea agglomerans (PaPAM) catalyzes the isomerisation 

of (S )-α-phenylalanine to (S )-β-phenylalanine (panel B, Figure 2) and has an important biological function in 

the synthesis of andrimid, a natural substance with antibiotic activity. This enzyme was discovered recently, 

and it was tested with a wide range of aromatic and heteroaromatic (S)-α-arylalanines, both in isolated form5 

                                                 
3 C Solanas, BG de la Torre, M Fernandez-Reyes, CM Santiveri, MA Jimenez, L Rivas, AI Jimenez, D Andreu, C Cativiela, J Med Chem, 2009, 52, 664 
 

4 B de Lange, DJ Hyett, PJD Maas, D Mink, FBJ van Assema, ChemCatChem, 2011, 3, 289 
5 N D Ratnayake, N Liu, LA Kuhn, KD Walker, ACS Catal, 2014, 4, 3077 

 

Figure 2 Industrially relevant reactions of several enzymes covered in my doctoral thesis. A: reversible, non-oxidative ammonia 
elimination from α-arylalanines by phenylalanine ammonia-lyases (PAL). B: (S )-selective 2,3-isomerization of arylalanines by the 
phenylalanine aminomutase from Pantoea agglomerans. C: kinetic resolution of racemic alcohols by lipase B from Candida 
antarctica.   

 



and in whole cells,6 with promising results. 

2.2 Lipases 

Lipases are serine hydrolases defined as triacylglycerol hydrolases, and can be used for the kinetic 

resolution of  racemic alcohols (panel C, Figure 2). Their importance is highlighted by the fact that the 

production of chiral alcohols brought already in 2002 more than 7 billion dollars in revenues worldwide.7 

Lipases (E.C. 3.1.1.3) should be differentiated from esterases (E.C. 3.1.1.1). A criterion used to distinguish 

these two types of enzymes is the activation in the presence of an organic–water biphasic system, when the 

enzymes undergo a conformational change at the interface of the two phases, thus the term interfacial 

activation. Lipases represent one of the most frequently used enzyme classes due to their ability to catalyze 

a wide range of reactions, and cover a wide range of applications ranging from the production of biofuels, 

fragrances, food ingredients, to enantioselective synthesis of active pharmaceutical ingredients. Selectivity, 

catalytic activity, and enzyme stability are key factors affecting the efficiency of biocatalysts and 

immobilization can often improve these key properties. Lipase B from Candida antarctica (CaLB) is one of the 

most widely used biocatalysts lending itself as an ideal target for immobilization engineering. Most notably, 

CaLB does not exhibit surface activation, however, two structures with and open-lid and closed-lid confor-

mation (termed as open and closed conformation, respectively) were published recently.8 This leaves much 

controversy about the active conformation of the enzyme, and ultimately about the paradigms of enzyme 

immobilization. 

2.3 Modeling principles 

Main factors that has to be incorporated into an enzyme model can be explicitly shown through a 

simple desctiption of an eznyme  kinetics assay (Figure 3), And after obtaining sufficient information, we can 

start to manipulate the enzyme properties. 

The heart of computational enzyme engineering is an intact structure of the investigated enzymes 

(enzyme structure). 3D enzyme structures are acquired experimentally, typically with X-ray crystallography, 

however partially corrected or fully computational structures can be obtained with homology modeling. 

Next, the structural properties, stability of the specific enzyme (solvent, (counter)ions, pH, 

temperature), and the factors governing them should be adressed. The immediate environment of an en-

zyme generally consists of water and different charged or neutral solutes (apart from the substrates). Be-

cause the electromagnetic interaction is the second strongest among the four fundamental interactions, 

charged solutes, including the enzyme, must be properly taken care of. In general, there is little consensus 

about the structural factors of thermostability, but experts mainly agree on the importance of disulfide 

bridges and electrostatic interactions such as salt bridges. 

