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Abstract

Biocatalysis has become an attractive method for hydrocarbon activation due to its alignment with the
principles of green chemistry. Enzymes are advantageous over traditional metal-based catalysts because
they are obtained from renewable sources, typically require mild reaction conditions, and are highly
selective. A few classes of enzymes have been identified as active in these transformations including
oxygenases, oxidases, hydroxylases, peroxidases and peroxygenases. One of the most promising classes
of enzymes are unspecific peroxygenases (UPOs). These enzymes are able to use hydrogen peroxide
(H202) as the oxidant and electron donor without the need for expensive co-factors. The main challenge
is the deactivation of UPOs in reaction systems containing excess H>O,. A potential approach to
circumvent this deactivation is to produce the hydrogen peroxide in-situ in a one-pot tandem catalytic
system. However, this system is poorly understood with very little kinetic data reported in the literature.

In this study, different hydrogen peroxide delivery methods and concentrations were investigated to
minimise enzyme deactivation. The delivery methods were once-off addition where the hydrogen
peroxide was added all at once, stepwise addition where it was added at regular intervals and continuous
addition where it was fed gradually at a controlled rate using a syringe pump. In addition, the influence
of reaction temperature and pH on the enzyme’s stability were investigated. Thereafter, the obtained
optimised process conditions were evaluated in a hydrocarbon biotransformation reaction, using styrene
as the model substrate. The PaDa-I enzyme (UPO variant) lost approximately 90% of its initial activity
during the early stages of the reaction. This was significantly higher than the 50% and 40% activity lost
when the enzyme was exposed to hydrogen peroxide and styrene as sole substrates. Despite the
significant activity loss, a turnover number of 3 070 MOlproguct MOlproen” Was achieved employing
semi-continuous addition which was determined to be the best H.O. delivery method.

A full kinetic study investigating the deactivation of the PaDa-I enzyme was also performed. Three
enzyme deactivation models were tested to model the experimental data by nonlinear regression - these
kinetic models were first order, two-parameter and four-parameter models. It was established that the
two-parameter model best fit the experimental data. This kinetic model described a deactivation
pathway where the enzyme is not completely deactivated, but rather transformed to less reactive
intermediates over time upon exposure to excess hydrogen peroxide. The crucial kinetic parameter
obtained from this model was the ratio of the final (less active form) and initial specific enzyme activity
ou. The oy value of 0.07 obtained for the styrene biotransformation was approximately an order of
magnitude lower compared to the studies using hydrogen peroxide and styrene as sole substrates.
Further insights on the kinetics of this biotransformation revealed that hydrogen peroxide behaved as a
non-competitive inhibitor. This suggested that hydrogen peroxide was bound to an allosteric site on the
enzyme, which distorted the structure of the enzyme making it less effective for styrene oxidation. The
H.O, concentration or delivery rate should therefore be reduced to further minimise this inhibition. The
findings in this study will form the basis for future tandem systems that combine in-situ H.O: production
with hydrocarbon biotransformation using UPOs.
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1 Introduction

1.1 Background

In recent years, there has been steady development towards using biocatalysis for the oxidation of
hydrocarbons to produce high value oxygenates (Bell et al., 2021; Hobisch et al., 2021; Pyser et al., 2027;
Winkler et al., 2021; Yi et al., 2021). Hydrocarbons are readily available in crude oil and natural gas, and
they include alkanes and alkenes (Ayala and Torres, 2004). Hydrocarbons are often very inert due to the
high dissociation energy of the C-H bonds. In particular aliphatic alkanes have C-H bond dissociation
energies (BDE) in the range of 400-450 kJ/mol while alkenes are only slightly more reactive (C-H BDE
350-400kJ/mol) (Blanksby and Ellison, 2003). For this reason, conventional oxidation processes utilizing
these as substrates often require harsh operating conditions to achieve substantial productivity (Soussan
et al., 2016). For example, the steam reforming process of methane to methanol conventionally occurs
at temperatures as high as 470 °C (Ayala and Torres, 2004) and the commercial hydroformylation of
alkenes to aldehydes requires pressures as high as 30 MPa (Franke et al,, 2012). As an alternative, the
biotransformation of hydrocarbons has the potential to lower the energy requirement of such oxidative
processes as the enzymes used in these reactions operate at ambient conditions. In addition, enzymatic
reactions often proceed with high chemo- and regioselectivity, requiring less laborious and expensive
purification steps (Polizzi et al., 2007; Schrewe et al., 2013).

Some of the enzymes that have been identified as biocatalysts with good catalytic performance in
hydrocarbon oxyfunctionalisation are the PaDa-I variant from the unspecific peroxygenase (UPO) group
of enzymes as well as the cytochrome P450 monooxygenase, CYP102A1 (Burek et al.,, 2019; Hollmann et
al,, 2011). These enzymes both contain heme-dependent domain groups and follow similar catalytic
cycles using hydrogen peroxide (H,O,) as the oxidant. This is referred to as the peroxide shunt pathway
(Cirino and Arnold, 2003; Hrycay and Bandiera, 2012; O'Reilly et al, 2011). Hydrogen peroxide is
considered a green oxidant that produces water as the only by-product. Furthermore, it may prove
simpler to optimise reaction systems using H,O, (especially at large scale) because of its independence
from complex electron transport chains involving cofactors (Bormann et al., 2015; Hobisch et al., 2021,
Valderrama et al., 2002). In contrast, the natural pathway for CYP102A1 requires molecular oxygen and
NAD(P)H, an expensive cofactor with additional costs associated with its regeneration (Munro et al,
2013; O'Reilly et al,, 2011). The substrates that are normally catalytically oxidized by these enzymes
include fatty acids, carboxylic acids, aromatics and a few medium-long chain alkanes (Samanta, 2008).

The main challenge with such reactions is that stoichiometric amounts of H,O, required for full
conversion of the substrate often inhibit the activity of enzymes through oxidative deactivation (Burek
et al, 2019; Valderrama et al., 2002). Low H,O, concentrations (3-5 wt%) are often required to maintain
enzyme activity in this oxidation reaction (Puértolas et al, 2015). The delivery of H,O, can be improved
through periodic dosage of H,O, to the reaction mixture at low concentrations or through implementing
an in-situ H,O, generation system using gold-palladium based catalysts or biocatalysts such as oxidases.
These delivery systems ensure that the oxidant is available at low enough concentrations to prolong the
stability of the often expensive enzymes and thus potentially leading to better overall catalytic
performance and a more economical process.



1.2 Context of project

The rising awareness of energy consumption and waste generation in current industrial hydrocarbon
oxyfunctionalisation processes has led to intensive research into more eco-friendly synthetic routes. As
previously mentioned, current oxidative processes often require expensive chemo-catalysts which
operate occur under harsh reaction conditions and may be poorly selective. In contrast enzymatic
biocatalysis is highly promising in this regard, complying with almost all twelve guidelines of green
chemistry (Sheldon and Woodley, 2018). Most enzymatic processes in biocatalysis are often performed
in an aqueous medium at mild operating conditions, thus making the process energy efficient.
Additionally, enzymes are obtained from renewable sources and produce significantly less (and often
not toxic) waste materials (Sheldon and Woodley, 2018; Truppo, 2017; Winkler et al., 2021). With this in
mind, many industries including pharmaceutical, food, cosmetic, and agrochemical industries have
successfully incorporated biocatalytic steps in efforts to advance towards sustainable manufacturing
processing (Dong et al.,, 2018; Hollmann et al., 2011; Truppo, 2017; Woodley, 2008).

Another way of establishing more sustainable routes is through the combination of reaction steps into
a single reactor or one-pot systems which could further reduce waste production and solvent
consumption (Groger and Hummel, 2014; Sheldon and Woodley, 2018). Cascade reactions - a reaction
whereby chemical bonds are formed sequentially such that subsequent reactions can only occur once
the intermediate product of the preceding reaction is formed - are promising candidates for
incorporation into one-pot processes. An example of this is the combination of the Wacker oxidation of
styrene to acetophenone and its subsequent enzymatic reduction to (R)-1-phenylethanol (Scheme 1.1)
(Sato et al,, 2015). In this case, the reaction occurs in a one-pot system which proceeds without changing
the reaction conditions, adding reagents or isolating intermediates (Denard et al, 2013). The advantage
of this is that there are potentially fewer unit operations required; therefore the production costs in terms
of both capital and operational expenditure could be reduced.
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Wacker oxidation Enzymatic reduction
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X

>

CuCl/PdCl, catalyst Alcohol dehydrogenase

styrene acetophenone (R)-1-phenylethanol

Scheme 1.1: Cascade reaction scheme of the Wacker oxidation of styrene to acetophenone followed by its reduction to (R)-1-
phenylethanol (Sato et al., 2015)

As shown in the scheme above, one-pot processes may combine traditional heterogeneously catalysed
reaction steps with biocatalytic processes in tandem (Groger and Hummel, 2014). Currently, studies have
been made towards developing tandem systems whereby enzyme-driven oxyfunctionalisation is
combined with heterogeneously catalysed in-situ H,O, production (Churakova et al., 2011; Freakley et
al., 2019; Ni et al., 2016; Pesic et al., 2019). Such one-pot chemo-biocatalytic processes often attempt to
utilize the high chemoselectivity of enzymes in combination with the high catalytic activity of these
catalysts towards H,O, synthesis (Scheme 1.2).
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Scheme 1.2: A combination of heterogeneous catalysis and biocatalysis to oxidise cyclohexane to cyclohexanol using HO»
produced in-situ (Freakley et al., 2019)

In the chemo-bio tandem system shown above, a titania supported gold-palladium catalyst was used
to supply H,O,to the PaDa-I variant to oxidise cyclohexane to cyclohexanol. This tandem system ensures
that the oxidant is delivered to the enzyme at low enough peroxide concentrations that will not inhibit
the enzyme thus potentially increasing long term stability and productivity of the enzyme.

1.3 Overall objective

The oxyfunctionalisation of hydrocarbons can be achieved using peroxide-driven enzymes such as
unspecific peroxygenases (PaDa-I) and cytochrome P450 monooxygenases (CYP102AT). The enzyme
performance; however, is significantly lowered at high concentrations of H,O, as a result of enzyme
deactivation. One of the strategies to improve this is to combine in-situ H,O, generation with the
enzymatic oxyfunctionalisation in a one-pot process such that low concentrations of the peroxide are
delivered to the enzyme. This could potentially improve the productivity by reducing enzyme
inactivation. There is; however, limited understanding of the overall process. The kinetics of the rate of
H.O, production, the rate of H,O, uptake by the enzyme and concurrently the rate of enzyme
deactivation are poorly understood. The main objective of this thesis therefore is to investigate how
different peroxide delivery approaches impact the enzyme activity and whether that influences the
overall productivity. Determining the deactivation kinetics associated with the different approaches
brings insight on how the enzyme operates and how to further optimise the reaction for the
oxyfunctionalisation of hydrocarbons.

1.4 Scope and limitations

There are several types of enzymes that can be used for the oxyfunctionalisation of hydrocarbons.
However, in this study will be restricted to investigating the activity of a commercially available unspecific
peroxygenases (PaDa-I variant). In this project, it is attempted to decouple the process steps currently
employed in the in-situ delivery of H,O, to PaDa-I (Churakova et al.,, 2011; Freakley et al., 2019; Ni et al.,
2016; Pesic et al,, 2019). The focus is to establish an optimal H,O, delivery approach and evaluate the
enzyme deactivation kinetics associated with such a system. This will then serve as a guideline when
developing future heterogeneous catalysts for in-situ H,O, generation in tandem chemo-bio systems.
To this end the oxidant will be dosed into the reaction medium rather than being generated in-situ.



1.5 Thesis structure

The thesis begins with a review of the relevant literature in Chapter 2 which gives a brief overview on
hydrocarbon activation biocatalytic processes. The implementation of tandem catalysis as a sustainable
synthetic route for these processes are also reviewed in this chapter. This is followed by a discussion on
the two catalytic reaction steps, in-situ H,O, generation and enzyme-driven oxyfunctionalisation, whilst
highlighting the impact of different delivery approaches on enzyme stability and performance. The
literature review is concluded by outlining the gaps in the existing knowledge, thereafter, developing a
problem statement, hypothesis and key questions. The experimental methods developed to address
these research questions are detailed in Chapter 3. This is followed by the experimental results
highlighting the impact of H,O, delivery, H,O, concentration, pH and temperature on the stability of
the enzyme in Chapter 4. The deactivation kinetics of the enzyme under these reaction conditions are
subsequently analysed and discussed in Chapter 5. In Chapter 6, the oxidation of styrene to styrene
oxide, a model hydrocarbon biotransformation reaction, is evaluated using the different H,O, delivery
methods. The combined styrene and hydrogen peroxide-driven inhibition on styrene oxide production
is also included in this chapter. Lastly, the hypothesis and key questions are evaluated and presented in
Chapter 7, giving the overall concluding remarks and recommendations.



2 Literature review

Enzymes are promising biocatalysts that functionalise a wide range of substrates with high selectivity
and minimal waste production (Polizzi et al,, 2007; Schrewe et al, 2013; Soussan et al., 2016). This is an
attractive feature as industry is shifting towards environmentally friendly synthesis routes (Sheldon and
Woodley, 2018; Truppo, 2017). A particularly important reaction is the oxidation of hydrocarbons. This
may be accomplished biocatalytically using either unspecific peroxygenases or cytochrome P450s, with
H.O, as the oxidant (Burek et al., 2019; Hollmann et al, 2011, Whitehouse et al, 2012). This is highly
advantageous as no secondary cofactors are needed and water is the only byproduct. These enzymes
are however inactivated in the presence of high concentrations of H.O, (Bormann et al, 2015;
Valderrama et al., 2002). Researchers have therefore explored the use of one-pot tandem systems where
H.O, is produced in-situ and delivered to the enzyme at a low concentration in the hope of
circumventing enzyme deactivation (Freakley et al., 2019; Ni et al,, 2016; Tieves et al., 2019; Zhang et al,,
2017). The effect of H.O; delivery on reaction and deactivation kinetics is however unclear. Knowledge
of these kinetic parameters can potentially be used to further optimise the system such that underutilised
hydrocarbons are valourised at high yields without prematurely deactivating the enzyme. The literature
review therefore begins by discussing the use of hydrocarbons as a potential substrate for enzyme-
driven functionalisation followed by the description and benefits of one-pot tandem systems. Thereafter,
different in-situ H,O, delivery systems are assessed along with different enzymatic oxyfunctionalisation
reactions, and the knowledge gaps in terms of enzyme (deactivation) kinetics are highlighted.

2.1 Biocatalysis overview

Hydrocarbons are abundantly available chemical substrates obtained from natural gas and crude ol
(Bergman, 2007; Soussan et al,, 2016). These are often employed as substrates in thermal or steam
cracking where heat and pressure are used to break down the long hydrocarbon chains into shorter
chain alkenes (Fakhroleslam and Sadrameli, 2020). The Fischer-Tropsch process also generates alkane
byproducts. During this process syngas from coal liquefaction is converted to a pool of different length
hydrocarbon chains consisting mainly of alkanes and alkenes (Jahangiri et al, 2014; Khodakov et al,
2007). The short chain alkanes produced are of low value and not fully exploited as platform chemicals
for further derivatization. Most hydrocarbon feedstocks are mainly used as fuels and in power
generation (Bergman, 2007). This is due to the high dissociation energy of C-H and C=C bonds which
limits reactivity and selectivity in hydrocarbon activation and/or functionalisation (Blanksby and Ellison,
2003). Traditional catalytic processes using these as substrates typically demand harsh operating
conditions to achieve substantial output. Furthermore, the catalysts employed (often chemo-catalysts)
are poorly selective, resulting in a mixture of primary products and byproducts that require further
purification (Ayala and Torres, 2004; Franke et al, 2012; Soussan et al, 2016). Recent research has
focussed on moving away from the currently employed energy-intensive, waste generating industrial
routes towards more sustainable, green chemistry routes for hydrocarbon activation (Sheldon and
Woodley, 2018; Soussan et al., 2016; Winkler et al., 2021). Biocatalysis has emerged as an environmentally
friendly alternative, synthesis route (Dong et al., 2018; Schrewe et al., 2013; Yi et al., 2021).

Biocatalysis has developed into a mature industry whereby different classes of enzymes are seen to
catalyse a wide spectrum of reactions which are normally difficult to perform by conventional chemical
routes (Dong et al., 2018). These enzymes can be produced by host cells through protein recombination,
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a process whereby genetic material of the cell is modified for the heterologous expression of desirable
enzymes which are not naturally produced by the host cell (Bernhardt, 2006; Hrycay and Bandiera, 2012;
Lundemo and Woodley, 2015). This recombinant technique can also be used to modify the protein
production process, thus allowing for high yields of enzymes specific to the reaction of interest. This, in
turn, may improve the biocatalytic conversion of the desired reaction. The modification technique can
also be employed to improve the stability of the enzyme produced (Polizzi et al., 2007). Different bacteria
can be used as host cells such as Pseudomonas putida, Pichia pastoris, Saccharomyces cerevisiae and
Escherichia coli. However, E. coli is the most widely used because it is robust, it has a high growth rate,
its metabolic pathway is known and it often yields higher levels of protein compared to other
microorganisms (Rolf et al,, 2019; Soussan et al., 2016).

When enzymes are produced intracellularly, they can be used without further processing together with
its host cell for catalytic application as a whole cell system. This approach enhances the stability of the
biocatalyst by providing a protected and more natural environment as compared to immobilised
enzymes or other in-vitro systems (Lundemo and Woodley, 2015; Schrewe et al, 2013). One of the
disadvantages of using whole cell catalysts; however, is that the cell wall provides a barrier in terms of
diffusion of substrate and product into and out of the cell thus limiting the catalytic potential of the cell.
This may be circumvented using solvents such as acetone which improves the permeability of the cell
wall to reduce mass transfer limitations (Olaofe et al, 2013). Another challenge to using whole cell
catalysts is that the substrate/product can be toxic to the host cell which slows down its metabolism
potentially reducing production rates. This can be circumvented by using a suitable solvent to act as a
substrate pool and product sink. Such solvents include bis(2-ethylhexyl) phthalate (BEHP) (Olaofe et al,
2013), acetonitrile (Kluge et al, 2012) and acetone (Peter et al, 2011). The solvent reduces the
concentration of both substrate and product in the aqueous phase of the reaction mixture that contains
the enzyme thus increasing productivity as inhibition is reduced.

