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Protein engineering for biocatalysis

Biocatalysis employs enzymes for catalysing chemical reactions. Replacement of 
traditional chemical methods by the use of enzymes can be advantageous for many 
reasons. First, enzymes often show great selectivity. In the active site of the enzyme, 
protein environment dictates interactions of a substrate with the enzyme and thus 
the structure of a product. For this reason, enzymes can perform functionalisation 
of complex molecules at very specific sites. They also promote formation of a specific 
product over alternative products or stereoisomers. Therefore, biocatalytic proc-
esses may result in manufacture of highly pure products, which simplifies further 
processing. This is crucial in many cases, for example, in the pharmaceutical indus-
try, where high standards for product purity have to be maintained. Next, enzymes 
operate mostly in water solutions, at moderate temperatures and pH, and under 
atmospheric pressure. Also, application of enzymes often eliminates the need for 
use of heavy-metal-containing catalysts, organic solvents, and toxic or dangerous 
compounds. Thus, it can help to increase process safety and reduce waste produc-
tion. Notably, if needed, enzymes resistant to high temperatures, extreme pH val-
ues, or organic solvents, can be found in nature or engineered. Therefore, enzymes 
allow great versatility of operating conditions. Overall, application of biocatalysts 
may lead to more efficient and environmentally-friendly chemical processes.

In the quest for enzymes suitable for industrial processes, two approaches are 
pursued. First, researchers screen available enzyme collections and look for new 
enzymes in various environments, often characterised by extreme conditions 
(temperature, pH, salt concentration, or presence of pollutants). Second, it is pos-
sible to engineer enzymes according to the given needs. This approach is becoming 
more and more common due to developments in many fields including molecular 
biology, screening technologies, mechanistic studies, and structure–function pre-
diction. Moreover, it is plausible that naturally occurring enzymes do not cover 
all required reactions and process conditions. Therefore, protein engineering is 
often the only way to obtain the desired biocatalyst. Traditionally, two paths have 
been followed within protein engineering: rational design and directed evolution 
(Figure 1). Rational design requires knowledge of the 3D-structure of the enzyme 
and understanding of the catalytic mechanism in order to select targets for muta-
genesis and propose suitable changes in the enzyme (Figure 1A). Nowadays, com-
putational methods, and in particular molecular dynamics simulations, are used 
to predict effects of mutations. On the extreme of the rational approach, there is 
de novo design of enzymes. This is a challenging methodology, and biocatalysts 
obtained so far present very low activities compared to existing enzymes.

On the other hand, directed evolution is a powerful method for modifying traits 
of proteins without detailed knowledge of the protein structure and mechanism. 
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Thanks to advances in molecular biology and activity-screening techniques, the 
idea of mimicking natural selection in a test tube has been brought into laboratory 
practice. Directed evolution has been applied, among others, to improve stabil-
ity of enzymes, boost the activity, introduce new reaction types, and increase the 
selectivity. A clear advantage of directed evolution over rational engineering is 
no requirement for structural or mechanistic information. Directed evolution is 
based on creating diversity in a purely random manner and screening this diver-
sity in order to find an improved variant, which becomes a template for the next 
engineering round (Figure 1B). The cycle of introducing random mutations and 
screening is repeated until a satisfactory change in the properties of an enzyme is 
achieved. While directed evolution requires little knowledge about the target pro-
tein, challenges lie in creating unbiased libraries and developing efficient screen-
ing methods. 

Figure 1. Rational design vs. directed evolution. A. In rational design, mutations are introduced at 
specific sites, and mutants are tested one by one for the desired improvements. B. In directed evolu-
tion, libraries of variants containing random mutations are generated and screened for mutants with 
improved properties, which then become templates for the next evolution round.

Generation of perfectly random mutant libraries, that is, libraries in which 
every amino acid can be changed to any other amino acid with equal probability, 
represents a difficulty. Error-prone PCR, a method commonly used to prepare 
random libraries, bears serious limitations due to the inherent DNA polymerases 
bias and the necessity of changing consecutive nucleotides to cover the full muta-
tional spectrum. However, methods allowing generation of less and less biased 
libraries are being developed, for example, SeSaM (Mundhada et al., 2011). When 
it is desired to introduce mutations at specific positions of a protein, miscellane-
ous site-specific mutagenesis methods are available. Most of these techniques are 
based on the use of mutagenic primers (Ruff et al., 2013). 