                                                 
6 ND Ratnayake, C Theisen, T Walker, KD Walker, J Biotechnol, 2016, 217, 12 
 

7 AM Rouhi, Chem Eng News, 2004, 82, 49 
8 B Stauch, SJ Fisher, M Cianci, J Lipid Res, 2015, 56, 2348 

 

Figure 3 Main factors to be addressed by enzyme engineering through the instance of an enzyme kinetics assay. 

 

Enzyme activ ity assays were carried out at 31 °C, at  various substrate concentrations, 

in 1 mL quartz cuvette using 0.1 M Tris and 0.12 M NaCl (pH 8.8) as buffer.
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Finally, ligand-receptor interactions and their development in time should be characterized. Most 

importantly, the enzyme-substrate interactions and the reaction mechanism should be uncovered (enzyme-

substrate interactions). Binding poses can be calculated with molecular docking and reaction mechanisms 

can be in vestigated with QM/MM  methods.  

3. Methods 

Partial homology modeling was applied to correct eventual errors in available PDB structures of MIO 

enzymes. Large scale homology model was used to create lower fidelity models of MIO enzymes for lower 

resolution studies. High resolution enzyme models, in general, were subjected to hydrogen bond network 

and pKa prediction. Explicit solvation was achieved through combined molecular dynamics and grand canon-

ical Monte Carlo simulations. A novel method was developed and applied to account for the more adequate 

modeling of ions around enzymes. Induced-fit molecular docking was used to obtain ligand binding poses, 

and in the cases of covalent docking, two different proprietary protocols were developed, one for CaLB, and 

another one specialized for MIO containing enzymes. Reaction mechanism of PALs were investigated with 

QM/MM methods.  

Homology models were created with MODELLER. Structure refinement were carried out with the 

Protein Preparation Wizard, MacroModel, and Prime modules of the Schrödinger Suite. Ligand binding poses 

were determined with molecular docking using Glide and Prime, and with systematic conformational sam-

pling using Hyperchem. QM/MM studies were conducted with Gaussian. Pure DFT calculations were carried 

out with MRCC. 

4. Results 

4.1 Phenylalanine ammonia-lyase from Petroselinum crispum (PcPAL)  

3D structures of various phenylalanine ammonia-lyases and other MIO dependent enzymes were in-

vestigated, analyzed, and constructed. The 3D structures of MIO-containing aromatic ammonia-lyases and 

2,3-aminomutases from the PDB database were analyzed. In several instances the structural deficiencies and 

inactive conformations were modified to approximate the active states. The checked – and necessarily mod-

ified – PDB structures of the MIO-enzymes served as templates for the large scale homology modeling for 

PAL sequences with unknown structures. Multiple settings were tested in the modeling workflow, based on 

physicochemical considerations, to obtain structures with intact active center, good overall protein quality, 

and reasonable number of salt bridges.  

Experimental activity temperature optima of the investigated PALs were correlated with two com-

mon factors of thermal stability: salt bridge and disulfide bridge numbers. Our results indicate i) a moderate 

 
Figure 4 Graphical representation of the eukaryotic PAL salt bridge numbers (split into two groups) versus the temperature 

optima of enzyme activity. 
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correlation between salt bridge numbers and temperature optima, and a possible outlier in the analysis (Fig-

ure 4) ii) and negligible effects of disulfide bridges. The negligible effect of disulfide bridges raises the ques-

tion, if the host organisms of recombinant enzyme production are adequate for disulfide bridge formation. 

The modified PDB structures were fed into later molecular modeling projects. 