Another approach to overcome mass transfer limitations is to use cell-free systems. This is the form in
which extracellular enzymes are used as they are secreted by the host cell. Otherwise for intracellular
enzymes, at the end of the protein production and cell harvest, the cell wall is physically disrupted
through lysis. The cell contents obtained can then be used in the form of a crude extract cell-free system
(Lundemo and Woodley, 2015). To further concentrate the enzyme, methods such as ion exchange
chromatography and gel filtration can be employed (Westphal and Berkel, 2021). This purification
process can become quite expensive and constitutes significantly to the overall cost in biocatalysis
(Ferreira et al, 2018; Tufvesson et al., 2011). Nonetheless, cell free systems provide easier access and
more direct contact with the substrate. In addition, less additional requirements that sustain cell viability
are required as the DNA of the host cell is removed (Hodgman and Jewett, 2012). Therefore, this could
potentially reduce the timeline of the development of biotransformation processes through enabling
screening of biocatalysts with the best performance at a faster rate (Rolf et al,, 2019).

The enzymes used in biocatalytic processes are biodegradeable catalysts produced from renewable
resources that are readily available (Sheldon and Woodley, 2018). The enzyme technology developed
thus far ensures that complex hydrocarbon transformations occur at ambient temperature and pressure
at a high selectivity (Ayala and Torres, 2004; Polizzi et al., 2007; Schrewe et al., 2013). This not only has
the potential to improve energy savings but also increases safety. These are all attractive features that
align with some of the principles of green chemistry (Sheldon and Woodley, 2018; Truppo, 2017). A
variety of enzyme classes have been discovered to facilitate hydrocarbon activation and
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functionalisation - these classes include oxygenases, oxidases, hydroxylases, peroxidases and
peroxygenases (Dong et al., 2018). Cytochrome P450 monooxygenases and unspecific peroxygenases
(UPQOs) are some of the most promising groups of enzymes currently being investigated (Babot et al,
2013; Bormann et al., 2015; Guengerich et al., 2016; Hobisch et al., 2021; Munro et al.,, 2018; Urlacher and
Girhard, 2019; Whitehouse et al, 2012). These are membrane-bound proteins that contain an iron heme
domain at the active site and facilitate the insertion of oxygen into the hydrocarbon substrates (Ayala
and Torres, 2004; Samanta, 2008). Cytochrome P450s usually require a cofactor such as NAD(P)H to
facilitate the electron transport chain in the metabolic pathway (Denard et al., 2014). This cofactor itself
and its regeneration can be costly at industrial scale, and therefore proves challenging when making
design upscale considerations (Guengerich et al, 2016; Munro et al., 2013; O'Reilly et al, 2011). P450
enzymes need this cofactor only when using molecular oxygen as the oxidant, however, some P450s
can also use other oxidants such as H2O: for oxidation reactions, circumventing the need for costly
cofactors. This is made possible through the peroxide shunt pathway (Munro et al., 2018; Whitehouse et
al, 2012). The use of HO; is potentially highly advantageous. It is a green oxidant, with only water
produced as the by-product in oxidation reactions (Bormann et al., 2015; Hobisch et al., 2021; Sheldon
and Woodley, 2018). Additionally, it may be accessed from air and hydrogen gas, which are cheap and
abundantly available raw materials. The main challenge, however, is that UPOs and P450s are
deactivated by high H.O, concentrations which drastically reduces the catalytic activity of the enzymes
(Valderrama et al., 2002). To prevent premature enzyme deactivation, H.O, can be produced in-situ to
drive the enzymatic oxidation reactions. Such a delivery system may be constructed as either a one-pot
system (both H>O, synthesis and enzymatic oxidation in one vessel) which could potentially lower
operational expenses or a two-pot tandem system where the individual catalytic steps are separated
(Puértolas et al, 2015). The combination of in-situ H. generation with biocatalysis in tandem can be
further developed and applied to complex catalytic pathways potentially improving hydrocarbon
oxyfunctionalisation at an industrial level.

2.2 Tandem systems

Traditional synthetic routes often consist of multiple reaction steps to obtain the product, whereby each
step may occur in a separate vessel. This can be problematic due to the costs associated with purification
after each step, which in turn results in yield losses as well as waste generation. In addition, more
equipment is required which incurs high initial capital costs (Denard et al., 2013). A potential solution to
this is employing tandem catalysis whereby substrate transformation occurs sequentially through two or
more distinct reaction mechanisms (Fogg and dos Santos, 2004). Instead of the individual reactors for
each reaction step, the transformation can be carried out sequentially in two reactors forming a two-
pot tandem system or further reduced to a single reactor forming a one-pot tandem process (Figure
2.1). Tandem systems potentially require less work up or change in conditions. Such systems are
potentially more sustainable and could result in a significant improvement to the space-time yields and
efficiency of various transformations. It could also reduce solvent consumption and intermediate
isolation steps required for purification (Bell et al,, 2021). Furthermore, it potentially enables new reactivity
and the use of substrates that are otherwise unavailable when using a single catalyst (Afewerki and
Cordova, 2016).



To successfully combine different catalytic reactions into a tandem process, a complementary set of
reaction conditions is often required. This may require careful selection of catalytic partners and reaction
conditions to match the reactivity of the catalysts (Groger and Hummel, 2014). It is important to ensure
that the activity of one catalyst is not significantly lower such that the subsequent catalytic process is
starved of its substrate, which could lead to undesirable side reactions or decomposition. On the other
hand, the rate of production of one catalyst should not be too high that it overwhelms the active site of
the subsequent catalyst or the tandem reaction overall (Wasilke et al., 2005). Additionally, due to lack of
purification steps, each reaction step should proceed with high chemo and regioselectivity. Enzymes are
ideal candidates for tandem catalysis as they are highly selective (Ayala and Torres, 2004; Soussan et al.,
2016).

"Classic" multi-step Concept of one-pot
processes process
Biotransformation Biotransformation
Work up Chemocatalysis
Biotransformation
Work up
Chemocatalysis
Work up
Product

Biotransformation

Work up

Product

Figure 2.1: An adaptation on the comparison of multistep processes and one-pot processes (Groger and Hummel, 2004)

The main challenge encountered in one-pot tandem catalysis is often the incompatibility of the
individual reaction steps (Afewerki and Cordova, 2016; Denard et al,, 2014). The operating window is
often very narrow (with regards to reaction conditions) to maintain compatibility. Different types of
catalysts that can operate at the same conditions whilst maintaining optimum performance and high
selectivity are rare (Denard et al, 2014). This challenge is well illustrated when designing chemo-bio
tandem systems. An important design factor that needs to be considered is that chemo-catalysts often
require temperatures and pressures beyond the mild, ambient conditions that most biocatalysts prefer
(Groger and Hummel, 2014). In addition to that is the potential mutual inactivation that may occur when
these catalysts are combined in the same vessel - the enzyme may cover the active sites of the
chemo-catalyst as was observed when specific amino acids in alcohol dehydrogenase were found to
inhibit a rhodium-based complex in the regeneration of cofactors required in enzymatic redox reactions
(Hildebrand and Lutz, 2009). In addition, the reagents required by some chemo-catalytic systems are
often incompatible with the biocatalytic systems (Denard et al, 2014, 2013). For example, a one-pot
system was developed whereby by the Suzuki cross-coupling of 4-bromoacetophenone with boronic
acid catalysed by a Pd catalyst in triphenyl phosphine to form a biaryl ketone was subsequently reduced
by alcohol dehydrogenase from Rhodococcus sp. to produce a biaryl alcohol (Scheme 2.1). The one-pot
process yielded an overall conversion of 44% in contrast to the higher conversions >90% obtained when
8



the individual reactions were performed separately in a two-pot process. This prompted further
investigations where the stability of the alcohol dehydrogenase was tested in the presence of the
components in the cross-coupling reaction. Although the exposure time was not defined, it was revealed
that the alcohol dehydrogenase was stable when exposed to the Pd catalyst only with a residual enzyme
activity of 80%. The enzyme was less stable, however, in the presence of triphenyl phosphine and
boronic acid where the residual enzyme activity was determined to be 56% and 14%, respectively. Burda
et al. (2008) recommended removing triphenyl phosphine and using less boronic acid (1 equivalent
instead of 1.75 equivalents) and this optimised one-pot tandem system achieved a higher overall
conversion of 91%.
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4-bromoacetophenone g i cross-coupling Enzymatic reduction O
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Pd catalyst Alcohol
Triphenyl phosphane dehydrogenase
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+
OH
4-phenylacetophenone (S)-1-(4-biphenyl) ethanol

boronic acid

Scheme 2.1: Chemoenzymatic one-pot process of Suzuki cross-coupling and enzymatic reduction of 4-bromoacetophenone
to (S)-1-(4-biphenyl) ethanol (Burda et al.,, 2008)

There are other approaches to circumvent inactivation among different classes of catalysts in a one-pot
tandem process. Physical barriers can be implemented between the catalysts using biphasic systems,
enzyme immobilisation and the use of whole cells (Bormann et al., 2015; Wasilke et al., 2005). A biphasic
system usually consists of immiscible organic and aqueous phases effectively partitioning reaction
components according to solubility. This approach attempts to maintain stability of the different catalysts
and to provide a substrate pool and product sink (Maurer et al., 2005; Olaofe et al., 2013) whilst still
conducting a tandem transformation in a single reaction vessel. Enzyme immaobilisation is another
method whereby purified enzymes are isolated and attached to an insoluble material with the hope of
increasing stability and potential reusability. This method, however, incurs additional costs in terms of
catalyst preparation - it has been estimated that the cost of enzyme immobilisation is approximately
four times as high as the cost of using crude enzyme (Bormann et al, 2015; Tufvesson et al, 2011). In
contrast to immobilized enzymes, whole cells are relatively cheaper and provide a natural protective
environment for the biocatalyst. Whole cell enzyme systems, however, are often controlled by the
protein synthesis and cellular metabolism of the cell. There are also mass transfer limitations across the
cell walls and membranes, especially of poorly water-soluble substrates and products such as organic
compounds (Lundemo and Woodley, 2015; Schrewe et al., 2013).

Despite these challenges, one-pot synthetic processes are becoming increasingly popular in the
literature. The in-situ generation of hazardous chemicals that are subsequently consumed within the
system is a particularly attractive application of one-pot synthesis. This eliminates the health and safety
risks associated with the transportation of dangerous chemicals (Puértolas et al,, 2015). As previously
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mentioned, several literature reports have investigated tandem one-pot processes for hydrocarbon
oxyfunctionalisation (Denard et al., 2013; Fogg and dos Santos, 2004; Freakley et al., 2019; Groéger and
Hummel, 2014; Wasilke et al, 2005). Scheme 2.2 illustrates such a tandem system whereby H,O; is
produced in-situ as the oxidant for the subsequent enzyme-driven oxyfunctionalisation of
hydrocarbons.

Co-substrate \ / 0O, H.,O 1\ /» Oxidised product

In-situ H,0, Enzymatic
generation oxyfunctionalisation

Co-product ‘/ \’ H,0, */ \ Hydrocarbon substrate

Scheme 2.2: An adaptation of a schematic showing a one-pot system of in-situ H,O, generation coupled to enzymatic
oxyfunctionalisation of hydrocarbons (Tieves et al., 2019)

As previously mentioned, this approach negates the need for storage of hazardous H>O, whilst also
producing the oxidant from cheap and abundant reagents. The enzymes employed in such processes
include unspecific peroxygenases and cytochrome P450 monooxygenases in the oxidation of
hydrocarbon substrates such as aromatics, fatty acids and alkanes. Some H>O, generation systems
require a co-substrate in addition to molecular oxygen to produce H>Oz. In such a scenario, it is then
important to ensure that the co-substrate (and co-product, if any) will not deactivate/inhibit the enzyme.
One-pot tandem systems are further reviewed where different in-situ H,O, delivery systems are
employed as well as how they influence the enzyme-driven oxyfunctionalisation of hydrocarbons.

2.2.1 In-situ hydrogen peroxide generation

As previously noted, UPOs and P450s can be used to oxidise hydrocarbons; however, the main limitation
to this reaction is the irreversible oxidative inactivation of these enzymes caused by H.O, (Bormann et
al., 2015; Valderrama et al., 2002). Attempts to circumvent this challenge include the manipulation of
these enzymes to achieve higher H>O; tolerance through protein engineering (Whitehouse et al., 2012).
Another strategy is developing in-situ H.O> generation systems to obtain a controlled supply of the
oxidant at low concentrations that allow efficient catalytic turnover while minimising enzyme deactivation
(Ni et al., 2016).

There are several routes available for H,O, production. Traditionally, it is produced indirectly via the
anthraquinone process whereby a palladium or platinum-based catalyst is used to first hydrogenate
then oxidise an alkyl anthraquinone, releasing H.O, (Puértolas et al, 2015). This process has high
throughputs and concentrations of approximately 10° tpa and 35 — 50 wit%, respectively. Such
concentrations of H.O, are unsuitable to most bioreactors and would require dilution for external
addition to bioreactors or one-pot tandem systems. This would include H>O, dosage systems equipped
with H.O: sensors (Bormann et al, 2015). Some of the challenges with this approach are high
concentrations of HO, that would accumulate in the dead zones of the bioreactor. Additionally, large
volumes of concentrated H,O; raise problems associated with transportation and storage (Puértolas et
al., 2015). Therefore, different technologies for producing lower volumes at the desirable concentration
of 3 - 5 wt% H,O, have been developed including (Bormann et al, 2015; Puértolas et al, 2015): (i)
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chemo-catalysis which involves the use of (noble) metal-based catalysts to catalyse the reduction of
molecular O, by Hy; (i) biocatalysis employing enzymes to reduce O, to H.O»; photocatalysis using
visible light and flavin photocatalysts; (i) electrochemistry whereby a cathode is used to reduce
molecular oxygen to H202 and (iv) the chemical route whereby mild reducing agents such as
organometallic hydrides or nicotinamide derivatives reduce Oz to H20.. The most important chemo-
catalytic and biocatalytic routes toward H,O, and their applicability to one pot tandem oxygenations are
discussed in detail below.

Chemo-catalytic route

The direct synthesis of H.O, may be accomplished using hydrogen and oxygen in the presence of a
metal catalyst. This reaction is favourable at short residence times and sub-ambient temperatures of 1 -
2 °C (Samanta, 2008). Palladium (Pd) and gold (Au) metallic nanoparticles have been demonstrated to
catalyse this reaction producing H>O; in high yields (Crole et al,, 2016; Edwards et al., 2014, 2007). The
combination of these metals to form bimetallic nanoparticles has also been investigated and typically
leads to higher stability of the catalyst and enhanced catalytic performance compared to monometallic
nanoparticles (Hosseinkhani et al., 2012). While H2O production is typically fast, product losses are
incurred by the hydrogenation of H2O> to water which is also catalysed by the Pd nanoparticle as well
as the decomposition of H,O, to water and oxygen via disproportionation (Scheme 2.3, b and d).
Another challenge is obtaining a high rate of mass transfer of the gaseous H, and O, through the liquid
reaction medium to the surface of the catalyst. This is due to the poor solubility of gaseous Hz and O,
in agueous solutions (Samanta, 2008).

@ ®
H,+0, —> HO, —> 2HO
272 2
@\4 ‘/@
H,0 + 050,

Scheme 2.3: The direct synthesis of H,O, adapted from Crole et al. (2016)

Table 2.1 compares various supported gold-palladium catalysts in the production of H,O.. It was found
that the nature of the support material greatly influenced both the rate of H.O, production as well as
H.O, selectivity (Edwards et al, 2014). Carbon proved to be the best support for H.O, production,
followed by titania and alumina. It was concluded that this was due to the acidic nature of the carbon
surface which promoted the stabilisation of the H.O> molecule. This might explain why the selectivity for
H.O, formation was highest using this support. The studies reviewed in Table 2.1 suggest that the use
of gold-palladium nanoparticles for in-situ hydrogen production is highly promising for tandem chemo-
bio catalysis. However, several practical issues would need to be overcome for incorporation into such
a tandem process. In the investigation by Edwards et al. (2014) all experiments were performed at 2 °C,
which may pose a challenge when combining this with the enzymes of interest (UPOs and cytochrome
P450s) that typically operate between room temperature and 40 °C (Ayala and Torres, 2004; Polizzi et
al.,, 2007; Schrewe et al,, 2013). In another study using titania-supported AuPd catalysts (Crole et al,
2076), it was determined that H.O. production decreased at higher temperatures (50 mol kg h™' at
20 °C compared to 64 kg, ' h™' reported at 2 °C, Table 2.1). The selectivity was not explicitly stated but
at ambient temperature the rates of hydrogenation and decomposition were found to be significantly
higher than those at sub-ambient temperature for titania supported AuPd catalysts. This suggests that
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there is decreased selectivity to H.O, production because the oxidation of hydrogen to water is
thermodynamically favoured and the product losses are further accelerated by thermal decomposition
of H>O; at elevated temperatures. It would therefore be crucial to monitor H,O, concentrations to
ensure that it is sufficient for the H,O,-driven enzymatic reaction. To mitigate these H.O; losses, acid or
halide promoters can be added to the reaction medium to suppress further hydrogenation and
nonselective water forming reactions from occurring. Halide ions in particular have been observed to
poison the sites on the Pd particle that are responsible for the catalytic hydrogenation of H.O, (Samanta,
2008). It has been determined the presence of hydrogen bromide in a H>O, forming reaction catalysed
by 0.6 wt% Pd/C inhibited further hydrogenation of the H,O, product, reducing it by 57% at 1 °C and
29% at 17 °C (Landon et al., 2003).

