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Abstract 

The use of enzymes in industrial applications has been recognised for providing clean 
processes with minimal impact on the environment. This thesis presents studies on 
engineering of enzymes and enzyme-based processes in the light of green chemistry and 
environmental sustainability, and focuses on three hydrolases: esterase, lipase and phytase.  
 The use of esterase has been investigated to provide an alternative clean route for the 
synthesis of a chiral pharmaceutical compound, S-clopidogrel, by selective hydrolysis of 
the racemic precursor. Current production of the pure S- clopidogrel isomer involves the 
use of a resolving agent, L-camphorsulfonic acid, and organic solvents. Screening of 
different hydrolases revealed that crude pig liver esterase (PLE), a mixture of different 
isoenzymes, selectively acts on the R isomer, with E = 8.3. Two PLE isoenzymes, PLE-1 
and PLE-3 were tested individually as catalysts for the reaction. Molecular modeling 
simulations indicated that a phenylalanine F407 residue is destabilizing for the R-isomer-
PLE-1 tetrahedral intermediate. PLE-1 and its mutants were expressed in Escherichia coli 
with a chaperon system. Interestingly, mutations of F407 to alanine or leucine led to a 
dramatic increase in activity but with reversed selectivity (E=3.3 and E>100 respectively 
towards the S isomer). On the other hand, PLE-3 isoenzyme selectively hydrolysed the 
correct isomer, R, with E=10.  

Immobilized lipase B from Candida antarctica, was employed for the production of 
biodegradable specialty chemicals from renewable resources. N-alkanoyl-N-
methylglucamide, a bio-based surfactant, was produced in a solvent-free reaction. 
Engineering the molar ratio of the substrates in the reaction and adding a step involving 
hydrolysis of the by-product resulted in final yield of 99 %. Comparison with earlier 
reports based on green metrics showed the method to have a greener profile. Another 
product, trimethylolpropane-oleate, a biolubricant, was produced by lipase-catalysed 
esterification with high yield, better product quality and a greener profile compared to the 
process catalysed by other heterogeneous chemical catalysts. Reliable metrics of the 
greenness of a process are essential for the progress of green chemistry. As an important 
contribution in this area, a java-based software HPLC-EAT was developed to evaluate the 
greenness of liquid chromatographic methods. The tool is freely available at 
www.biotek.lu.se/hplc-eat.  

The enzyme phytase hydrolyses phytate (myo-inositol 1,2,3,4,5,6-hexakisphosphate), 
an anti-nutrient compound present in cereals and grains, and increases the bioavailability 
of phosphorus and other nutrients. A recombinant thermostable Bacillus sp. MD2 alkaline 
phytase, a metallo-enzyme, was characterized and the effect of various divalent metal ions 
on its stability and catalytic properties was studied. The presence of calcium ions on both 
the enzyme and the substrate was required for optimal activity and stability of the 
enzyme. Furthermore, site-directed mutagenesis of the enzyme was done to improve its 
activity and stability in the acidic environment. Mutation of a glutamate residue in the 
enzyme active site to serine E227S led to a slight decrease of the optimum pH and higher 
stability at low pH.  
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1. Introduction 

Environmental sustainability has become a global concern. The Earth´s resources 
are continuously being depleted to meet the needs of the growing population and, 
on the other hand, the human activities have resulted in an enormous burden on 
the environment from toxic wastes and greenhouse gas emissions and the 
resulting climate change. The chemical industry is a keystone of human 
development that influences all aspects of modern society. The start of industrial 
revolution during the 19th century was dependent on coal and fossil oil as energy 
and carbon sources. Nowadays, fossil oil represents the main source of most of 
chemical products used by modern society, starting from plastics and rubber to 
perfumes and pharmaceuticals. Fossil oil is a finite resource as well as a source of 
environmental pollution. It is evident that we need to make efficient use of the 
available resources, reduce the dependence on fossil feedstocks and the 
environmental impact of the production methods and products [1-3]. 

In light of the problems of the fossil-based processes, the concept of green 
chemistry was formulated: ‘‘the design of chemical products and processes to 
reduce or eliminate the use and generation of hazardous substances.’’ [4]; and a 
road plan  for shaping the future of sustainable chemistry known as the twelve 
principles of green chemistry was presented by Paul Anastas and John Warner in 
1991 [5]. These principles carry common-sense goals such as using safer 
chemicals, reducing the risk of the produced waste and replacing fossil resources 
with the renewable ones. Based on the volumes produced, chemicals are generally 
classified as bulk chemicals (produced in millions of tonnes), specialty chemicals 
such as surfactants, lubricants, adhesives, pigments and flavours (are produced in 
relatively smaller amounts), and fine chemicals and pharmaceuticals (produced in 
low volumes and to a very high purity) [6]. After two decades of having 
introduced the green chemistry concept, scientists have contributed with many 
novel solutions [7-9]. The use of catalysts, which are selective and recyclable, is 
one of the important principles of green chemistry [10]. 