Based on extensive biochemical, structural, and computational studies, three significantly different 

mechanisms were suggested for the reaction catalyzed by aromatic amino acid ammonia-lyases. First, it was 

suggested that an interaction between the amino group of the substrate and the electrophilic MIO group 

facilitated the ammonia-lyase reaction by generating a better leaving group (N-MIO mechanism). Second, 

because the abstraction of the non-acidic pro-S -proton was considered to be difficult by an enzymatic base 

in the course of ammonia elimination, an alternative mechanism has been proposed involving a Friedel-Crafts 

(FC) type attack at the aromatic ring of the substrates by the electrophilic MIO group (FC mechanism).  Re-

cently, a third, single-step mechanism was proposed for the reaction of a homologue enzyme, tyrosine am-

monia-lyase (TAL), assuming a single transition state for the deamination without the formation of a covalent 

bond between the substrate and the MIO group (TS mechanism). 

By using PAL, we first demonstrated that PAL can catalyze the ammonia elimination from the acyclic 

propargylglycine to yield (E)-pent-2-ene-4-ynoate indicating new opportunities to extend the MIO-enzyme 

toolbox towards acyclic substrates. Deamination of propargylglycine, being acyclic, cannot involve a Friedel-

Crafts-type attack at an aromatic ring. The reversibility of the PAL-reaction, also demonstrated by the ammo-

nia addition to (E)-pent-2-ene-4-ynoate yielding enantiopure L-propargylglycine, contradicts the proposed 

highly exothermic single-step mechanism. Computations on the QM/MM models of the N-MIO intermediates 

from L-propargylglycine and L-Phe in PAL, showing similar arrangements within the active site, support a 

mechanism via the N-MIO intermediate. 

Based on the acquired knowledge, we focused on the expansion of the substrate scope of PcPAL 

towards the L-enantiomers of racemic styrylalanines – which are less studied and synthetically challenging 

unnatural amino acids – by reshaping the aromatic binding pocket of the active site of PcPAL by point muta-

tions. Ammonia elimination from l-styrylalanine, catalyzed by wild-type PcPAL (wt-PcPAL), happened with 

777-fold lower kcat/KM value as the deamination of the natural substrate, L-Phe. Computer modeling of the 

reactions catalyzed by wt-PcPAL indicated an unproductive and two major catalytically active conformations 

and detrimental interactions between the aromatic moiety of L-styrylalanine, and the phenyl ring of F137 

residue. Replacement of F137 by smaller hydrophobic residues resulted a small mutant library (F137X-PcPAL, 

X being V, A, and G), from which F137V-PcPAL could transform L-styrylalanine with comparable activity that 

of the wt-PcPAL with L-Phe. Furthermore, F137V-PcPAL showed superior catalytic efficiency in the ammonia 

elimination reaction of several racemic styrylalanine derivatives providing access to the D-enantiomers by 

kinetic resolution, even though the D-enantiomers proved to be reversible inhibitors. The enhanced catalytic 

efficiency of F137V-PcPAL towards racemic styrylalanines could be rationalized by molecular modeling indi-

cating more relaxed enzyme-substrate complexes and the promotion of conformations with higher catalytic 

activities as the main reasons. Our statistical model predicted the F137V mutation beneficial for the kinetic 

resolutions of several congeneric, but experimentally not tested compounds. 

4.2 Phenylalanine ammonia-lyase from Rubrobacter xylanophylus (RxPAL) 

The sequence of a phenylalanine ammonia-lyase of the thermophilic and radio-tolerant bacterium 

Rubrobacter xylanophilus (RxPAL) was identified by screening the genomes of bacteria for members of the 

phenylalanine ammonia-lyase family. The three-dimensional homology model of RxPAL indicated possible 

disulfide bridges, high degree of salt-bridge formation and excess of negative electrostatic potential on the 

surface of the enzyme. The unusually high negative charge of the enzyme surface gave us the idea to extend 

the investigated interval of pH to extreme high values. Indeed, the activity assay of RxPAL with l-phenylala-

nine exhibited a local maximum at pH 8.5 and the global maximum extremely high, at 11.5 (Figure 5) 