Table 2.1: Catalytic activity of gold/palladium catalysts on different supports

Catalyst H.0, s&;\jctivity H(fé\pkziic;i%n Reference

2.5 wt% Au-2.5 wt% Pd/AlOs 14 15 (Edwards et al., 2014)
2.5 wt% Au-2.5 wt% Pd/carbon 80 10 (Edwards et al., 2014)
2.5 wt% Au-2.5 wt% Pd/TiO; 70 64 (Edwards et al., 2014)
2.5 wt% Au-2.5 wt% Pd/TiO,le - 50 (Crole et al., 2016)
2.5 wt% Au-2.5 wt% Pd/TiO®! - 25 (Crole et al., 2016)
2.5 wt% Au-2.5 wt% Pd/TiO,d - 67 (Crole et al., 2016)

Reaction conditions: 2.5 wt% Au-2.5 wt% Pd, 30 min reaction time, 1200 rpm, 2 °C, 66 wt% MeOH solvent; [a]: 20 °C, 66 wt%
MeOH, [b] 20 °C, 100% H,O solvent, [c]: 20 ©C, 100% MeOH solvent

Another limitation of this reaction is the poor solubility of the gases in aqueous medium. This has been
addressed by introducing methanol as a solvent in heterogeneously catalysed processes, because the
solubility of hydrogen and oxygen is significantly higher in methanol (MeOH) than in water -
approximately five-fold and eight-fold, respectively (Samanta, 2008). Increasing the concentration of
methanol in the reaction medium improves the production of H.O; (Crole et al, 2016). Changing from
a water-rich reaction medium to a methanol-rich reaction medium roughly doubles the productivity
(Table 2.1). In terms of the competing reactions, it was noted that hydrogenation and decomposition
occurred at similar rates in the H,O-rich solvent whereas the hydrogenation rate was higher in the
MeOH-rich solvent due to the increased availability of H, within the reaction mixture (Table 2.2). It was
established that optimal performance was obtained at a mass ratio 66 wt% methanol/34 wt% water.
These optimized conditions may be problematic in a tandem chemo-bio system as methanol could
potentially inhibit enzyme function. For UPOs, it was determined that the wild-type variant from
Agrocybe aegerita retained only 40% enzyme activity when incubated with 50% (v/v) MeOH over 48 h.
Contrastingly, the PaDa-I variant was more stable under the same conditions exhibiting approximately
95% residual enzyme activity (Molina-Espeja et al., 2014).
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Table 2.2: Effect of catalyst support on hydrogenation and decomposition of H,O;

H.O, degradation route:

Catalyst Hydrogenation Decomposition Reference

support (mol kg... ' h™ (mol kg, ' h™

AlL,Os3 24 3 (Edwards et al., 2014)
carbon 5 2 (Edwards et al., 2014)
TiO, 15 8 (Edwards et al., 2014)
Tio,® 600 450 (Crole et al, 2016)
Tio, ! 790 110 (Crole et al.,, 2016)

Reaction conditions: 2.5 wt% Au-2.5 wt% Pd, 30 min reaction time, 1200 rpm, 2 °C, 66% MeOH solvent; [a]: 20 °C, 100% H,O
solvent, [b]: 20 °C, 100% MeOH solvent

Traditional heterogenous catalyst supports for gold-palladium nanoparticles require highly controlled
synthesis conditions often employing high temperatures and pressures, increasing catalyst cost (Crole
et al., 2016; Edwards et al, 2014). In contrast, bacterially bound AuPd nanoparticles utilize biomass as a
support and are usually generated under ambient conditions which could potentially make bacterial
supports an environmentally friendly alternative to conventional supports (Creamer et al, 2007;
Deplanche et al, 2014, Foulkes et al, 2016; Hosseinkhani et al, 2012). Biofabricated catalysts are
synthesised by the deposition of gold-palladium nanoparticles on the surface or periplasm of a
microorganism, with the whole cell consequently used as the catalyst. Some research indicates that
biofabricated catalysts can match or outperform their chemo-catalyst counterparts (Bennett et al., 2013;
Deplanche et al, 2014; Zhu et al, 2016). In addition, these biofabricated catalysts are more easily
recovered from the reaction medium and retain catalytic activity compared to chemo-catalysts. The use
of biofabricated catalysts has the potential to eliminate compatibility issues with reaction conditions in a
pseudo bio-bio tandem system, as both catalysts would operate effectively under ambient conditions.
Apart from biofabricated catalysts, biocatalysts have been considered for H.O, generation.

Biocatalytic route

Oxidases are some of the first enzymes considered for H,O, production in tandem with
oxyfunctionalisation. This is mainly due to the compatibility of oxidases with UPO and P450 enzymes
(Bormann et al., 2015). In this route, oxidases are used to reduce molecular oxygen to H.O,. The required
hydrogen source is obtained from a co-substrate which is specific to the enzyme. Glucose oxidase (GOx)
is a popular choice (Bankar et al., 2009; Burek et al., 2019; Freakley et al., 2019; Mano, 2019; Strelec et al,
2018). GOx employs glucose as the co-substrate (Scheme 2.4) generating gluconic acid along with HO».
GOx is a robust enzyme which is commercially available at affordable prices (Burek et al., 2019). It has
been reported that this enzyme operates optimally at room temperature and near-neutral pH 5.5 - 7
(Bankar et al,, 2009) with turnover numbers in excess of 1163 Molproduc Mol frequently reported (Table
2.3).

o HO
HO © HO ©
| glucose |
HO oxidase HO N\
OH  OH OH o
glucose 10, TH,0, gluconic acid

Scheme 2.4: A simplified schematic of H,O, production by glucose oxidase with glucose as the co-substrate and gluconic acid
as the co-product adapted from (Bankar et al., 2009)
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However, the performance of this system is deemed inefficient because only one equivalent of H,O; is
produced from one equivalent of glucose, whereas theoretically 12 equivalents of H.O, should evolve
from the complete oxidation of one equivalent of glucose (Ni et al, 2016). Scaling this process to
industrial size raises further issues. (Bormann et al., 2015). Larger amounts of glucose within the reaction
mixture would increase the viscosity leading to higher energy consumption for agitation. There would
also be challenges with the generated co-product gluconic acid because the system would then require
additional pH-control and the formed gluconic acid could potentially inhibit the H.O,-driven enzyme
(Bankar et al,, 2009). Hence, current research has moved towards investigating other types of oxidases.

Table 2.3: Comparison of enzymatic hydrogen peroxide generation systems

Co-substrate Enzyme(s) TONE! Waste generation®! Reference
Glucose Glucose oxidase 1163 198 (Bankar et al., 2009)
Methanol Alcohol oxidase and 245 580 15 (Ni et al.,, 2016)
Formate dismutase 25400
Formic acid Formate dehydrogenase and 39 000 44 (Pesic et al., 2019)
Old yellow enzyme 3600
Formic acid Formate oxidase 318 000 - (Tieves et al., 2019)
Reaction conditions: pH 5.5 - 7, 25 - 30 °C; [a]: total turnover number in MOlgroduct MOlenzyme ™ [0] Waste generation in
Jeo-product Gr202”"

The use of primary alcohols and alcohol oxidases is another feasible H.O, generation system that also
operates at ambient, near-neutral conditions. The use of methanol as the co-substrate is potentially
more efficient as significantly less waste is produced (15 g per mole H>O;) compared to the GOx system.
However, the stoichiometric accumulation of the co-product formaldehyde which is carcinogenic poses
a serious health concern and a threat to the environment if incorrectly disposed (Bormann et al., 2015).
A bi-enzymatic cascade has been proposed to circumvent the generation of formaldehyde, whereby
alcohol oxidase from Pichia pastoris oxidised methanol to formaldehyde followed by the dismutation of
formaldehyde into methanol and formic acid using formaldehyde dismutase from Pseudomonas putida
(Ni et al,, 2016). The resulting double oxidation of methanol yields two equivalents of H.O, from one
equivalent of MeOH. In terms of catalytic activity, the H.O produced by this bienzymatic system yields
a higher turnover number compared to the traditional glucose oxidase system (Table 2.3).

Formic acid can also be used as a co-substrate in the production of H>O5. In this system, one equivalent
of formic acid produces one equivalent of H.O5. This is reported to produce less waste (44 g per mole
H.O,) in terms of the co-product, carbon dioxide (Pesic et al, 2019). Two different studies reported that
dehydrogenases and oxidases, respectively, could be applied in this H.O, generation system (Pesic et
al., 2019; Tieves et al, 2019). The first approach involved a multi-enzymatic system where formate
dehydrogenase coupled with old yellow enzymes from Bacillus subtilis were employed to produce H>Ox.
(Pesic et al,, 2019). The overall TON for this system (3 600 MOlyroques Molear”) was higher than what was
reported for the traditional GOx system (1 163 MOlyroduc Molear). The challenge with this multi-enzymatic
approach; however, is that the old yellow enzymes require NADH, which is an expensive cofactor. On
the other hand, the second approach employed formate oxidase from Aspergillus oryzae (AoFOx), a
unique enzyme that produces its cofactor by self-oxidation (Tieves et al., 2019). This feature may attribute
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to the high turnover number (318 000 MOlproqu: MOles:") obtained compared to the other studies
reviewed in Table 2.3.

Both chemo-catalytic and biocatalytic methods have been reported for in-situ H.O» generation along
with their associated advantages and disadvantages. The 2.5 wt% Au-2.5 wt% Pd/carbon chemo-catalyst
and formate oxidase biocatalyst from A. oryzae are the high performing catalysts reviewed in each
respective category. The Au-Pd/TiO, could potentially limit the H,O, delivery rate as the
dehydrogenation and decomposition of H.O; are also catalysed at ambient conditions. Formate oxidase
on the other hand operates at a higher selectivity for H.O> production and requires similar operating
conditions to the enzyme-driven functionalisation reaction, thus potentially making it a better candidate
for a tandem system.

2.2.2  Enzymatic oxyfunctionalisation of hydrocarbons

Recent research has shifted focus towards unspecific peroxygenases (UPO), which were first isolated
from a fungi, and cytochrome P450 monooxygenases from yeast and bacteria. These enzymes are
stable and have high catalytic performance. Two such enzymes are PaDa-l and CYP102A1. The PaDa-|
variant is an extracellular UPO evolved from Agrocybe aegerita and the CYP102A1 cytochrome P450
monooxygenase is an intracellular enzyme. These are both heme containing proteins with similar
porphyrin ring structures (Munro et al, 2018)., and can both use H.O. as the oxidant for the
biotransformation of hydrocarbons (Equation 2.1). Otherwise, P450 enzymes naturally use molecular O,
as the oxygen source, and the cofactor NAD(P)H for electron transfer during oxygen insertion reactions
(Equation 2.2).

RH +H,O, - ROH+H,O @1

RH+ O, +2e + 2H" = ROH+ H,O (2.2)

The overall mechanism for UPO and P450 enzyme catalysed oxidation is illustrated in Scheme 2.5. The
ferric resting state of the porphyrin ring structure consists of a distal water ligand which is displaced
during substrate binding (1). Focusing on the P450 enzyme oxygen-dependent catalytic cycle thereafter,
the heme iron (IIl) centre is reduced to yield a ferrous, substrate-bound protein (2). Molecular oxygen
consequently binds to the enzyme forming a ferric dioxy complex (3). A second electron transfer along
with a protonation facilitated by the cofactor NAD(P)H results in the ferric hydroperoxo complex often
referred to as Compound O (4 in Scheme 2.5). From this complex, the oxo-Fe (IV) porphyrin cation
radical, Compound |, is formed through subsequent protonation and a water molecule removal (5).
Compound | is a reactive intermediate which abstracts hydrogen from the substrate, yielding the ferryl
hydroxo species Compound Il and a substrate radical (6) which rapidly recombine to form the ferric
enzyme state and hydroxylated product (7). The product dissociates from the protein and a water
molecule coordinates to the heme thus regenerating the resting state (8). Compound 0 can alternatively
be formed immediately after substrate binding (i.e. bypassing steps 2, 3 and 4) through what is called
the hydrogen peroxide shunt pathway, as indicated by the blue, dashed arrow in Scheme 2.10. In this
case, H>O; is used instead as the source of oxygen and reducing equivalents. This is the natural catalytic
pathway for UPOs, while some P450s can also divert to this pathway in the presence of H>O..
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Scheme 2.5: An adaptation of the catalytic pathway for unspecific peroxygenases and cytochrome P450s (Krest et al., 2013;
Munro et al.,, 2018; Ortiz De Montellano, 2010; Whitehouse et al., 2012)

The use of H,O; as the oxidant in hydrocarbon biotransformation processes may be a more viable large
scale commercial route because, unlike the costly NAD(P)H cofactor along with its complex
regeneration, H.O; is inexpensive and only produces water as the by-product (Denard et al., 2014;
Munro et al, 2013). Some of the known organic substrates for UPOs and P450s are aromatics, fatty acids
as well as alkanes (Hobisch et al, 2021; Hofrichter and Ullrich, 2014; Whitehouse et al, 2012). The
performance of these enzymes in oxyfunctionalisation reactions with different substrates have been
evaluated using different manual H.O; delivery approaches and in-situ H>O> delivery in one-pot tandem
processes.

Aromatic substrate

Aromatic compounds are important materials in the chemical industry finding application as solvents,
fuels or as intermediates in chemical synthesis. In particular, the epoxidation of styrene to produce
styrene oxide is an important step in the synthesis of biocides, cosmetics and engineering adhesives
(Scheme 2.6) (Batra et al, 2019). The conventional manufacturing route uses chemo-catalysts that
produce the desired (S)-styrene oxide at approximately 50% enantiomeric excess (Groves and Myers,
1983). However, biocatalytic routes have been reported that improve the stereoselectivity such that no
further purification is required. In addition, the biocatalysts, as previously mentioned, operate at mild
conditions thus reducing energy consumption and harm to the environment (Mckenna et al., 2013)

O
X enzyme
_— >

oxidant

styrene styrene oxide

Scheme 2.6: The enzyme-driven epoxidation of styrene
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CYP102A1 has also been effectively employed in the biocatalytic epoxidation of styrene. Some studies
have explored the incorporation of chemically inert decoy molecules into the system to enhance
CYP102A1 performance in this reaction within the peroxide shunt pathway (Dezvarei et al., 2019; Ma et
al, 2018). This pathway is often less efficient in facilitating P450 enzyme catalysis compared to the
standard NAD(P)H-dependent activity, primarily due to the enzyme inactivation induced by H>O,. The
decoy molecules mimic the enzyme’s natural substrates and partially occupy the substrate access
channel. This triggers substrate recognition, thereby initiating the catalytic cycle for the
biotransformation (Cong et al., 2015). Ma et al. (2018) tested the hydrogen-peroxide driven oxidation of
styrene by seven full length mutant CYP102A1 enzymes in the presence and absence of a small decoy
molecule called N-(w-imidazolyl)-hexanoyl-L-phenylalanine (Im-C6-Phe). It was determined that the
F87V variant performed best out of the seven strains and that it obtained an order of magnitude higher
turnover numbers in the presence of Im-C6-Phe than in its absence. This suggests that the decoy
molecule may have also acted as a barrier against the 20 mM H>O, (added all at once) which potentially
lowered the hydrogen peroxide-induced deactivation thus improving the product yield. Dezvarei et al.
(2019), on the other hand, explored the impact of using a different decoy molecule (perfluorononanoic
acid) with a CYP102A1 TE variant using a similar once-off delivery method but at a higher H,O>
concentration of 60 mM. In this case, the enzymatic activity was in fact reported to be lower in the
presence of this decoy molecule though it was not quantified in the research. Hence, the productivity of
the enzymes was only reported in the absence of the decoy molecules in Table 2.4. Comparing these
two studies, the CYP102A1 TE variant performed slightly better than the CYP102A1 F87A variant as shown
by the higher turnover number of 231 Molsoduct MOlenzyme ' compared to 120 MOlsroduct MOlenzyme ™. This
was in spite of the former being exposed to a higher H.O, concentration than the latter. This could be
an indication that the TE variant of the enzyme is less prone to deactivation in the presence of H,O;,
than the F87V variant, which could potentially mean that different enzyme mutants may have a different
H.O, tolerance. Data pertaining to the enzyme deactivation of each strain would provide a better
understanding of this H.O: tolerance, however that information was not available.

In another study whereby a UPO from Agrocybe aegerita (AaeUPQO) was investigated, the same once-off
delivery approach of H,O, was employed as in the previously discussed P450 enzyme reaction systems
(Kluge et al., 2012). Although a significantly lower H.O, concentration of 1 mM was used, it was reported
that a much higher turnover number (7 900 MOlgroduc MOlenzyme ') as obtained for this AaeUPO compared
to the P450 catalysed reactions over comparable reaction times. A higher TON was achieved despite
the initial substrate concentration being lower in this AgeUPO system (1 mM) compared to the P450
systems (4 and 5 mM). When lower concentrations of H.O; (0.44 - 0.74 mM) were delivered in-situ to a
UPO variant (PaDa-l), a higher production of styrene oxide was reported as indicated by the highest
TON in Table 2.4 (Freakley et al, 2019). This could potentially be due to less deactivation of the UPO
enzymes as they were exposed to lower concentrations of H.O: as well as an extended reaction period
of 2 h compared to 10 min (Table 2.4). Freakley et al. (2019) went on to report that the PaDa-| variant
maintained 50-55% of the initial enzyme activity after 4 h. It is, therefore, probable that the P450
enzymes were less catalytically efficient and stable in comparison, as they have a preference for O
compared to H.O,. They could therefore have been immediately deactivated when exposed to the
higher H,O, concentrations (20 and 60 mM), thereby lowering product formation rates. There is,
however, insufficient data available in terms of monitoring the enzyme deactivation kinetics as the
reaction proceeded, which would be crucial information used in optimising or improving this enzyme-
driven epoxidation of styrene.
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Table 2.4: Comparison of catalytic activity on the epoxidation of styrene

Styrene

Enzyme , H.O; delivery TONM@ Reaction time  Reference
concentration

CYP102A1 F87V 4 mM 20 mM iy 120 30 min (Ma et al., 2018)
(once-off addition)

CYP102A1 TE 5 mM 00 MM H:02 231 5 min (Dezvarei et al,, 2019)
(once-off addition)
T mM H>O, .