Enzymes are powerful natural catalysts that have an enormous capacity to 
increase the speed of biochemical reactions. While un-catalyzed reactions might 
need several million years to take place, milliseconds are enough for enzyme-
catalysed reactions [11]. Enzymes lower the activation energy required for the 
reaction to take place by forming a complex with the reactants and stabilizing the 
transition state of the reaction (Figure 1). Enzymes are present in all living 
organisms, catalysing the multitude of reactions that enable different functions 
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biocatalysts [17]. Enzymes as catalysts provide many benefits such as high regio-, 
stereo- and enantioselectivity, avoiding the use of toxic reagents and extreme 
reaction conditions. An example of green chemistry using biocatalysis is the clean 
synthesis of ethyl (R)-4-cyano-3-hydroxybutyrate (known as hydroxynitrile), a 
precursor for Lipitor®, the best-selling anti-lipidemic drug in the market. The 
conventional way for hydroxynitrile production involves the use of hazardous 
chemicals like hydrogen bromide and energy-demanding steps such as high-
vacuum fractional distillation. An improved process involving three enzyme-
catalyzed steps was developed by Codexis, Inc. for the production of this 
precursor compound [18]. The process runs under ambient pressure with 
increased productivity and is environmentally friendly and safer for the workers. 
In a more recent example, Merck developed an enzymatic method for the 
synthesis of the anti-diabetic agent sitagliptin. This method takes advantage of the 
selectivity of an engineered transaminase to catalyse the synthesis of a chiral 
amine from the prostereogenic ketone (non-chiral precursor). The traditional 
process for the production of sitagliptin involved a rhodium-catalyzed 
asymmetric enamine hydrogenation step run under high pressure, and a mass-
intensive purification step [8, 10, 19-21].  

1.1 Scope of the thesis 

This thesis is based on six papers that include studies performed on three 
hydrolases, an esterase, a lipase and a phytase, respectively, with the objective of 
achieving efficient, selective and environment-friendly processes, and further 
highlight the use and development of user-friendly computational tools to 
determine the environmental impact of processes at the lab scale.  

Paper I deals with the search for an enantioselective enzyme for resolution of 
racemic clopidogrel. Clopidogrel is among the best selling drugs in the world. In 
the traditional synthetic route, a large amount of resolving agent and organic 
solvents is used. Developing an enantioselective enzymatic process would be 
beneficial from and economic and environmental perspective. State-of-art tools 
were used to engineer the esterase from pig liver into an efficient enantioselective 
biocatalyst. The study is an application of the rational design strategy and 
employed molecular modeling simulations.  

Successful examples of the use of enzymes for clean production of chemicals 
from renewable resources are presented in Papers II and III, using lipase B from 
the yeast Candida antarctica. The green chemistry perspective has been clearly 
highlighted in these two papers. The reactions were engineered to run the 
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synthesis under solvent-free conditions for synthesis of biosurfactants and 
biolubricants. Green metric computational tools were applied for lab scale 
evaluation of the processes. During the progression of these two studies, the need 
for a customized tool for the evaluation of the greenness of the liquid 
chromatography-based separation methods became evident and, thus, a free java-
based software was developed for this purpose (Paper IV).  

A thermostable phytase obtained from Bacillus sp. MD2 was studied and 
engineered in the context of its usability as a feed additive. In Paper V, a study 
aiming to reveal the effect of divalent metals ions bound to the enzyme and to 
the substrate phytate on the enzyme activity and stability was conducted. The 
phytase was also engineered to modulate its substrate specificity and optimum pH 
(Paper VI). 

The following chapters will help give a background of the areas covered in the 
papers and will also summarise the outcome and potential of the investigations. 
Chapter 2 provides an introduction for hydrolase enzymes with focus on the 
three enzymes investigated in this thesis. The chapter presents briefly the 
important features of the catalytic mechanisms and the protein structures. 
Chapter 3 deals with the current status of protein engineering strategies including 
directed evolution and rational design. The tools available for rational design of 
enzymes such as molecular modeling, homology modelling, docking, and the new 
generation of protein databases are also presented. Furthermore, examples the 
methods used for the biocatalyst development and production, such as site-
directed mutagenesis, heterologous expression in E. coli, and enzyme 
immobilization are concisely discussed. Chapter 4 presents the green chemistry 
principles, the concept of green chemistry metrics, biocatalysis in solvent-free 
media and the promising non-conventional media for green reactions. The case 
studies involving the three enzymes are summarised in Chapter 5. The thesis ends 
with concluding remarks and future perspectives in Chapter 6. 
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concentration before the activation takes place. In this context, C. antarctica lipase 
B is an exception as it lacks the lid on the active site, and can work without the 
need of interfacial activation [48]. CalB is described as a promiscuous enzyme as 
it is able to catalyse different kinds of reactions such as esterification (Paper III) 
transesterification [49], epoxidation [50], amidation (Paper II, [51]), aldol addition 
[52], perhydrolysis [53] and Michael addition [54]. The catalytic mechanism of 
CalB is similar to the mechanism of PLE described previously. The catalytic triad 
is formed of Ser105, His224, Asp187 and the oxyanion hole is formed by Thr40 
and Gln106. The crystal structure of CalB was reported by Uppenberg et al. [55, 
56]. Klibanov et al. [57] demonstrated the ability of lipases to act in organic 
solvents, opening the door for organic synthesis and setting a milestone in 
biocatalysis.  

 

 
Figure 5 The 3D structure of CalB, the catalytic triad residues Ser105, His224 and 
Asp 187 and their hydrogen bonds in empty enzyme state are shown. The figure is 
prepared using PyMOL based on PDB: 1TCA.   










































































