Testing a mutant library in which every position is fully randomised is 
an impossible task both in terms of library preparation and screening. Thus, 
the mutational space to be probed has to be limited. The key question is how to 
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narrow it down in order to match the screening method capacity while provid-
ing enough diversity to achieve the desired improvement. How many mutations 
should be on average introduced in a gene? Should they be randomly distributed, 
or should they cluster in certain regions of a protein? Smaller libraries are easier 
to handle, as with the number of variants in the library, the number of clones 
required to cover a certain portion of the library is increasing rapidly (Reetz et al., 
2008). Also, most mutations have deleterious effect on the stability/activity, and 
introduction of many mutations can destabilise or inactivate an enzyme. On the 
other hand, when altering only a few positions in a protein, beneficial synergistic 
effects of mutations may be missed.

Table 1. Comparison of advantages and limitations of different screening assay formats.

The availability of a good screening assay is an essential requirement for 
directed evolution. The assay should be reliable: it should allow identification of 
active variants (“hits”) while no false positive or false negative hits should appear. 
Preferably, it should be time- and cost-efficient in order to screen large libraries. 
Various formats have been employed for assay development (Table 1). Assays in 
multi-well plates are commonly used in combination with colorimetric or fluoro-
metric detection of product formation/substrate depletion. Multi-well-plate 
assays typically allow screening 103–105 variants (Tee and Schwaneberg, 2007). 
Chromatographic (GC, HPLC) and spectroscopic (MS, NMR) methods are being 
adapted for screening libraries. While they provide detailed information on the 
reaction yield and the (enantio)purity of the product, sample preparation and anal-
ysis in a high-throughput manner may be troublesome. Screening colonies grown 
on agar plates, paper filters, or membranes offers a throughput of at least one order 
of magnitude higher than multi-well plates (104–106, Tee and Schwaneberg, 2007). 
In this setup, colonies expressing active variants acquire coloration, which allows 
discrimination between active and inactive clones. Easy handling and typically 
low cost of this technique are compromised by a relatively low accuracy. However, 
a solid phase screen can be used as a pre-screen before using more precise, for 
example, multi-well-plate-based methods. Fluorescence-activated cell sorting 
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allows an impressive throughput of 107–108 clones screened within hours (Agresti 
et al., 2010). In this method, detection has to be based on fluorescence, which 
is an obvious limitation. As the detection is applied on single cells, variations in 
protein expression and cell physiology may affect the accuracy of the screening. 
Applying selection assays rather than screening is another powerful approach. 
In selection assays, only cells harbouring improved enzyme variant are able to 
grow and divide. This is achieved by, for instance, producing an essential nutrient 
or removing a toxic compound by the active enzyme variant. However, selection 
assays are difficult to establish and require careful optimisation. Also, they are 
typically specific for a certain compound and, therefore, have limited applicability.

From another point of view, screening assays can be performed using whole 
cells, cell extracts, (partially) purified protein, secreted/surface-exposed pro-
teins, and cell-free systems which use mRNA display or cell-free protein synthe-
sis. Again, different advantages and limitations are associated with each format, 
for example, some substrates may not enter intact cells while preparation of cell 
extracts is a laborious step. Using proteins secreted to the periplasmic space/cul-
ture medium or exposed on the cell surface relieves the substrate accessibility 
issue and separates the target reaction from the cell metabolism, but some pro-
teins may not be exported in active form.

In summary, a wide range of screening assays is available, offering different 
throughput, accuracy, and complexity in terms of required equipment and sample 
preparation. Automation and downscaling thanks to, among others, application of 
microfluidic devices, are constantly helping to increase the throughput of screens. 
Advantages and limitations in screening capacity, amount of acquired informa-
tion, and reliability are to be considered before choosing a screening method for 
a given task. A direct assay of limited throughput may be advantageous when 
multiple parameters have to be taken into account, including activity/stereo-
selectivity/side product formation, for example, in preparation of pharmaceutical 
products. Lastly, it is often highlighted that reaction conditions under which the 
screening is performed should reflect as much as possible the target process. 