[b]

AaeUPO TmM (once-off addition) 7900 10 min (Kluge et al., 2012)

PaDa-I9 10 mM 0.‘44.7 0.74 mM 1700 2h (Freakley et al, 2019)
(in-situ; chemo)

Reaction conditions: pH 6.0 - 8.0, ambient temperature; [a]: total turnover number measured in MO, oquc MOlgy e

[b]: unspecific peroxygenase from Agrocybe aegerita; [c]: evolved unspecific peroxygenase variant from Agrocybe aegerita

Another important reaction that can be performed by UPOs is the oxidation of ethylbenzene to
1-phenylethanol (Scheme 2.7). This product is useful in the cosmetics, pharmaceutical and chemical
industries (Li et al.,, 2013).

all O
T

enzyme

oxidant

ethylbenzene (R)-1-phenylethanol

Scheme 2.7: The enzyme-driven oxidation of ethylbenzene

There are different manual delivery approaches and in-situ H,O, generation systems that have been
investigated to deliver the oxidant to the UPO enzyme to facilitate this oxidation reaction (Table 2.5).
Among the studies reviewed in Table 2.5, Kluge et al. (2012) reported the lowest TON of
10 600 MOlyrogycr molenzyme’1 for the biotransformation of ethylbenzene employing once-off H,O;
delivery. This may be attributed to the HO» delivery method employed or that a lower initial
ethylbenzene concentration was used (1 mM) compared to the other systems reviewed (>10 mM) as
shown in Table 2.5. Using in-situ H,O, delivery, Freakley et al. (2019) reported a better enzyme
performance with their chemo-enzymatic tandem system where the H>O, concentration was between
0.44 - 0.74 mM at steady state. The higher TON obtained may also be attributed to the mutation of the
strain of PaDa-| compared to the parent strain AgeUPO. Zhang et al. (2017) employed a photoenzymatic
tandem system using AgeUPO and their system obtained even lower H,O, concentrations of 0.16 mM
which in turn resulted in TONs as high as 79 000 Mol molenzyme’1. The extended reaction period of
72 h could also explain the discrepancy in TON. Furthermore, it is probable that the significantly lower
H.O, concentrations at steady state led to reduced enzyme deactivation which improved the enzyme
stability. Only Freakley et al. 2019 reported a 50 - 55% enzyme activity loss after 4 h, however it remains
unclear to what extent the enzymes remained active as a comprehensive deactivation kinetic study was
not reported in either investigation.
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Table 2.5: Comparison of catalytic activity on the oxidation of ethylbenzene

Ethylbenzene

Enzyme , H.O, delivery TONC Reaction time Reference
concentration

AaeUPO! 1mM 1mM 10 600 10 min (Kluge et al., 2012)
(once-off addition) !

PaDa-I 10 mM Of44,7 9‘74 mM 28 200 16 h (Freakley et al., 2019)
(in-situ; chemo)

AaeUPO 15 mM Q<16Aml\/1 79 000 72 h (Zhang et al., 2017)
in-situ (photo)

AaeUPO 10 mM in-situ (bio) 390 000 24 h (Pesic et al., 2019)

AaeUPO 100 mM in-situ (bio) 31800 24 h (Tieves et al., 2019)

Reaction conditions: pH 6.0 - 8.0, ambient temperature; [a]: total turnover number measured in Mo, g, MOlenzyme " [b]:

unspecific peroxygenase from Agrocybe aegerita; [c] evolved unspecific peroxygenase variant from Agrocybe aegem’td

Multi-enzymatic tandem systems have also been developed to deliver H,O; to a UPO for the
biotransformation of ethylbenzene as recorded in Table 2.5 (Pesic et al., 2019; Tieves et al,, 2019). For
the studies reviewed for this biotransformation, the highest turnover number was obtained by the bio-
bio tandem system developed by Pesic at al. (2019). When testing the sensitivity of their system to the
in-situ HO; delivery rate, they increased the concentration of the H.Oz-producing enzyme (old yellow
enzyme) until they reached TONs as high as 390 000 MOlproduct MOlerzyme ' (Table 2.5). In their study, they
did attempt to decouple the in-situ H.O, generation system from the biotransformation system for
better understanding of the overall tandem system - it is unclear what the H.O concentration was at
steady state or at what old yellow enzyme concentration the system would eventually produce too much
H.O, such that it potentially inhibited the UPO. Tieves et al. (2019), on other hand, considered the ratio
of the H.O, generating enzyme (formate oxidase) to the UPO in their bio-bio tandem system. In this
study, slight inhibition was observed at equimolar ratios whereas optimum performance was noted at a
1:5 ratio of the formate oxidase to the UPO. However, the kinetics regarding this inhibition were not
evaluated. Furthermore, there was no monitoring of the steady state H.O, concentration or evaluation
of the enzyme kinetics to assess the impact the H.O. delivery may have had on the UPO activity or
stability. Nonetheless, this bio-bio tandem system achieved an order of a magnitude lower than the
highest TON recorded in Table 2.5 which therefore suggests that there may have been other factors
that influenced the UPO enzyme performance.

Fatty acid substrate

Fatty acids are readily available in the form of vegetable oils from biomass (Aranda et al, 2021). UPO
and P450 enzymes catalyse the hydroxylation of medium and long chain fatty acids at subterminal
positions as indicated by the reaction mechanism in Scheme 2.8. The main product distribution for these
enzymes have been reported as follows: the P450 CYP102A1 enzymes were reported to oxidise the fatty
acid at positions furthest from the terminal carbon (w-5, w-4 and w-3), whereas the UPO oxidised the
hydrocarbon chain at positions closer to the terminal position at w-1and w-2. The hydroxy derivatives
obtained from this reaction find application in the cosmetic industry as well as in the production of
additives in paint and coatings (Hammerer et al., 2018).
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Scheme 2.8:  The enzyme-driven oxidation of a fatty acid chain to its main possible hydroxy derivatives adapted from Gutiérrez
et al. (2011)

Table 2.6 summarises the catalytic performance of several CYP102A1 variants and UPO enzymes in the
oxidation of lauric acid. In one of the studies, the performance of the CYP102A1 F87A variant was
evaluated using both the natural pathway and the peroxide shunt pathway using the same initial
substrate concentration (2 mM) (Cirino and Arnold, 2002). It was reported that the enzyme performed
five times better using molecular oxygen and NADPH than using 10 mM of HO; as the oxidant within
the same short reaction time of 10 min. Cirino and Arnold (2002) speculated that this may have been
due to the rapid enzyme inactivation that was induced by the H>O> (once-off delivery), yet they did not
monitor the enzyme stability over time throughout their investigation. Nevertheless, the F87A variant
demonstrated an increased tolerance to H.O, compared to the wild-type variant, which obtained a low
TON of 2 MOlgroduct MOlenzyme ' before it was completely deactivated at the same H,O» concentration. The
potential of protein engineering to improve H,O; tolerance and concomitant increases in product yield
is therefore highlighted in this study. This coupled with knowledge of the enzyme deactivation and
inhibition kinetics could potentially improve the overall hydrogen-peroxide mediated biotransformation.

Cirino and Arnold (2003) went on to develop another variant of the enzyme, CYP102A1 21B3, and
investigated its performance employing the same initial lauric acid concentration and once-off delivery
method of H,O; but at a lower concentration of 5 mM. This resulted in higher productivity as indicated
by the higher turnover number of 280 mMolyoduct MOlenzyme . Furthermore, there may have been an
improvement in the stability of the 21B3 variant which allowed for a reaction period of 30 min. In contrast,
this enzyme variant lost all activity within 5 min when the H20: concentration was doubled to 10 mM.
This observation provides some insight into the enzyme's stability, suggesting that higher H>O>
concentration could potentially lead to faster deactivation rates. In a different study where UPO was
used instead, the reaction proceeded over an even longer reaction time of 2 h when exposed to a HO>
concentration of 2.5 mM (once-off addition) (Gutiérrez et al, 2011). It can be deduced that this lower
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H.O. concentration may have reduced the enzyme deactivation rate, however the studies outlined in
Table 2.6 do not investigate or take into account enzyme deactivation in their analyses.

Table 2.6: Catalytic activity of CYP102A1 and UPO on the hydroxylation of lauric acid

Enzyme Fatty acid ) Oxidant TON®! Reaction time  Reference
concentration

CYP102A1 F87A 2 mM NADPH + O, 350 10 min (Cirino and Arnold, 2002)

CYP102A1 F87A 2 mM 10 mM HaO2 iy 70 10 min (Cirino and Arnold, 2002)
(once-off addition)

. 10 mM HzOz . L.

CYP102A1 wild type 2 mM (once-off addition) 2 10 min (Cirino and Arnold, 2002)

CYP102A121B3 2 mM > MM H:O. iy 280 30 min (Cirino and Arnold, 2003)
(once-off addition)
2.5 mM HxO, -

[b]
AaeUPO 1TmM (once-off addition) n.d. 2h (Gutiérrez et al., 2011)
Reaction conditions: pH 6.0 - 8.0, ambient temperature; [a]: total turnover number measured in MO, g, MOlenzyme " [b]:

unspecific peroxygenase from Agrocybe aegerita; [c] evolved unspecific peroxygenase variant from Agrocybe aegerita
Linear and cyclic alkane substrates

Typical reaction pathways for alkane activation include the abstraction of a hydrogen atom from the
most reactive C-H bond. This tends to be at subterminal positions instead of the desirable terminal
position (Scheme 2.9) (Bergman, 2007). Alkanes are not considered natural substrates for the UPO and
P450 enzymes, however, these enzymes are catalytically active for alkane functionalisation. For
CYP102A1, this is made possible with the aid of protein engineering (Glieder et al,, 2002). A recent study
has shown that introducing a decoy molecule to a CYP102A1 variant aids the peroxide shunt pathway
by acting as an acid-base co-catalyst (Chen et al, 2019). On the other hand, the wild type unspecific
peroxygenase from Agrocybe aegerita AaeUPQ is capable of oxidising linear alkanes to alcohols without
genetic modification (Peter et al., 2011).

OH

2-ol derivative

—_— >
n oxidant
C, hydrocarbon chain \/I:/\:l\K\ 3-ol derivative
n

OH

Scheme 2.9: The enzyme-driven hydroxylation of a linear alkane

The hydroxylation of n-propane, n-hexane and n-octane by UPOs and CYP102A1 variants was
summarised in Tables 2.7 - 2.9. Chen et al. (2019) showed that H.O,-driven CYP102A1 F87A variants
could facilitate the biotransformation of specific small chain alkanes. In the presence of a decoy
molecule, N-(w-imidazolyl)-hexanoyl-L-phenylalanine, the conversions of n-propane and n-hexane
resulted in trace amounts of 1-propanol and 1-hexanol, respectively. The reaction did not proceed in
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the absence of this decoy molecule as it is likely the enzyme did not recognise the alkanes as natural
substrates or the H.O, immediately deactivated the enzyme. In addition, it can be inferred that the F87A
variants experienced less deactivation with the once-off delivery of 20 mM HO, compared to 60 mM
H.O: as a higher turnover (1647 vs 1050 MOloroduc MOlenzyme ) and extended reaction period (30 vs 2
min) was achieved at the lower H,O, concentration as per Tables 2.7 and 2.8. This observation may also
have been due to the nature of the different substrates n-propane and n-hexane, respectively, that may
have interacted with the enzyme in an inhibitory manner, as these are non-natural substrates. It is
therefore important to understand how the substrate and oxidant individually influence the enzyme
performance.

Table 2.7: Catalytic activity of CYP102AT and UPO on the hydroxylation of n-propane

n-propane

Enzyme ) Oxidant TONE! Reaction time  Reference
concentration

CYP102A1139-3 1mM O, + NADPH 860 - (Glieder et al., 2002)

CYP102A1 F87A/T2681 4 mM 20 MM HOz 1647 30 min (Chen et al, 2019)
(once-off addition)
4mMhTH

AgeUPOD) 70 mM MM R HoO; 997 60 min (Peter et al, 2011)
(continuous)©

Reaction conditions: ambient temperature, pH 6.0 - 8.0; [a]: turnover number measured in MOlproduct.MOlenzyme ; [0]: unspecific

peroxygenase from Agrocybe aegerita; [c]: continuous delivery via syringe pump

Table 2.8: Catalytic activity of CYP102A1 and UPO on the hydroxylation of n-hexane

n-hexane

Enzyme _ Oxidant TONE! Reaction time  Reference
concentration
CYP102A1139-3 TmM 0, + NADPH 3840 - (Glieder et al., 2002)
CYP102A1 F87A/T2681 4 mM 60 mM H20. . 1050 2 min (Chen et al., 2019)
(once-off addition)
-1
AaeUPOIP) 70 mM 4 mM hHz0; 1960 60 min (Peter et al,, 2011)

(continuous)

Reaction conditions: ambient temperature, pH 6.0 - 8.0; [a]: turnover number measured in Molproduct. MOlenzyme™; [b]: Unspecific
peroxygenase from Agrocybe aegerita; [c]: continuous delivery via syringe pump

In another study, Peter et al. (2011) investigated the impact of continuous H>O; delivery on the enzyme
catalytic performance of a UPO using similar small chain alkane substrates. The oxidant was delivered
at 4 mM h™' using a syringe pump. Interestingly, turnover numbers similar to the P450 variants were
reported for the UPO, despite the UPO having a lower affinity to alkanes than P450s. In addition, the
UPO system could extend to a longer reaction period where the enzyme retained some of its initial
activity after 1 h. However, Peter et al. (2011) did not account for enzyme deactivation or its extent in
their analysis. In a separate investigation, a photocatalyst was used for in-situ H.O> delivery to an UPO
with n-octane as the substrate. The hydrogen peroxide was delivered at 1.05 mM h™ and its steady state
concentration in the reaction mixture was maintained at 0.16 mM (Zhang et al, 2017), which was
significantly lower than the 4 mM introduced to the system by Peter et al. (2011). At these conditions, it
was possible to run the reaction over an even longer period (70 h) yielding a high TON of 17 500
MOlproduct MOlenzyme . The tandem system developed by Zhang et al. (2017) also outperformed the
NADPH-driven oxidation of n-octane using the CYP102A1 139-3 variant (Glieder et al,, 2002). Specifically,
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it showed an approximately fivefold increase in TON. This suggests that the HO, concentration and its
continuous supply to the enzyme may be a worthwhile venture into extending the enzyme’s life span
and potentially improving productivity. There is, however, a lack of clarity regarding the enzyme
(residual) activity across all the studies presented in Tables 2.7 - 2.9.

Table 2.9: Catalytic activity of CYP102AT and UPO on the hydroxylation of n-octane

n-octane

Enzyme ) Oxidant TONE! Reaction time  Reference
concentration
CYP102A1139-3 TmM 0, + NADPH 3020 - (Glieder et al., 2002)
-
AgeUPOP! 70 mM 4 MM A7 HzO; 1280 60 min (Peter et al, 2011)
(continuous)
N MH
AgeUPO 15 mM 0.6 mM 0, 17 500 70 h (zhang et al, 2017)
(in-situ; photo)
Reaction conditions: ambient temperature, pH 6.0 - 8.0; [a]: turnover number measured in MOlproduct.MOlenzyme ; [0]: unspecific

peroxygenase from Agrocybe aegerita; [c]: continuous delivery via syringe pump

Another non-natural substrate oxidised by these enzymes is cyclohexane to produce cyclohexanol
(Scheme 2.10). The product of this reaction is important in the production of adipic acid and caprolactam
(Musser, 2011). There are some studies that discuss the catalytic performance of CYP102A1 variants for
this reaction using molecular oxygen as the oxidant (Glieder et al., 2002; Maurer et al, 2005). It was
reported by Maurer et al. (2005) that the CYP102A1R47L, Y51F variant remained active for approximately
4 days yielding a turnover number of 9 620 Molproduct MOlenzyme . ON the other hand, Glieder et al. (2002)
studied the CYP102A1139-3 variant which obtained a slightly lower TON (threefold decrease). The
discrepancy may be attributed to the variations in enzyme mutations which could have affected the
catalytic activity. These studies illustrate the catalytic ability of the CYP102A1 enzyme to oxidise
cycloalkanes in the natural pathway, however there is no substantial research into using this same
enzyme and substrate with H.O. as the oxidant.

OH

enzyme

oxidant

cyclohexane cyclohexanol

Scheme 2.10:  The enzyme-driven oxidation of cyclohexane

On the other hand, there are several studies that reported successful H,O,-driven oxidation of
cyclohexane using UPOs (Churakova et al, 2011; Freakley et al, 2019; Peter et al, 2011; Zhang et al,
2017). The photo-bio tandem system employed by Zhang et al. (2017) to deliver H.O; to the UPO
resulted in the highest cyclohexanol productivity with a TON of 65 000 MOlpraduct MOlenzyme ' reported in
Table 2.10. The in-situ H.O, generation system consisted of gold-loaded titania used as a plasmonic
photocatalyst which delivered H,O> at 1.05 mM h™ " maintaining a steady-state concentration of 0.16 mM.
The UPO was stable and active over 70 h which may have been due to the low H,O, concentration
available within the system. However, the residual activity was not monitored, which makes it unclear
whether, or to what extent, enzyme deactivation may have occurred over time. A different photocatalyst
was developed by Churakova et al. (2011) whereby flavin adenine mononucleotide (FMN) was used
instead to deliver H.O; to the UPO. The rate of H.O. delivery (and concentration) was not specified for
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this photocatalyst however the overall system was stable for only 5 h compared to 70 h and yielded
more than a three-fold lower TON of 17 900 MOlyroduct MOlenzyme - This may have been due to H,O;
concentrations that exceeded the enzyme’s tolerance or the initial H.O2 production rates which
inherently led to deactivation; however, these factors were not considered in their analysis. Alternatively,
this photocatalytic route may have been less efficient or perhaps the nature of the photocatalyst involved
may have affected enzyme performance, however Churakova et al. (2011) did not attempt to investigate
the influence of the photocatalyst on the enzyme.