4.3 Phenylalanine aminomutase from Pantoea agglomerans (PaPAM) 

We conducted enantiomer selective isomerization of various racemic α- and β-arylalanines catalysed 

by phenylalanine 2,3-aminomutase from Pantoea agglomerans (PaPAM). Both α- and β-arylalanines were 

accepted as substrates when the aryl moiety was relatively small, like phenyl, 2-, 3-, 4-fluorophenyl or thio-

phen-2-yl. While 2-substituted α-phenylalanines bearing bulky electron withdrawing substituents did not re-

act, the corresponding substituted β-aryl analogues were converted rapidly. Conversion of 3- and 4-substi-

tuted α-arylalanines happened smoothly, while conversion of the corresponding β-arylalanines was poor or 

non-existent. In all cases, the high enantiomeric excess (ee) values of the products indicated excellent enan-

tiomer selectivity of the isomerization, except for (S)-2-nitro-α-phenylalanine (ee 92%) from the β-isomer. 

Substituent effects were rationalized by computational modeling revealing that one of the main factors cor-

relating with biocatalytic activity (categories A, E, and B) was the energy difference between the covalent 

regioisomeric enzyme-substrate complexes. In several cases “hysteresis” was postulated, the conformation 

(thus energy) of a given regioisomeric N-MIO intermediate formed from the given regioisomeric substrate 

differed from that conformation which resulted in the given regioisomer as product. 

4.4 Lipase B from Candida antarctica (CaLB) 

Immobilization of CaLB was carried out using multiple techniques. First, CaLB was investigated by 

entrapment in electrospun poly(vinyl alcohol, PVA) nanofibers. Potential bioimprinting effect of eight sub-

strate mimicking additives (polyethylene glycols, PEGs), non-ionic detergents (NIDs), and various orga-

nosilanes were tested with the fiber-entrapped lipases. In addition to the known lipase-bioimprinting agents 

(PEGs, NIDs), phenyl- and octyltriethoxysilane also enhanced substantially the biocatalytic properties of li-

pases in their electrospun PVA fiber-entrapped forms. The reasons of the bioimprinting effect of several ad-

ditives were rationalized by docking studies in the open and closed form of CaLB, suggesting significant ac-

tivity enhancement of the entrapped lipases by three factors, i) by stabilization of the active conformation of 

the lipases which is hypothesized to be the closed form; ii) by providing extra room for the mobile active-

site-covering lids after their removal, thus enhancing the turnover frequency of the reaction; iii) by slackening 

the polymeric chain structure of the entrapment matrix, thus decreasing mass transfer limitations. 

CaLB was immobilized with the sol-gel enzyme entrapment methodology using bioinformatics and 

experimental design tools, termed as immobilization engineering. In silico modeling within the open-lid and 

closed-lid conformations of CaLB enabled efficient selection of organosilanes, based on the previously pos-

tulated three criteria, serving as components of ternary compositions to prepare sol-gel matrices for enzyme 

entrapment. Various optimized ternary mixtures of sol-gel precursors allowed the creation of tailored en-

trapment matrices best suited for the enzyme and its targeted substrate. The sol-gel-entrapped forms of 

CaLB were excellent biocatalysts in kinetic resolutions of secondary alcohols and secondary amines with ar-

omatic or aliphatic substituents both in batch and continuous-flow biotransformations. The encouraging re-

sults further support the hypotheses that the closed form is the catalytically active conformation. 

 
Figure 5 Plot of RxPAL activity against pH values. Data are presented as relative to the maximal activity observed at pH 11.5. 

 

 



Three racemic 1-(10-ethyl-10H-phenothiazinyl)ethanol isomers and their corresponding acetate es-

ters were subjected to kinetic resolution yielding both enantiomers of the alcohols and esters with the aid of 

lipase A and B from Candida antarctica. The absolute configuration of the forming enantiopure compounds 

were assigned as (R) by using QM/MM(Hartree-Fock/3-21g:UFF) calculations within the closed form of CaLB 

enzymatic environment.  