Recently, one can observe a shift of focus within the directed evolution field. 
Researchers tend to switch from completely random approaches (such as error-
prone PCR) towards more rational concepts (Lutz, 2010). Such semi-random 
approaches allow design of small, focused libraries with increased frequency of 
positive hits (“smaller but smarter libraries”). Targeting a subset of active-site resi-
dues and using reduced codon sets instead of full randomisation helps to mini-
mise screening effort and maximise the success rate. Knowledge-driven re  design 
helps to overcome the pitfalls of both rational design and directed evolution.

Many considerations have to be taken into account when designing a protein 
engineering experiment, and there are no general solutions. The choice of 
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a mutagenesis method and a screening method depends on the property to be 
changed, desired improvements, and available resources. In some of the most suc-
cessful engineering campaigns which aimed at developing industrial processes for 
manufacturing pharmaceuticals (atorvastatin, sitaglitptin), various mutagenesis 
methods have been combined: error-prone PCR, site-directed mutagenesis, and 
gene shuffling (Fox et al., 2007; Savile et al., 2010). Finally, it is assumed that dif-
ferent paths can lead to the desired improvements in the protein characteristics.

Aims and outline of the thesis

Baeyer–Villiger monooxygenases (BVMOs) constitute an interesting group of 
monooxygenases, which are capable of inserting an oxygen atom into a C–C 
bond and performing stereoselective heteroatom oxidations. Despite many excit-
ing advances in the research on BVMOs, several challenges remain. In particu-
lar, applications of BVMOs in industrial-scale synthesis require improvements of 
activity and selectivity of these enzymes. Phenylacetone monooxygenase (PAMO) 
is a prototype BVMO, and it is a convenient model for engineering studies since 
the crystal structure and the catalytic mechanism of this enzyme were solved. 
PAMO is also thermostable, resistant to organic solvents, and well expressed 
in Escherichia coli, while its limited substrate scope represents a serious draw-
back. The goal of the research described in this thesis was threefold. First, by 
various site-directed and semi-random methods, we aimed at improving activity 
of PAMO with different substrates. Second, we strove to develop new tools for 
effective engineering of BVMOs. Third, we sought to increase the knowledge on 
BVMOs, which would aid future redesign studies of these enzymes.

Chapter 2 provides an overview of the developments in the BVMO-related 
research in the last 10 years. In particular, newly cloned enzymes, structural stud-
ies, approaches for coenzyme regeneration, protein engineering efforts, and appli-
cations of BVMOs in organic synthesis are discussed.

Most Type I BVMOs, including PAMO, present strict preference towards 
NADPH over NADH. In Chapter 3, the effect of several mutations on the coen-
zyme specificity of PAMO was probed. Attempts to increase the activity of PAMO 
with NADH and, therefore, to change its coenzyme specificity are presented.

Chapter 4 describes a mutational analysis of the predicted substrate binding 
site of PAMO. The structure of PAMO was compared with a model of cyclopen-
tanone monooxygenase. Based on the comparative analysis, 15 positions poten-
tially important for the substrate recognition were selected. Activity, regio-, and 
enantioselectivity of thirty single and multiple mutants with several substrates 
were investigated. These results indicated new hot-spots determining the sub-
strate specificity of PAMO.
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An efficient activity-screening method forms the basis of every directed evolu-
tion project. In Chapter 5, a novel method for screening BVMOs is introduced. 
This method allows screening libraries in whole-cell format, and it can be applied 
in combination with any substrate. Periplasmic expression of PAMO and applica-
tion of phosphate as an indirect reporter of BVMO activity resulted in a generic 
and reliable screening method. Evaluation of this method by using model reac-
tions as well as screening small libraries is presented.

The conclusions from Chapter 4 as well as the analysis of the structure of 
PAMO in complex with NADP+ allowed us to design a library of PAMO mutants. 
The library was screened using the new, phosphate-based method (Chapter 5), 
which led to the identification of a mutant with expanded substrate acceptance 
profile. Design, construction, and screening of the library as well as characterisa-
tion of the isolated mutant are described in Chapter 6.
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