In a chemo-bio tandem system (Freakley et al, 2019), the AuPd chemo-catalyst delivered H,O; at a
concentration low enough (approximately 0.3 mM h™ initial rate, 0.44 mM - 0.74 mM at steady state)
for the PaDa-l variant to remain active for 16 h, which resulted in a higher TON than the FMN
photobiocatalytic system. In a more recent study, Stenner et al. (2023) determined that using an AuPd
catalyst doped with Pt in a similar chemo-bio tandem system with PaDa-I resulted in a 1 mM h™ initial
H.O; rate (1.50 mM at steady state) which achieved a cyclohexane conversion of 25.7%. In comparison,
they reported a lower conversion of 17.4% using a AuPd catalyst - this may be attributed by the higher
initial H,O, delivery rate of approximately 1.50 mM h™ (2.10 mM at steady state). This was significantly
lower than the 4.6% conversion obtained when ca. 6 mM HzO; was added to the reaction mixture by
once-off delivery (Stenner et al, 2023). They suggested that it might have been attributed to the
destruction of the heme group, though they did not validate this with supporting analyses. The effect of
reaction conditions on the deactivation of PaDa-l were further investigated in this study. It was
established that the in-situ H202 generating system alone contributed to 18.1% activity loss, which
increased to 24.7% when the organic substrate, cyclohexane, was added. Interestingly, the loss of
enzyme activity further increased to 88.5% enzyme activity loss when once-off delivery of 200 ppm H.O>
was employed instead of the in-situ H.O. delivery (Stenner et al,, 2023). This indicates that the delivery
approach of the H.O,, and potentially organic substrates, may significantly affect the enzyme stability
and catalytic activity. These factors are, therefore, crucial in developing and optimising the enzyme-
mediated oxidation of cyclohexane.

Table 2.10: Comparison of catalytic activity on the oxidation of cyclohexane

Cyclohexane

Enzyme : Oxidant delivery Reaction time ~ TON® References
concentration
CYP102A1 R47L, YSIF  0.59 mM NADPH + O, 4d 9620 (Maurer et al, 2005)
CYP102A1139-3 2.5 mM NADPH + O, - 3910 (Glieder et al., 2002)
-1
AgeUPOP! 30 mM 4 mM 07 Th 4501 (Peter et al, 2071)
(continuous)!d!
AaeUPO TmM H,O; (in-situ; photo) 5h 17 900 (Churakova et al., 2011)
] MH
AaeUPO 15 mM 016 MM HQ, 70 h 61500 (Zhang et al., 2017)

(in-situ; photo)

44-0.74 mM H
PaDa-I1 10 mM gn_siwgcher:n@ 9 e 25300 (Freakley et al., 2019)

1.50 mM HzOz

PaDa-| 10 mM o
(in-situ; chemo)

2h 6 400 (Stenner et al., 2023)

Reaction conditions: room temperature, pH 6.0 - 8.0; [a]: total turnover number measured in MOlproduct. MOlenzyme™'; [0]: UNspecific
peroxygenase from Agrocybe aegerita; [c]: evolved unspecific peroxygenase variant from Agrocybe aegerita; [d]: continuous
supply via syringe pump
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In the case where H,O> was manually delivered continuously to the parent strain AgeUPO at 4 mM h™',
significantly lower turnovers were obtained compared to the tandem systems reported in Table 2.8
(Peter et al,, 2011). This may have been due to a less modified enzyme strain used in this study compared
to the PaDa-I variant. Nevertheless, additional information was obtained through the evaluation of the
Michaelis-Menten kinetic parameters of this system. The substrate affinity (Kv) was 18.4 mM and the
turnover number per active site (kear) Was 37 molproduct MOl acive site s This study was repeated a few years
later, with the H.O, added in a stepwise manner whereby 1 mM H>O, was added every minute over a
total reaction time of 4 min (Peter et al, 2014). There was an improvement in terms of catalytic
performance as shown by a Ky value of 0.994 mM and ket 0f 72 molsroduct MOlactive site s This suggested
that more of the active sites were available for the substrate and were not inhibited by H.O,. The kinetic
model used in these studies was restricted to the unmodified Michaelis-Menten model which does not
account for the suggested inhibition. It was, therefore, unclear how the different H.O, delivery
approaches (continuous and stepwise) influenced the overall enzyme kinetics.

Most published research has focused on maximizing product yield in biocatalysis, often disregarding
critical factors such as the possibility of H.O; or substrate-mediated inhibition or the HO; tolerance of
the enzymes. Consequently, a few kinetic models have been developed with efforts to describe how
substrates (and oxidants) influence the inhibition and deactivation of the enzyme.

2.2.3  Enzyme kinetics

To enhance the efficiency of hydrocarbon biotransformation using UPOs, it is crucial to obtain enzyme
kinetic data. Such data is instrumental in gaining a better understanding of the biotransformation
mechanism, specifically the interactions between the enzyme, substrate and oxidant. It also provides
insights into the potential of enzyme inhibition and deactivation, that may be induced by the substrate
and oxidant in the reaction medium.

Enzyme inhibition kinetics

The kinetics of an enzyme-driven hydrocarbon functionalisation reaction can be determined using the
Michaelis-Menten model, which focuses on the interaction between enzymes and their substrates and
the subsequent conversion of the substrate into a product. This model is a fundamental concept in
enzyme kinetics that provides a mathematical framework to describe the rate of enzyme-catalysed
reactions, as shown in Equation 2.3:

v = Vimax [S] 23

Kn+[S]

where v is the reaction rate, S the substrate concentration, vimax the maximum reaction rate and Ku the
Michaelis-Menten constant (Clarke, 2013).

This version of the model;, however, does not account for any inhibition that hydrocarbon substrates or
oxidants such as HO, potentially induce on UPOs and P450s. Three types of inhibition are often
reported. These are competitive, non-competitive and uncompetitive inhibition (Clarke, 2013; lllanes et
al., 2008). Competitive inhibition occurs when the inhibitor competes with the substrate through binding
to the active site of the enzyme. This may be reversed if the substrate concentration is high enough to
minimise the effects of the competitive inhibitor (lllanes et al, 2008). This catalytic pathway is modelled
by the modified version of the Michaelis-Menten model shown in Equation 2.4, where I is the inhibitor
concentration and K the inhibition constant (Clarke, 2013).
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Vimax [9]
R (T
K (1+ E) +[S]

When the inhibitor binds to a part of the enzyme other than the active site (i.e. allosteric site), this is
referred to as non-competitive inhibition. In this case, with the inhibitor bound to the allosteric site, the
charge distribution over the enzyme is altered which impacts the affinity of the enzyme to the substrate.
Increasing the substrate concentration, therefore, has no influence on this type of inhibition. In some

cases, the modified Michaelis-Menten equation (Equation 2.5) predicts that non-competitive inhibition
reduces the overall reaction rate (lllanes et al.,, 2008).

(2.4)

Vimax [9]
Vv i (2.5)

(15D (1+%)

Uncompetitive inhibition occurs when the inhibitor binds to the enzyme only after the substrate has
already bound to it (Clarke, 2013). This distorts the active site of the protein which hinders the catalytic
activity of the enzyme and therefore cannot be overcome by increasing substrate concentration in the
reaction environment. Equation 2.6 shows the modified Michaelis-Menten equation that models
uncompetitive inhibition (lllanes et al., 2008).

max [9]
V = V—[l] (2.6)

Ky +[S] (1 +E)

To improve and accurately predict enzyme performance in a biotransformation process, it is esssential
to understand the catalytic response of the enzymes under varying substrate and oxidant
concentrations. For instance, Mireles et al. (2021) observed ca. 50% higher substrate (2-benzyloxy
ethanol) conversion by a PaDa-| variant upon decreasing the H,O concentration from 1- 0.1 mM. In
addition, they determined that the enzyme activity decreased by approximately 30% as the ether
substrate, benzyloxyacetate, was increased from 0.2 - 4 mM. Therefore, other crucial aspects to evaluate
are the H>Oz-driven and potential substrate-induced deactivation of the enzyme.

Enzyme deactivation kinetics

Building on the biotransformation mechanism presented in Scheme 2.5, Valderrama et al. (2010)
proposed a deactivation mechanism of heme peroxidases by H>O.. In this mechanism, exposure of the
Compound Il enzyme intermediate to excess H>O; leads to the formation of a peroxy-Fe(lll) porphyrin
radical, Compound Il (Scheme 2.11, A). It is proposed that Compound Il causes enzyme deactivation
through three possible pathways. The first pathway is an irreversible inactivation called heme bleaching
whereby the peroxyl radical reacts with the porphyrin ring leading to the liberation of the iron metal
centre (B) (Nagababu and Rifkind, 2004). In pathway C, the peroxyl radical on one enzyme molecule
oxidises surrounding proteins such as amino acid side chains on another enzyme molecule, thus
returning the former to ground state whilst deactivating the latter (Cai and Tien, 1989). Lastly, the
decomposition of Compound Il liberates the peroxyl radical, forming even more reactive hydroxyl
radicals which then leads to protein oxidation.
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Scheme 2.11: An adaptation of the proposed enzyme deactivation mechanism for heme peroxidases (Valderrama, 2010)

In another study, the deactivation of horseradish peroxidase, an enzyme with a similar structure to UPOs
and P450s, was investigated in the presence of H,O, (Hernandez-Ruiz et al, 2001). In this enzyme
deactivation mechanism, Compound | is formed when the enzyme is initially exposed to H>O, (pathway
i in Scheme 2.12). In the presence of excess H.O;, a Compound I-H.02 enzyme intermediate is formed
which can follow three possible pathways thereafter. It can engage a protective mechanism towards
deactivation whereby the H.O: is broken down to release oxygen, restoring the enzyme to its original
ground state (iii in Scheme 2.12). Otherwise, Compound [-H,O; could follow the other two pathways
where the enzyme is either completely deactivated (iv) or forms less reactive enzyme intermediates
which eventually lead back to recovering the enzyme ground state (v)-(viii).

E H.O
ground state > Compound |

0 Compound | 4 H,O, ———> E,
: deactivated state
ol
-HO'2
Compound Il Compound Il 4 H,O, Compound Il

2 272

Scheme 2.12: Mechanism of the reaction of horseradish peroxidase with H,O, adapted from Hernandez-Ruiz et al. (20071)
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Due to the limited knowledge of the deactivation mechanism specific to UPQOs, there is a need to further
interrogate the kinetics associated with enzyme deactivation. A kinetic model that may be relevant and
applicable to UPO deactivation is the two-step series enzyme deactivation model (Henley and Sadana,
1986; Sadana and Henley, 1987a). This model was initially introduced to describe the enzyme
deactivation kinetics for acetylcholinesterase exposed to varying pH values (circumneutral) and different
concentrations of aster and NaCl. The mechanism presented in Equation (2.7) suggests that the enzyme
is immediately deactivated (presumably upon contact with the H.O, and/or substrate) forming the first
enzyme intermediate deactivated state (E;). Consequently, a second (slow) deactivation step occurs
forming a second enzyme intermediate that is still active (Ez). From this mechanism, it is important to
note that E, E, and E, are the different enzyme states that have different specific activities B, B+ and B..

Therefore, o, and o, effectively represent the ratio of the intermediate states relative to the initial enzyme

state (Equations 2.8 and 2.9). The four-parameter equation that was developed to model this
deactivation is shown in Equation (2.10), where k, and k, are first order deactivation constants (Henley

and Sadana, 1986; Sadana and Henley, 1987a).

E S g g e
where oy= BVB (2.8)
and o= BZ/B (2.9)
At B O(wk1 O(2|<2 k1
v <1+WW exp(-kit) - ook, (04-00) exp (-kat) + a; (2.10)

The reaction mechanism in Equation (2.11) is obtained if the enzyme undergoes a single-step
deactivation, yet yields one final enzyme state, E1, with a non-zero specific activity (Sadana and Henley,

1987a, 1987b). In this case, oz and k, would equal zero which reduces the four-parameter model to a
two-parameter model as shown in Equation (2.12).

E S @1

A
Lo (1-o4) exp (-kit) + oy 2.12)
Ao

Another mechanism is that the enzyme is completely inactivated in a single step to its deactivated state
(EqQ) as shown in Equation (2.13). In this case, the two-parameter model is further reduced to model first-
order decay kinetics (Equation 2.14) (Sadana and Henley, 1987a).

£ Eq (2.13)

A
A_; = exp (-kqt) (2.14)
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These models can potentially be used to evaluate the enzyme deactivation kinetics of UPOs exposed to
hydrogen peroxide and potentially to assess whether the hydrocarbon substrate may also lead to
deactivation. Furthermore, they may serve as a foundational basis for modelling and enhancing our
understanding of the kinetics of PaDa-l enzyme.

2.3 Summary of key findings

A thorough review of the available literature on in-situ hydrogen production, hydrocarbon oxidation
and tandem catalysis led to a number of key findings. Biocatalysis is potentially a sustainable synthesis
route where the enzymes used require mild operating conditions and yield high product selectivity with
minimal waste production. Hydrocarbons are part of the substrate scope for certain classes of enzymes,
including unspecific peroxygenases and cytochrome P450s. These enzymes require H,O; as the oxidant
at low dosages to minimise enzyme deactivation and potentially prolong reaction time and hence
productivity. One-pot systems have been developed whereby the H,O; is produced in-situ instead of
manually dosing the oxidant. There are several in-situ hydrogen peroxide generating systems that
include chemo-catalysts and biocatalysts - these are potentially compatible with enzyme-driven
oxyfunctionalisation in terms of operating at similar reaction conditions. In some of the studies it is
unclear whether the rate of H,O, generation (thus, delivery to the oxyfunctionalisation enzyme) by these
different catalysts could potentially impact the overall enzyme performance. Furthermore, the H,0,
tolerance for UPOs and P450s is not clearly specified. In addition to highlighting part of the diverse
range of substrates that can be oxidised by UPOs and cytochrome P450s which include aromatics, fatty
acids and alkanes, the studies reviewed do not take into consideration whether these organic substrates
might also inactivate the enzyme along with the H>Oz. There is not much data available in terms of the
reaction kinetics and/or enzyme deactivation kinetics. Moreover, the type of enzyme inhibition caused
by H,O, is unknown. Other factors such as temperature and pH could also potentially affect the enzyme
activity. It is therefore important that the kinetics of such one-pot tandem systems are evaluated to
optimise the process.

2.4 Defining the research project

2.4.1 Problem statement

Hydrocarbons are available in abundance as a resource but are currently underutilised as a substrate
with the potential to produce high value materials. The unspecific peroxygenase PaDa-I variant is an
enzyme that displays catalytic activity in the oxyfunctionalisation of hydrocarbons at milder conditions
compared to conventional chemo-catalytic routes. This can be done in tandem with an in-situ hydrogen
peroxide generating system to provide the oxidant to the enzyme. However, there is limited knowledge
and understanding of the kinetics of the system in terms of the rate of hydrogen peroxide delivery to
the enzyme along with the rate of enzyme deactivation.

2.4.2  Research project objectives
The objectives for this project are as follows:

e Research findings have indicated that exposure of the unspecific peroxygenase to excess H,O; leads
to severe enzyme deactivation (Karich et al, 2016; Valderrama, 2010; Valderrama et al, 2002).
According to prior reports, H20: delivery strategies have been implemented to biocatalytic systems
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to alleviate the rate of this deactivation. Instead of adding the oxidant all at once (Chen et al., 2019;
Gutiérrez et al., 2011; Kluge et al, 2012; Ma et al., 2018), Peter et al. (2011) introduced H.O; to their
biocatalytic system at a controlled flow rate using a syringe pump. They also employed stepwise
delivery whereby H,O, was added at regular intervals (Peter et al, 2014). In other studies, the H.O;
was produced in-situ in a one-pot system where the oxidant was steadily delivered to the enzyme
(Churakova et al, 2011; Freakley et al., 2019; Pesic et al., 2019; Tieves et al., 2019; Zhang et al., 2017).
In this thesis, however, the effect of manually dosing H.O, through once-off, stepwise and
continuous delivery methods on the stability of the PaDa-I enzyme will be studied. Additionally, the
investigation will also assess the impact of varying the H,O, concentrations at 10 mM, 20 mM and
40 mM. This will determine the optimal delivery rate of H.O; that will minimise enzyme deactivation.

e Most enzymes are sensitive towards the conditions of the reaction mixture - such conditions typically
include temperature and pH (Bechtold and Panke, 2012; Bhatia, 2018; Doran, 1995). It has been
reported that the PaDa-| variant, in particular, operates optimally at ambient temperatures and
circumneutral pH levels (Hofrichter et al,, 2010; Kluge et al.,, 2012; Molina-Espeja et al,, 2015; Peter et
al, 2011; Zhang et al,, 2017). It is important to investigate whether these reaction conditions will also
have an impact on the activity of the enzyme. Therefore, the influence of temperatures 20 °C, 25 °C
and 30 °C and pH levels 6.0, 7.0 and 8.0 on the enzyme stability will be studied.

e Research efforts have primarily focused on the product yields in their biocatalytic systems, neglecting
to explore the extent of enzyme deactivation over time (Chen et al,, 2019; Churakova et al., 2011;
Kluge et al.,, 2012; Pesic et al., 2019; Tieves et al., 2019; Zhang et al., 2017). The enzyme deactivation
kinetics will therefore be evaluated when employing once-off, stepwise and continuous H>O;
delivery to PaDa-l. This evaluation will be conducted both in the absence and presence of a
hydrocarbon substrate, with styrene serving as the model substrate. Furthermore, the kinetics
associated with enzyme inhibition will be determined. The knowledge gained from the kinetics will
provide guidance for developing optimisation strategies in biotransformation systems.