 

5. Novel scientific findings - Theses 

I. We built the partial or full homology models of numerous phenylalanine ammonia-lyases and found 

correlation between the salt bridge numbers of the models and the temperature optima of the enzyme 

activity. [1] 

II.  We predicted extraordinary pH tolerance for the phenylalanine ammonia-lyase from Rubrobacter xy-

lanophylus, based on homology modeling, and we later confirmed experimentally that the enzyme ac-

tivity was considerably higher at pH 11.5 compared to the pH 9 range, characteristic for phenylalanine 

ammonia-lyases. [2] 

III. We provided arguments with QM/MM calculations on the ammonia elimination of phenylalanine and 

propargylglicine, catalyzed by phenylalanine ammonia-lyase from parsley, to support the N-MIO mech-

anism for aromatic amino acid ammonia-lyases. [3] 

IV.  We designed three mutants for the phenylalanine ammonia-lyase from parsley using molecular model-

ing. Later, we synthesized enantiopure d-styrylalanine and its sterically more demanding analogues with 

the wild-type and with one of mutant enzymes through kinetic resolution. We identified the main un-

derlying factors of catalysis with the means of molecular modeling and statistics. [4] 

V.  We carried out the enantioselective 2,3-isomerization of several non-natural, aromatic α- and β-alanine 

analogues catalyzed by the phenylalanine aminomutase from Pantoea agglomerans. We found signifi-

cant correlation between the energy of the covalent intermediates and the regiopreference of the reac-

tions with the means of molecular modeling and statistics. [5] 

VI.  We synthesized enantiopure secondary alcohols and their corresponding acetate esters containing a 

phenothiazine moiety through kinetic resolution using lipase A and B from Candida antarctica (CaLA and 

CaLB). Subsequently, we assigned the absolute configurations of the synthesized compounds with the 

means of molecular modeling. [6] 

VII.  We carried out the immobilization of lipase B from Candida antarctica by entrapment in poly(vinyl alco-

hol) nanofibers in the presence of different additives. We demonstrated that several additives improved 

stereoselectivity and activity. From the standpoint of the enzyme, two causes of the enhanced proper-

ties were proposed, preservation of the active site integrity during entrapment; and the facilitation of 

the mobility of the active-site-covering lid loop. Based on these theses, we identified computationally 

several organosilane components for the sol-gel entrapment of CaLB resulting enhanced efficiency, ther-

motolerance, and reusability. [7] 

 

6. Potential applications and future aspects 

Phenylalanine aminomutases and phenylalanine ammonia-lyases are interrelated, many of the meth-

ods are interchangeable between the two. Using the customized covalent docking, a larger scale docking 

campaign should be pursued that would yield sophisticated QSPR statistical models. QM/MM calculations on 

the reaction mechanisms are already on the way. Combining the two, an optimization protocol for enzyme 

mutations could be developed to tailor enzymes for specific compounds. Also, virtual screening for potential 



substrates could take place.The biotransformation of propargylglicine encourages us to explore the applica-

tion of similar molecules as PAL substrates.  

Immobilization studies of CaLB continue with further immobilization methods. The incorporation of 

materials science simulations, most notably molecular dynamics, will be inevitable in the future. Also, the 

confirmation of the real active conformation of CaLB should be attempted.  

The compactness of the screening (counter)ion cloud of the enzyme, and non-specific ion binding 

could seriously affect local electrostatic properties, and i.e. alter the energies of highly polar transition states, 

thus reaction rates ultimately. Analogy for this phenomenon is the unfavorable binding of water in protein 

binding sites. The displacement of such waters by drug-like molecules is beneficial for ligand binding and are 

extensively exploited nowadays in drug design. The existence of such “unstable”, bound ions is suggested in 

my work, with possible indications in drug design. Worthy candidates for such research are ion channels, and 

fragment based drug design. 
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