2.4.3  Research hypothesis

The PaDa-I enzyme has the catalytic ability to oxidise hydrocarbons and convert them to valuable
oxygenates using hydrogen peroxide as the oxidant. However, this enzyme is deactivated by hydrogen
peroxide within a short time frame when a high concentration of this oxidant is added at once. The
stability and catalytic performance of these enzymes can therefore be enhanced by adding low
concentrations of hydrogen peroxide either at regular intervals or low flow rates because the rate of
delivery of the oxidant will minimise the rate of enzyme deactivation.

2.4.4  Key research questions
The hypothesis formulated gives rise to these key questions:

1. How does varying the H.O, concentration at 10 mM, 20 mM and 40 mM affect the enzyme
activity?

2. How does varying the H,O, delivery method at once-off, stepwise and continuous addition
affect the enzyme activity?

3. How does varying the reaction temperatures (20 °C, 25 °C and 30 °C) and pH levels (6.0, 7.0
and 8.0) influence the enzyme activity?
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In the presence of a hydrocarbon substrate, what is the optimal hydrogen delivery approach
that will reduce enzyme deactivation?
In the presence of a hydrocarbon substrate, does HO, behave as a competitive, non-

competitive or uncompetitive inhibitor to the enzyme?
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3 Methodology

To address the research objectives and key questions, the stability of the PaDa-I enzyme was initially
tested in the absence of a hydrocarbon substrate by investigating the impact of the following reaction
conditions: H.O; delivery method, H.O, concentration, pH and temperature. The optimal reaction
conditions were then selected and employed to the biotransformation of styrene, a known natural
substrate for UPOs (Babot et al., 2013; Bormann et al.,, 2015; Hobisch et al., 2021; Hofrichter and Ullrich,
2014). The data collected from these experiments were then used to determine the enzyme deactivation
kinetics, product formation and H2O; utilisation.

All reagents used to prepare the reaction mixture were obtained from Merck (T/A Sigma Aldrich) or
Kimix Chemicals and were used without further purification. All solvents used were obtained from Merck
and were of the highest grade available (98 - 99.9%). The experiments were performed using PaDa-|
purified enzyme which was purchased from EvoEnzyme (EC 1.11.2.1, UPO). The enzyme was supplied as
a crude extract at pH 7.0 for optimal peroxygenase activity. The enzyme, with a molecular weight of
51.1 kDa, was stored at 4 °C in a 100 mM potassium phosphate buffer maintained at pH 7.0. In terms of
the experimental set-up, all experiments were performed in a Radley’s 6 Plus Carousel reactor
(Figure 3.1). To determine the oxidised product and residual substrate concentrations, GC analysis was
performed on a Varian 3900 equipped with an Agilent VF-5ms (60 m x 0.32 mm x 0.45 mm) column
and an FID detector. The residual enzyme activity was monitored by UV-Vis spectra which was recorded
on a Thermo Genesys 105 UV-Vis spectrometer.

temperature probe

50 ml round-bottomed flask
heating mantle

carousel

Figure 3.1: Radleys 6 Plus Carousel set up for experimental work
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3.1 Experimental approach

With reference to some of the studies outlined in the literature review, tandem one-pot systems ensure
that H.O: is produced and steadily delivered to the enzyme for biotransformation reactions (Churakova
et al, 2011; Freakley et al., 2019; Stenner et al., 2023; Tieves et al, 2019; Zhang et al, 2017). Given the
notable sensitivity of unspecific peroxygenases such as PaDa-l to H.O, concentration and rate of
exposure (Valderrama et al, 2002), three delivery systems were investigated in this study. These
included, the stepwise addition of the oxidant where the H.O. was introduced at regular intervals, and
continuous addition where the H.0O. was gradually fed and controlled by a syringe pump. Once-off
addition of the oxidant to the reaction system was selected as the base case method of delivery where
all the H.O, was added at once. The hydrogen peroxide concentrations were selected on the basis of
the hydrocarbon substrate concentration of 20 mM (Karich et al., 2016; Wilbers et al, 2021; Zhang et al.,
2017). The stoichiometric ratio of the substrate to the oxidant (Equation 2.2) was investigated at 2:1, 1:1
and 1:2 which translated to HO, concentrations of 10 mM, 20 mM and 40 mM (Figure 3.2). The base
case H.O, concentration was 20 mM, where the reaction was neither substrate nor oxidant limited at
equivalent stoichiometric quantities of the oxidant and substrate.

H,0, delivery methods:
Once-off addition,

Stepwise addition,
Continuous addition Monitor:

Enzyme deactivation
1. Evaluate reaction conditions H,0, concentration: (residual activity assay)
10 mM, 20 mM, 40 mM

H,0, utilisation
pH: (iodometric titration)
pH 6.0, pH 7.0, pH 8.0

Temperature:
20°C, 25°C, 30°C

Monitor:
Base case conditions:
20 mM styrene, 20 mM Enzyme deactivation
2. Perform biotransformation of H,0,, once-off addition, (residual activity assay)
styrene PH7.0,25°C

Product and substrate

Optimised conditions: cc;ncentratlon )
20 mM styrene, (gas chromatography)

best-performing H,0,

concentration and delivery,
pH and temperature
(from1.)

Monitor:

3. Evaluate H,0,-driven inhibition Product and substrate
concentration

(gas chromatography)

4. Suggestions for future
optimisation

Figure 3.2:The approach developed for experimental work
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The pH and temperature were investigated to determine the potential influence of these conditions on
the stability of the enzyme (Figure 3.2). The UPO facilitates the oxidation of hydrocarbons within a narrow
range of operating conditions which are typically ambient and circumneutral conditions. As such, the
pH values investigated were selected within the near-neutral range of pH 6.0, 7.0 and pH 8.0, with pH
7.0 as the base case condition as recommended by EvoEnzyme. An ambient temperature range of
20 °C, 25 °C and 30 °C was investigated as enzymes are known to operate at mild conditions (Ayala and
Torres, 2004; Polizzi et al., 2007; Schrewe et al,, 2013). The best-performing reaction conditions where
then evaluated with an emphasis on achieving the enzyme’s highest stability. The optimised conditions
were subsequently employed for the biotransformation of styrene. The influence of H,O, concentration
on the biotransformation was also investigated to assess the potential hydrogen peroxide-driven
inhibition of the enzyme. The enzyme's catalytic performance was examined by monitoring the residual
enzyme activity, H.O> utilisation and the oxidised product concentration. The methodologies associated
with these experiments are described in this chapter.

3.1.1 Hydrogen peroxide delivery studies

Hydrogen peroxide delivery experiments were performed in 50 ml round bottomed flasks. In a typical
experiment, the reaction vessel was charged with 100 mM potassium phosphate buffer (pH 7.0) to ensure
a total final volume of 20 ml and 1.7 U ml™ PaDa-I enzyme (20 pl 2.8 Mgprorein MI™ enzyme stock solution).
One enzyme unit is defined as the amount of enzyme that converts 1 umol of 5-nitro-1,3-benzodioxide
(NBD) to T umol of 4-nitrocatechol in 1 min at 25 °C and pH 7.0 (discussed in detail in Section 3.3.7). The
flasks were thereafter placed on the Radleys 6 Plus Carousel (Figure 3.1) with the temperature of the
heating mantle set to 25 °C and the agitation speed of the magnetic stirring bar at 200 rpm as described
by Freakley et al. (2019). The H.O, was subsequently introduced into the flasks using different delivery
methods. These included once-off, stepwise and continuous addition to achieve final H>O:
concentrations of 10 mM, 20 mM and 40 mM over a 2 h reaction period. Table 3.1 shows the different
H.O, delivery rates that were tested for each delivery approach. The total volume of hydrogen peroxide
solution added to the system was maintained at 2 ml for each of the experiments. This was accomplished
using stock solutions of 100 mM, 200 mM and 400 mM H,O,, respectively.

Table 3.1: The different H,O, delivery systems and concentrations

Once-off (mM) Stepwise (MM per 30 min) Continuous (mM h™)
10.0 2.5 5.0
20.0 5.0 10.0
40.0 10.0 20.0

A Gilson adjustable volume pipette was used for the once-off and stepwise delivery systems. The oxidant
delivery rate was 0.5 ml (H,O, stock solution) every 30 min when a stepwise addition was employed. In
the continuous delivery system, the H.O, was fed to the reaction vessel at T ml h™ using a NE-300 Just
Infusion™ syringe pump. These experiments were run in duplicate for 2 hours in which samples for
analysis were collected in 5 min intervals in the first 15 minutes, and thereafter at 30 minute intervals.
Analyses included determining the residual enzyme activity (Section 3.3.1), residual hydrogen peroxide
concentration (Section 3.3.2) and monitoring the pH over the course of the reaction.
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3.1.2 pHstudies

The optimal pH conditions were determined by varying the pH between 6.0 - 8.0 and employing
once-off delivery of 20 mM H,O; to the PaDa-I enzyme/buffer mixture. Samples were collected in
duplicate to establish reproducibility and at the same intervals as detailed in Section 3.1.1. Stock solutions
of 100 mM potassium phosphate buffer were prepared at pH 6.0, pH 7.0 and pH 8.0 and these were
used for each respective experimental run.

3.1.3 Temperature studies

To determine the best-performing temperature, the reaction temperature was varied between
20 - 30 °C using once-off addition of 20 mM H,O; as the method of delivery to the enzyme/buffer
mixture. The samples were collected at the same frequency and predetermined times as described in
Section 3.1.1. To set the reaction temperature to 20 °C, the round-bottomed flask was immersed in a
water bath connected to a chiller to maintain the temperature at the desired set point. The Radley’s
Carousel heating mantle was used to maintain temperatures at 25 °C and 30 °C, respectively.

3.2 Enzyme catalytic performance

3.2.1 Biotransformation reactions

The biotransformation of styrene experiments were performed in round-bottomed flasks at the base
case conditions initially (Figure 3.2). The reaction mixture contained a total final volume of 20 ml 100
mM potassium phosphate buffer pH 7.0 and an enzyme concentration of 12 U ml™" (130 l
2.8 MGproen MI™ PaDa-1 enzyme stock solution). 20 mM styrene was then added to the reaction mixture
followed by once-off delivery of 20 mM H,O, (2 ml of 200 mM H,O, stock solution). These experiments
were conducted at 25 °C and 200 rpm. The reaction time was extended to 24 h until pseudo-steady
state conditions were achieved. The stepwise and semi-continuous delivery methods were also
employed at the same H,O, concentration to investigate whether the H,O. delivery would influence the
rate of styrene oxide production. The round-bottomed flask was carefully opened and resealed to add
5 mM H,O, (0.5 ml 200 mM H,0,) every 30 min over the first 2 h only. For semi-continuous addition, a
similar approach was used where 0.83 mM H.,O, (83 ul 200 mM H,0O,) was added every hour over the
entire 24 h period. These biotransformation experiments were performed in duplicate and samples were
collected sacrificially at 5 min, 30 min, 1h, 2 h, 4 h, 8 h, 16 h and 24 h. Analyses included residual
peroxygenase activity, substrate and product analysis by gas chromatography and monitoring of the
pH.

3.2.2 Inhibition studies

To decouple the potential inhibition by the substrate and oxidant on enzyme activity, preliminary
experiments were performed to determine the influence of styrene and H,O, concentration on the rate
of styrene oxide formation. The reaction conditions for these experiments were similar to those discussed
in Section 3.2.1 with an initial styrene concentration of 20 mM; however, the H.O, was added to the
reaction mixture at concentrations 10 mM, 5 mM and 2.5 mM by once-off delivery. This was repeated
at different initial styrene concentrations 10 mM, 5 mM and 2.5 mM. Samples were collected after one
hour and analysed to determine the substrate and product concentrations.
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3.3 Analytical methods

3.3.1 Residual peroxygenase activity assay

The residual activity of the enzyme was determined using a peroxygenase activity assay that employs
5-nitro-1,3-benzodioxide (NBD) as the substrate. This assay was performed by first withdrawing an
aliquot of 80 ul of the reaction mixture and adding it to 500 ul of 100 mM potassium phosphate buffer
(pH 7.0), 310 pl deionised water and 100 ul of 5 mM NBD (dissolved in acetonitrile). Thereafter, 10 ul of
100 mM H,O, was added to initiate the reaction. The reaction mixture was incubated in a dry bath
incubator for 5 min at 25 °C. The successful conversion of NBD vyielded a bright yellow colour
representing the product 4-nitrocatechol as per the reaction mechanism in Scheme 3.1. Thereafter,
100 pl of 10 M NaOH was added to quench the reaction and affect a colour change in the solution from
yellow to a pink/red mixture.

O/\ OH

)

\ OH
enzyme
HZOZ
NO, NO,
5-nitro-1,3-benzodioxide 4-nitrocatechol

Scheme 3.1: Reaction scheme for the NBD peroxygenase activity assay

Product formation was quantified by measuring the absorbance at a wavelength of 514 nm using
€ = 11400 M cm™' as the extinction coefficient for 4-nitrocatachol (Poraj-Kobielska et al, 2012). The
percentage residual enzyme activity was calculated relative to the measured activity of the
enzyme/buffer mixture before the addition of H.O, or styrene substrate. The specific enzyme activity
was calculated in terms of the moles of 4-nitrocatechol product formed per minute per unit mass of
total protein (HMOlnirocatechol MIN™ MG protein” ' OF U MGprotein”)-

3.3.2 lodometric titration

Residual H.O, concentration was determined by the iodometric titration method adapted from (Jeffery
et al, 1989). A 500 ul sample was withdrawn from the reaction mixture and added to a conical flask
containing 30 ml of 1 wt% potassium iodide dissolved in 1 M sulfuric acid. The flask was covered with
aluminium foil and incubated at room temperature for 15 minutes. After incubation, 2 mM sodium
thiosulphate was then rapidly titrated against the liberated iodine until a pale, straw-like yellow colour
was observed. Starch indicator was then added turning the solution blue-black, and the titration was
continued until the solution reached a colourless endpoint. The titre obtained was then used to calculate
the residual H,O, concentration as shown in Equation 3.1:

Residual H>O> concentration= (Volumere x Concentrationte) G

Volumeggmple
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3.3.3 Gas chromatography

For substrate and product quantification in oxidation reactions, the biotransformation experiments were
stopped by the addition of ethyl acetate (2 x 10 ml) containing 20 mM 1-decanol as internal standard.
The reaction mixture was then transferred to a clean, dry 50 ml falcon tube. The tube was vortexed for
5 min and then centrifuged at 4 000 rpm for 5 min to separate the organic and aqueous phases.
Thereafter, 1ml of the organic layer was transferred to a clean, dry gas chromatography (GC) vial.
Experiments were analysed by injecting 1 ul of sample into a GC equipped with an Agilent VF5-ms
column. Nitrogen was used as the carrier gas (flow rate 1 ml min™). The temperature program used
during the analysis included setting the oven to 60 °C where it was held for 2 min, before the
temperature was ramped to 120 °C at 1.5 °C min™ over the following 32 min and again ramped to 200 °C
at 15 °C min™ and held at 200 °C for 2 min. The total run time was approximately 40 min. Analytes were
identified by comparison of the retention times with those of the appropriate GC reference standards.
The concentration of the analytes was determined using the calculated relative response factors along
with standard curves for each compound (see Appendix A.1 for standard curves).

3.4 Statistical analysis

In assessing the suitability of the kinetic models reviewed in the literature (Section 2.2.3), each model's
ability to predict system performance was evaluated by calculating and comparing several statistical

metrics: the coefficient of determination (RZ), chi-square (x°) value and average absolute relative
deviation (AARD). Equations 3.2 - 3.4 represent these statistical metrics, where y; was the experimental
value, ¥ the average of the experimental values, f(x) the predictive model value and n the total number
of observations.

RO =1- Z(yi _f(Xi))Z

Z(yf?)z

2
Y, _f(xi)
X° = zu (3.3)

f(x)
AARD = 199 |y_ —f(x.)l
n b

Further statistical analysis was carried out to establish the most suitable kinetic model for the
experimental data. This was achieved by calculating and evaluating the Akaike's Information Criterion
(AIC) and the Bayesian Information Criterion (BIC) (Burnham and Anderson, 2002). The equations for
these statistical criteria are presented in Equations 3.5 and 3.6:

AlC=-2logL(®)+2K (3.5

BIC=-2log L (8) + Klog (n) (3.6)
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where K represented the total number of estimated regression parameters within the model and the
log-likelihood estimator, denoted as loglL(B), was expressed as shown in Equations 3.7 and 3.8 (Burnham
and Anderson, 2002):

log L (8)=-1nlog (c?) - Nlog 2m)- N (3.7)
2 2 )
’ (3.8)
where g° = Z(yi _f(xi))
n
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4 Assessing the PaDa-l enzyme stability under
different reaction conditions

Enzymes are sensitive proteins that exhibit a change in catalytic behaviour under different reaction
conditions including pH, type of buffer, ionic strength and temperature (Bhatia, 2018; Doran, 1995;
Punekar, 2018). Knowledge of how these conditions effect the stability and catalytic activity of enzymes
such as the PaDa-I UPO are crucial for designing catalytic biotransformation processes.

The effects of temperature, pH and H>O concentration along with the oxidant delivery methods on the
PaDa-I enzyme were evaluated to determine the optimal reaction conditions for use in the oxidative
biotransformation of small organic molecules such as styrene. It has previously been shown that the
UPO favours ambient temperatures and near-neutral pH for the catalytic transformation of hydrocarbon
substrates such as styrene, cyclohexane and fatty acids (Dong et al., 2018; Hobisch et al., 2021; Hollmann
et al, 201). Itis, however, unclear how the stability of the UPO is affected by these conditions. Different
reaction temperature or pH may be required to ensure prolonged enzyme stability that may potentially
extend productivity over time. In addition, various authors have shown that the H.O: required for
hydrocarbon biotransformation also deactivates the enzyme when it is delivered at high concentrations
(Bormann et al., 2015; Valderrama et al,, 2002). This deactivation likely occurs through bleaching of the
heme domain and oxidation of intrinsic and surrounding protein molecules (Section 2.2.2). It is crucial
to account for this deactivation when conducting these studies, given the high cost of the enzyme
(Ferreira et al., 2018; Tufvesson et al., 2011).

The residual activity of the PaDa-l enzyme was therefore monitored while varying the temperature
(20 °C, 25 °C and 30 °C) and pH (pH 6.0, 7.0 and 8.0) of the reaction solution. Furthermore, the enzyme
was exposed to a range of HO, concentrations (10mM, 20 mM and 40 mM) using different delivery
methods; namely, once-off, stepwise and continuous addition. Each condition was investigated in
isolation, with all other parameters kept constant at the base case conditions outlined in Section 3.1.
These base conditions were derived from several literature sources (Karich et al., 2016; Polizzi et al., 2007;
Schrewe et al., 2013; Zhang et al., 2017) and consisted of a reaction temperature of 25 °C, pH 7.0, 20
mM H>O, concentration and a once-off H,O, delivery approach. For these experiments, the stability of
the enzyme was assessed by monitoring the enzyme activity through a residual peroxygenase activity
assay (Section 3.3.7). The residual enzyme activity was measured relative to the initial enzyme activity.
The initial measurement was taken from the enzyme/potassium phosphate buffer before the addition
of hydrogen peroxide. In each case, 100% residual enzyme activity represented 1.7 U ml™ (8.7 U mgprotein
"), where 1 U was the amount of enzyme that converted 1 umol of 5-nitro-1,3-benzodioxide (NBD) to 1
umol of 4-nitrocatechol in 1 min at 25 °C and pH 7.0. In addition, the residual H,O, concentration was
measured by iodometric titration (Section 3.3.2) to assess oxidant consumption over time by the
enzyme. The results of these experiments are presented and discussed in this chapter.
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4.1 Effect of temperature on enzyme stability

The peroxygenase activity of the PaDa-l variant was monitored over time at different reaction
temperatures (20 °C, 25 °C and 30 °C) as shown in Figure 4.1. In the control experiment (in the absence
of H.O,), it was observed that the enzyme lost approximately 15% of its initial peroxygenase activity
when an equivalent volume (2 ml) of 100 mM potassium phosphate buffer pH 7.0 was added to the
mixture, instead of the H>O,. This decrease in activity may be attributed to the formation of bubbles
upon addition of the buffer, which could initially physically disrupt the enzyme's structure. As the reaction
proceeded beyond 30 min, the residual enzyme activity remained constant under all three temperatures
investigated, with the 30 °C experimental runs exhibiting a 5% lower residual enzyme activity compared
to those at 25 °C and 20 °C (Figure 4.1 a). A similar observation was made by Stenner et al. (2023) whose
investigation included the deactivation of a PaDa-| variant in the same buffer solution. The reaction
temperature in their experiments was 20 °C with a similar incubation time of 2 h. Although the substrate
used for determining the residual enzyme activity was 2,2'-azino-bis(3)-ethylbenzothiazoline-6-sulfonic
acid (ABTS) and not NBD, they also reported an enzyme activity loss of 3.3% after 2 h. It is probable that
the enzyme may inherently experience a slight decrease in stability over time even in the absence of the
oxidant and substrate, which indicates how sensitive the enzyme may be to any sudden changes in the
reaction environment.

Figure 4.1 b on the other hand illustrates how sensitive the enzyme was when it was incubated in 20 mM
H.O, delivered by once-off addition. In the presence of H,O,, the enzyme lost more than half of its
initial activity across the three temperatures investigated. Within the first 30 min, a slight recovery was
observed at the three reaction temperatures investigated as seen by the minor fluctuation above the
initial drop in peroxygenase activity as the H.Oz was added. Thereafter, the enzyme remained at steady
state where similar residual enzyme activity was measured until the end of the monitoring time. Like the
control experiment, by the end of the reaction the enzyme activity was slightly lower at 30 °C (~35%)
compared to 25 °C and 20 °C (40%). This was potentially due to the decomposition of HO, at the
higher temperature.

(a) (b)

L

100% J,U; 100% @
2 ”*i 2
s 80% | i A i 580% |
g °© 9 b ¥
(] (O]
€ 60% 1 £60%
o o 31
(O] (O]
T 40% | Tao% [oof i s é e
0 je; = 2
& &
20% 20% t
O% 1 1 1 1 O% 1 1 1 1
0 30 60 90 120 0 30 60 90 120
Time (min) Time (min)

A 20 °C (control) @ 25 °C (control)

30 °C (control)

A20°C @25°C 30°C

Figure 4.1: The residual peroxygenase activity of PaDa-I in the absence (a) and presence (b) of 20 mM H,O, once-off addition
at 20 °C (A), 25 °C (@) and 30 °C (®). Reaction conditions: 20 ml 100 mM potassium phosphate buffer pH 7.0,
1.7 U mI" (NBD) PaDa-l, 200 rpm, 25 °C.
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In an investigation by Tieves et al. (2019), they tested the sensitivity of the bio-bio tandem process to
temperature by comparing the overall substrate conversion. The tandem system consisted of formate
oxidase which was used to produce H.O; in-situ for the biotransformation of ethylbenzene by a UPO..
It was determined that product formation was optimal at 25 °C where around 10% conversion was
reported. This was followed by an 8% conversion at 20 °C, 7% conversion at 30 °C and only 1%
conversion at 40 °C (Tieves et al., 2019). These observations are in agreement with the residual enzyme
activity profiles plotted in Figure 4.1 and show that the enzyme was more stable at 25 °C and 20 °C
where more product was formed at the lower temperatures tested. The system is, however, complex as
formate oxidase used in this one-pot system may have also contributed to the overall productivity. The
authors made no attempt to decouple the systems thus the stability of individual enzymes in the tandem
system was not evaluated. Neither did they provide information on the H>O, concentration achieved at
each temperature investigated. Nevertheless, the clear observation made in Figure 4.1 shows that H.O>
indeed inhibits the enzyme catalytic ability as evidenced by the significantly lowered residual enzyme
activity. Around 30-35% of the initial peroxygenase activity was lost over the course of the control
experiment compared to the 60-65% loss when exposed to 20 mM H;Ox.

In addition to monitoring the enzyme activity over time, the H>O concentration was also measured at
the three temperatures in the absence (control experiment, Figure 4.2 a) and presence of the PaDa-I
enzyme (Figure 4.2 b). When there was no enzyme present in the reaction mixture, the H>O:
concentration was constant over the 2 h reaction period at 20 °C and 25 °C. In contrast, a slight decrease
in concentration (about 2%) was observed at 30 °C that could be attributed to decomposition of the
H.O, (Crole et al, 2016). When the UPO was present in the reaction mixture, the residual H.O»
concentration steadily decreased over time at seemingly similar rates across the three temperatures
investigated. The concentration profiles in Figure 4.2 b along with the residual enzyme activity profiles
in Figure 4.1 b indicated that the H.O. transformed by the enzyme may have directly resulted in the
lowered enzyme activity that was measured. Though the enzyme is temperature sensitive, oxidant
addition appeared to be chiefly responsible for enzyme deactivation under the conditions evaluated.
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Figure 4.2: The residual hydrogen peroxide concentration profiles in the absence (a) and presence (b) of PaDa-| enzyme at
20 °C (A\), 25 °C (@) and 30 °C (#). Reaction conditions: 20 ml 100 mM potassium phosphate buffer pH 7.0, 1.7 U ml”
(NBD) PaDa-l, 20 mM H,O, once-off addition, 200 rpm.
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4.2 Effect of pH on enzyme stability

Reaction pH is another parameter that can greatly affect enzyme stability. Consequently, the effect of
pH on the residual enzyme activity over time was investigated at three different pH values (pH 6.0, 7.0
and 8.0). The plots in Figure 4.3 show that, although marginal, a higher residual enzyme activity was
maintained at pH 8.0, followed by pH 7.0 and lastly pH 6.0. Experiments were conducted in the absence
(control, Figure 4.3 a) and presence (Figure 4.3 b) of H.Oz. In the control experiments, where no H>O;
was added, an initial 30% loss in enzyme activity at pH 7.0 and pH 6.0 was observed while only 20% of
the initial activity was lost at pH 8.0. Thereafter, the enzyme appeared to adjust to the conditions of the
reaction mixture as the enzyme activity steadily increased between 5 and 30 minutes by approximately
20% at pH 7.0 and pH 8.0 and by 10% at pH 6.0 (Figure 4.3 a). Molina-Espeja et al. (2014) reported a
similar observation where the enzyme activity increased by 20% after a 2-4 h incubation period - they
referred to this phenomenon as hyperactivation. Over the course of the reaction, the enzyme activity
gradually decreased and at the end of the 2 h incubation period, 82%, 76% and 74% residual
peroxygenase activities at pH 8.0, 7.0 and 6.0, were measured.
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Figure 4.3: The residual peroxygenase activity of PaDa-l in the absence (a) and presence (b) of 20 mM H,O, once-off addition
at pH 6.0 (A), pH 7.0 (®) and pH 8.0 (#). Reaction conditions: 20 ml 100 mM potassium phosphate buffer, 1.7 U ml™
(NBD) PaDa-l, 200 rpm, 25 °C

On the other hand, when exposed to 20 mM H,O;, the enzyme activity rapidly decreased after 5 min.
This resulted in activity losses of approximately 40% at pH 7.0 and 6.0 and 30% at pH 8.0 (Figure 4.3 b).
Across all three pH values investigated, the enzyme activity continued decreasing up until 30 minutes,
after which the enzyme activity remained steady for the rest of the incubation period. At the end of 2 h,
the residual enzyme activity was the highest at pH 8.0 (57%) followed by pH 7.0 and 6.0 (about 50%).
This strongly suggested that pH 8.0 was the optimum pH value for further experimentation. In contrast
to these findings, Molina-Espeja et al, (2014) investigated the optimal pH for a PaDa-I variant and
determined the peroxygenase activity was highest at pH 6.0, followed by pH 7.0 and pH 8.0. They
reported that, relative to pH 6.0, the enzyme retained about 60% and 50% of its activity at pH 7.0 and
8.0, respectively (Molina-Espeja et al., 2014). Notably, Molina-Espeja et al. (2014) assessed peroxygenase
activity at a single point after 10 min whereas in this study the enzyme’s stability was measured over
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time, specifically in terms of its residual enzyme activity. It is also possible that the evolution pathway
used to develop that PaDa-I variant differed slightly to the approach employed in the commercially
available EvoEnzyme. Nevertheless, in each case the UPO seemed to favour near-neutral pH conditions.

In the absence of the enzyme from the reaction mixture, the H.O. concentration remained constant at
20 mM H,O; at the different pH values for the control experiments (Figure 4.4 a), which indicated that
the hydrogen peroxide concentration was not affected by a change of pH in the tested range. An
interesting observation; however, was made in terms of the H.O; utilisation at the different pH values.
The least amount of H.O, was used by the enzyme at pH 8.0, followed by pH 7.0 and lastly pH 6.0
(Figure 4.4 b). This trend, when considered alongside the residual activity profiles in Figure 4.3 b,
suggests that the enzyme experiences reduced deactivation when it consumes less H.O,. However,
decreased oxidant usage may potentially lead to reduced enzyme productivity when a hydrocarbon
substrate is introduced to the reaction mixture.
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Figure 4.4: The residual H,O, concentration profiles in the absence (a) and presence (b) of PaDa-I enzyme at pH 6.0 (A), pH
7.0 (®) and pH 8.0 (®). Reaction conditions: 20 ml 100 mM potassium phosphate buffer, 1.7 U ml™ (NBD) PaDa-I, 20
mM H,O, once-off addition, 200 rpm.

An enzyme similar to UPO, horseradish peroxidase, was investigated by Hernandez-Ruiz et al. (2001).
The horseradish peroxidase was exposed to H2O;, in this investigation. It was proposed that the enzyme
could engage a protective mechanism whereby the enzyme liberated oxygen in response to the H>O..
Otherwise, it would simply be deactivated or form less reactive intermediates (viz. Section 2.2.3 and
Scheme 2.12). Beyond pH 6.4, the horseradish peroxidase produced bubbles of oxygen and retained
higher residual enzyme activity which indicated the protective mechanism (Hernandez-Ruiz et al., 2007).
Bubble formation was; however, not observed in these experiments (herein). It is therefore possible that
the PaDa-I enzyme may have instead produced less reactive intermediates, which could account for the
measurable residual activity. This effect may likely have been more dominant at pH 8.0 compared to pH
7.0 and pH 6.0 - the pH of the reaction mixture may have affected the active site of the enzyme thus
influencing the way it bound to the substrate H.O..

Overall, the pH studies showed that the stability of the enzyme was more significantly influenced by the
addition of H.O; than the pH of the reaction mixture under the conditions tested. By the end of the 2 h
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incubation time, the enzyme retained approximately 50% peroxygenase activity in the presence of H>O:
compared to approximately 80% in the control experiments at pH values 6.0, 7.0 and 8.0.

4.3 Effect of hydrogen peroxide concentration and delivery approach on
enzyme stability

The stability of the enzyme was further evaluated by investigating the effect of different H.O>
concentrations and delivery systems. The H,O, delivery approaches that were investigated included
once-off, stepwise and continuous addition, whereby the H,O, was added all at once, sequentially at
regular intervals and gradually at a controlled flow rate, respectively. Equivalent volumes of potassium
phosphate buffer (pH 7.0) were added to the enzyme/buffer mixture using the three aforementioned
feeding schemes to serve as the control experiments (Figure 4.5).
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Figure 4.5: The residual peroxygenase activity of the PaDa-I enzyme in the absence of H,O,, using delivery methods once-off
(A), stepwise (®) and continuous (®) addition of potassium phosphate buffer pH 7.0. Reaction conditions: 20 ml

100 mM potassium phosphate buffer pH 7, 1.7 U ml”' (NBD) PaDa-I, 200 rpm, 25 °C.

All delivery approaches appeared to follow the same trend where an initial loss in enzyme activity was
observed in the first 5 minutes. The lower residual enzyme activity measured for the once-off addition
control experiment (72%) could be due to the higher volume of potassium phosphate buffer added to
the system compared to the other feeding schemes (~79%). Over time, the enzyme had recovered and
after 30 minutes, 97% residual activity was measured after the once-off addition of buffer, which was
similar to the hyperactivation phenomenon noted in the pH studies (viz. Appendix B.1). This contrasted
with the observation made for the stepwise and continuous delivery approaches where the activity did
recover but only up to around 86% of the initial enzyme activity. This may be a result of sequential
interference whilst feeding the phosphate buffer in a stepwise and continuous manner. This is especially
evident by the slightly lower activity of the enzyme at 60 min and 90 min for the continuous delivery
method, even though by the end of the 2 h incubation period the enzyme exhibited similar residual
activities of approximately 72% across the three delivery methods. These observations highlight that the
delivery approaches may influence the enzyme stability to a certain extent even in the absence of the
H20..
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As previously noted, when H,O, was added to the enzyme/buffer mixture, the enzyme immediately lost
some of its initial catalytic activity (>20%). Figure 4.6 illustrates that during the initial stages of the
reaction, the extent of activity loss increased with H.O. concentration using the once-off addition
delivery method, as expected. A significantly larger decrease in activity (40%) was observed upon the
once-off addition of 40 mM H,O, compared to 20 mM and 10 mM (30% and 20%, respectively).
Thereafter, recovery of peroxygenase activity was observed as the enzyme adjusted to the H.O; in the
system similar to what was observed in the control experiments. There was; however, a steady decline
in enzyme activity in the first 30 min. By the end of the 2 h reaction the enzyme had lost approximately
40% of its initial peroxygenase activity. At that point it was observed that the enzyme had the lowest
residual activity of 49% in the presence of 40 mM H,O, compared to 20 mM H,O; (59%) and 10 mM
H>O;, (63%).
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Figure 4.6: The residual peroxygenase activity of the PaDa-I enzyme using once-off delivery of H,O; at concentrations 10 mM
(A), 20 MM (®) and 40 mM (®). Reaction conditions: 20 ml 100 mM potassium phosphate buffer pH 7.0, 1.7 U ml ‘
(NBD) PaDa-l, 20 mM H,O5, 200 rpm, 25 °C.

This trend of increasing loss in enzyme activity with increasing H.Oz concentrations was also observed
by other authors investigating the oxidation of ethers by a PaDa-I variant (Mireles et al,, 2021). For a
H.O. concentration range between 0.1 - T mM, they reported the lowest residual activity at 1 mM H>O;
(30%) and the highest at 0.1 mM (90%). In another recent study that investigated the oxidation of
cyclohexane by PaDa-l, it was determined that the enzyme lost 68% activity in a reaction mixture
containing 50 ppm H>O; which increased to 88% at 200 ppm H.O. It was suggested that the hydrogen
peroxide (added through once-off delivery) resulted in the generation of oxygen-based radicals that
specifically targeted the enzyme’s heme-centre (Stenner et al, 2023). Although it is worth noting that
the deactivation studies in those papers did not decouple the effect of H,O, concentration alone (i.e. in
the absence of the substrate) on the PaDa-I enzyme activity. Nevertheless, both studies illustrate the
influence of increasing H.O, concentration through using the once-off delivery approach on the enzyme
activity. This is in agreement with the observations made in the current study.

Following once-off addition, the stepwise and continuous H>O, delivery methods were investigated.
During these experiments H.O. was fed to the enzyme/buffer reaction mixture to final H.O:
concentrations of 10 mM, 20 mM and 40 mM respectively. Tables 4.1 and 4.2 compare the effect of the
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different delivery methods on residual enzyme activity after 5 and 30 minutes of incubation. It was
observed that manually dosing the H.O, gradually and in low quantities reduced enzyme activity loss.
Continuous H20O; addition to the enzyme/buffer mixture resulted in ca. 10% more peroxygenase activity
being retained compared to the stepwise and once-off delivery methods, particularly in the earlier stages
of the reaction. Table 4.1 shows that the less H.O, delivered to the system led to a higher residual
enzyme activity after 5 min. As the reaction proceeded and more H>O; was added during stepwise and
continuous addition, the enzyme lost more activity (Table 4.2), likely as a result of deactivation induced
by the hydrogen peroxide. Unlike in the control experiments, the enzyme failed to recover and the
residual activity continued decreasing between 5 and 30 minutes in the presence of H,O,. This trend
was observed at all H.O, concentrations irrespective of the delivery method employed (Tables 4.1 and
4.2).

Table 4.1: A comparison of residual peroxygenase activity of PaDa-I relative to the concentration of H,O, present in the system

after 5 min
H,0, (mM) after 5 min Residual enzyme activity (%) after 5 min
Once-off Stepwise Continuous Once-off Stepwise Continuous
9.7+0.2 2.4 0.3 70 + 1 67 £2 83 +1
19.6+0.2 5.1 0.7 £ 01 62 64 +3 74 +1
39.4+0.2 102 £08 14+02 532 64 +7 68 +4

Reaction conditions: 20 ml 100 mM potassium phosphate buffer pH 7.0, 1.7 U ml ' (NBD) PaDa-I, 20 mM H,0, 200 rpm, 25 °C

Table 4.2: A comparison of residual peroxygenase activity of PaDa-I relative to the concentration of H,O, present in the system

after 30 min.
H,0O, (mM) after 30 min Residual enzyme activity (%) after 30 min
Once-off Stepwise Continuous Once-off Stepwise Continuous
9.5+0.2 50+02 26+03 52+9 58 £ 10 58 +4
18.9+0.2 97102 5.0 46 £ 6 57 £1 56 + 6
38.3+0.3 200+03 104 +£0.2 51+ 6 47 £ 5 57 +7

Reaction conditions: 20 ml 100 mM potassium phosphate buffer pH 7.0, 1.7 U ml ' (NBD) PaDa-1, 20 mM H,05, 200 rpm, 25 °C

The complete residual enzyme activity profiles over 2 h for all three delivery systems at final H.O»
concentrations 10 mM, 20 mM and 40 mM are shown in Figure 4.7 a, b and c¢. Across the delivery
methods investigated, it was observed that the residual activity decreased as the H,O, concentration
increased. In addition, the residual enzyme activity was measured as 10% lower using the once-off
delivery approach compared to both stepwise and continuous addition across each H>O, concentration.
In terms of H,O; utilisation, the amount of H,O, transformed was obtained by measuring the difference
between the control and experimental H.O concentration profiles for each delivery method tested. It
appeared that there was a steady hydrogen peroxide transformation by the enzyme in the first 30 — 60
min for all three concentrations investigated. Thereafter, the amount of H,O; transformed remained
constant until the end of the reaction (Figure 4.7 d, e, f). Interestingly, within that same time interval was
when the residual enzyme activity had levelled off (Figure 4.7 a, b, ¢). Using the continuous and stepwise
delivery approaches, the enzyme managed to retain slightly higher catalytic activity (approximately 60%
residual activity) than with the once-off delivery approach (ca. 55%) and yet still transformed similar
amounts of H,O, by the end of the 2 h incubation period.
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and the H>O; transformation profiles at H,O, concentrations 10 mM (d), 20 mM and 40 mM (f) for PaDa-I enzyme
using once-off (A), stepwise (®) and continuous (®) delivery methods. H,O, transformation is the difference
between the control and experimental H.O, concentration profiles. Reaction conditions: 20 ml 100 mM potassium
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Approximately 1 mM H,O, was utilised by the enzyme after 2 h for the delivery systems where 10 mM
H.O. was fed. From the samples collected at this point, which were used in the peroxygenase activity
assay, it was determined that only <6 uM H,O, was converted based on the 1:1 NBD:H,O; stoichiometric
ratio (Scheme 3.1, Section 3.3.1). This low conversion may be attributed to an excess of H>O; in the assay
(0.5 MM NBD vs 1 mM H,O; in assay and + 9 mM H,O; in sample collected). It was noted that 4.96 uM
H.02 was converted using once-off delivery, which increased to 5.04 pM with stepwise delivery, and
5.83 uM using continuous delivery. This further emphasized that the enzyme was more stable using the
continuous H>O; delivery approach. Furthermore, it is probable that the rest of the H,O, may have been
used to form the less reactive enzyme intermediate Compound I (Valderrama, 2010)or the enzyme
may have catalysed H.O, decomposition or disproportionation (Crole et al., 2016). Figures 4.7 e and f
show that almost 2 mM H,O, was transformed by the enzyme where H>O, concentrations of 20 mM
and 40 mM were fed to the enzyme/buffer mixture. This could potentially mean that the enzyme had
reached the saturation point in terms of H.O, transformation i.e. increasing the H.O, concentration
beyond 40 mM would not substantially impact the amount transformed by the enzyme as the enzyme's
deactivation potentially became more pronounced. At these higher H.O, concentrations, <5.5 uM of
H.O, was converted in the NBD reaction, which was approximately 8% less than what was converted at
the lower H,O, concentration, 10 mM. It is probable that more of the less reactive enzyme intermediate
Compound Il was formed at the higher H.O, concentrations. Overall, the key insight from this
investigation is that continuous delivery of H>O, at low concentrations could potentially maximise
enzyme productivity and stability in a biotransformation reaction system.

4.4 Conclusion

The impact of temperature, pH and H>O, concentration and means whereby the oxidant may be
introduced to the reaction on the PaDa-l enzyme’s stability and residual activity were investigated. The
evaluation of these conditions provided insight into how to best employ the PaDa-I UPO in a
biotransformation reaction.

In the temperature studies, it was shown the enzyme was more stable at the lower temperatures 20 °C
and 25 °C compared to 30 °C. This may be as a result of the protein molecule slightly losing the integrity
of its shape thus affecting the enzyme stability at 30 °C. Additionally, the H.O, consumption was similar
at the lower temperatures but slightly lower at 30 °C as some of the HO, was lost through
decomposition at the higher temperature. The enzyme could therefore potentially perform better in the
biotransformation experiment at lower reaction temperatures 20 °C or 25 °C.

It was observed that the enzyme was more stable at pH 8.0, followed by pH 7.0 and lastly at pH 6.0.
Despite the recommended optimum peroxygenase pH 7.0, the enzyme in fact favoured pH 8.0.
However, less H.O (1.2 mM) was transformed at this pH value compared to pH 7.0 (1.5 mM H.O;) and
pH 6.0 (1.8 mM H,O;) where more H,O, was transformed. It can be proposed that the pH may influence
the enzyme catalytic ability, therefore the enzyme should be tested at both the recommend pH 7.0
(EvoEnzyme) and pH 8.0 to determine whether the pH influences productivity of the biotransformation
of styrene.

Overall, it was determined that the stability of the enzyme was most significantly impacted by H.O»
concentration and delivery method compared to reaction temperature and pH. The enzyme was more
stable at lower H>O, concentrations. At 10 mM HO;, the enzyme exhibited a higher residual activity of
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approximately 60% at the end of the incubation period compared to approximately 55% residual activity
obtained at 20 mM H>O, and approximately 50% obtained at 40 mM H,O,. However, less H.O, was
consumed by the enzyme at the lower H.O, concentration which could mean that the productivity of
the biotransformation may become oxidant limited. The conservative option is therefore 20 mM as the
optimal H,O, concentration where the enzyme was relatively stable and consumed more H>O,. In terms
of the H>O; delivery approach across all three concentrations investigated, similar amounts of H,O, were
consumed for all the delivery systems tested. In addition, the continuous delivery method resulted in the
enzyme being most stable under the conditions tested, followed by stepwise and then once-off delivery.
The continuous delivery method should therefore be considered as the optimal delivery approach for
the biotransformation of styrene.
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5 Evaluation of enzyme deactivation kinetics

Knowledge of enzyme stability, the associated deactivation pathways and kinetics are of paramount
importance when considering scale-up of an enzymatic bioprocess. This is due to the generally high
cost of enzyme generation and purification (Polizzi et al., 2007; Schrewe et al., 2013). In the case of the
PaDa-I UPO, very little has been reported on its stability under bioprocess conditions. In this chapter the
stability of PaDa-I under bioprocess conditions as well as the deactivation kinetics of PaDa-I will be
investigated.

The residual enzyme activity profiles obtained in Chapter 4 suggested that the deactivation kinetics do
not exhibit typical first order kinetics. There was initial rapid deactivation induced by the addition of the
H.O,, followed by a region of stable residual enzyme activity. The observed dynamics in the presence
of H,O, appeared to follow the proposed deactivation pathway described in Section 2.2.3 whereby the
enzyme may have initially formed a less reactive intermediate (Compound IIl) which then further
decomposed through heme bleaching, protein oxidation or unimolecular decay (Scheme 5.1).

billiverdin + Fe (Ill)

.\(\g
H, v\@(@
" ® o . o
(|) _— > 0 (1
| - [ ]
v Il > Fe——m
_FQL excess 7,0, —Fe( ) protein oxidation
ground state
Compound |l Compound IlI

I:—Fe(m)— + O.—O—H

ground state peroxy! radical

/

O.—H — protein oxidation

hydroxyl radical

Scheme 5.1 An adaptation of the proposed enzyme deactivation mechanism for heme peroxidases (Valderrama, 2010)

Similar deactivation profiles have been described for the enzyme acetylcholinesterase whereby a
two-step series deactivation was proposed to model the enzyme deactivation kinetics (Henley and
Sadana, 1986; Sadana and Henley, 1987a). The deactivation mechanism can be expressed using three
kinetic models as described in Table 5.1 (viz. deactivation schemes in Section 2.2.3). The first order model
predicts that the enzyme is completely denatured thus loses all catalytic activity, which is in contrast to
the results presented in Chapter 4. For the two-parameter and four-parameter models, the mechanism
predicts that the initial enzyme activity is partially deactivated forming intermediate enzyme states (1 or
2, respectively) (Section 2.2.3). These states exhibit a lower specific activity (31 or ;) relative to the initial
enzyme state (B) as indicated by oy and o in Equations (2.8) and (2.9).
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o= B1/B (2.8)
o= B, /B (2.9)

These intermediate enzyme compounds were not characterised in this study as they were produced
very quickly and were short lived and would have required complex analytical techniques. For example,
rapid-mixing stopped-flow UV-visible spectroscopy was required to study the fast generation of UPO
intermediate Compound Il within approximately 0.5 s (Wang et al., 2015), while electron spin resonance
spectroscopy in conjunction with M&ssbauer spectroscopy were used to examine the heme centre of
the CYPT19A1 enzyme to detect the presence of Compound | (Krest et al., 2013).

Table 5.1: Summary of kinetic models that predict enzyme deactivation, where all model constants (Ay, Ao, ki, au, ko, o) are
defined in the nomenclature

Kinetic model Equation

First order At/AO:exp (_kwt) (2.14)

Two-parameter At/AO: (1- o<w) exp (—k1t) + o (2.12)
ok ok k

Four-parameter AR [T L-22 Yexp (kt) - [ ) (o -a,) exp (K, D+ a, (2.10)
kz_kw kz_kw kz_k1

Each of the proposed models introduced in Section 2.2.3 was fitted to the deactivation data presented
in Chapter 4 by employing non-linear regression to obtain the deactivation kinetic parameters (k,, k,, o,
a,). The goodness of fit was then measured by comparing the coefficient of determination (R?), chi-
square (x?) value and average absolute relative deviation (AARD). In cases where multiple models fit the
data well, the best model was selected based on the lowest Akaike's Information Criterion (AIC) and the
Bayesian Information Criterion (BIC) values (Section 3.5) (Burnham and Anderson, 2002). These
techniques were used to analyse the enzyme deactivation kinetic data at different operating conditions
by varying temperature, pH, H.O, concentration and delivery method. The findings from these analyses
are detailed in the sections that follow.

5.1 Temperature-dependent enzyme deactivation kinetics

The enzyme deactivation data collected whilst varying the temperature (20 °C, 25 °C and 30 °C)) in the
presence of only H,O; is detailed in Section 4.1. To analyse this data, the kinetic models given in Table
5.1were applied. Figure 5.1 shows the enzyme deactivation kinetics modelled using the calculated kinetic
parameters obtained for the three kinetic models considered. Using non-linear regression, the variables
ki and k> along with o4 and o were determined. The ki values obtained for the first order model were
approximately 40% less than half the values obtained for the two- and four-parameter models, which
implied that a slower enzyme deactivation rate was predicted using the first order model compared to
the other two models (Table 5.2). Initial regression analyses revealed that a value of 0.18 min™ for k; was
consistently obtained for the two-parameter and four-parameter models. Consequently, this value was
fixed across all subsequent nonlinear regressions performed on these models as this was considered an
intrinsic property of the enzyme. This rate constant was similar to the deactivation constants reported in
two studies where the enzyme was incubated in H>O, (Ramirez-Ramirez et al., 2020; Vidal-Limon et al,,
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2013). Ramirez-Ramirez et al. (2020) reported 0.18 min™' as the deactivation constant for a PaDa-I variant
and Vidal-Limén et al. (2013) reported 0.21 min™ and 0.26 min™' values for CYP102A1 variants W96A and
F405L, respectively. In both studies, the k values were obtained from first order enzyme deactivation
kinetics. The k, value obtained for the four-parameter model was approximately an order of magnitude
lower than ki. This suggested that the initial rapid deactivation occurred at a significantly higher rate
potentially leading to the formation of the first enzyme intermediate (referred to as Step A in Scheme
5.1). A second slower deactivation step then followed that potentially involves either steps B, C or D or
a combination of these pathways. The final enzyme activity ratios o for the two-parameter model and
o, for the four-parameter model obtained for PaDa-I were closely aligned non-zero values (0.42 - 0.30)
across the three temperatures investigated, which further supported that the enzyme exhibited some
residual activity.
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Figure 5.1: The enzyme deactivation kinetics for PaDa-l at 20 °C (A), 25 °C (@) and 30 °C (®) modelled by the first order (- - -),
two-parameter (—) and four-parameter (— --—) models. Reaction conditions: 20 ml 100 mM potassium phosphate
buffer pH 7.0, 1.7 U ml™" (NBD) PaDa-I, 20 mM H,O, once-off addition, 200 rpm, 25 °C

The first order model represented the data poorly compared to the two-parameter and four-parameter
models as evidenced by the low R? values <0.7 and high x*values >1 (Table 5.2). This was expected
because the UPO was not fully deactivated as presented by the potential deactivation pathway of the
first order model. In contrast, the two-parameter and four-parameter models exhibited better alignment
with the experimental data with higher R? values, and lower x? and AARD values. These values were very
similar, as indicated by the partial overlapping plots of the two models in Figure 5.1, therefore the AIC
and BIC values were used to gauge which of the two models best represented the potential pathway
for enzyme deactivation in the presence of H.O.. Given that the AIC and BIC were the lowest for the
two-parameter model, it was concluded that this model best represented the deactivation kinetics of
PaDa | when exposed to H>O, only. Taking this into consideration, it can be inferred that the principal
deactivation step is likely analogous to Step A in Scheme 5.1, giving rise to a less active intermediate
compared to the initial enzyme. This is supported by the non-zero values of oy (Table 5.2). On the other
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hand, the AIC and BIC values were highest for the first order model, which deemed this model
unsuitable.

Table 5.2: Deactivation kinetic parameters for the peroxygenase activity of PaDa-I at temperatures 20 °C, 25 °C and 30 °C and
once-off delivery 20 mM H,O, where model constants k;, k,, o; and o, were determined by non-linear regression

First order model Two-parameter model Four-parameter model
Temperature (°C) 20 25 30 20 25 30 20 25 30
k, (min’) 0.03 0.04 0.08 0.18 0.18 0.18 0.18 0.18 0.18
k, (min’) 0.02 0.03 0.02
o 0.39 0.37 0.30 0.34 0.38 0.30
o, 0.42 0.31 0.33
R 0.36 0.43 0.67 0.90 0.89 0.90 0.93 0.88 0.91
X° 4.80 27.85 >100 0.05 0.07 0.08 0.04 0.08 0.07
AARD (%) <0.01 0.77 1.57 0.1 0.12 013 <0.01 0.09 0.25
AIC 11.49 1.53 10.56 3.16 4.01 4.26 6.13 8.22 7.89
BIC 8.20 8.24 7.27 -1.23 -0.38 -0.12 -0.45 1.64 1.31

A graphical presentation of the kinetic parameters obtained for the two-parameter model (best fit
model) is shown in Figure 5.2. As previously mentioned, a constant deactivation constant 0.18 min™ was
obtained across all three temperatures (Figure 5.2 a). The ratio oy representing the enzyme activity at
the end of the 2 h incubation period relative to the initial enzyme activity, aligns with the observation
made on the residual enzyme activity profiles. This observation indicated that the enzyme was more
stable at lower temperatures. This was highlighted by oy being at its lowest value of 0.30 at 30 °C
compared to 0.37 and 0.39 obtained at 25°C and 20 °C, respectively (Figure 5.2 b). The enzyme's stability
was impacted by slightly elevated reaction temperatures. It is therefore advisable to maintain lower
reaction temperatures to potentially optimise enzyme performance. However, it should not be reduced
to such an extent that it hinders the catalytic activity of the enzyme. When designing an optimised
biocatalytic system, it becomes imperative to determine the right temperature balance to preserve the
enzyme's functionality while maintaining high rates of conversion of the substrate.
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Figure 5.2: Summary of deactivation constants k; (a) and ratio of residual peroxygenase activity oy (b) for once-off delivery of
20 mM H,O, at temperatures 20 °C, 25 °C and 30 °C obtained by non-linear regression of the best fit (two-
parameter) model
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5.2 pH-dependent enzyme deactivation kinetics

The kinetics analysis was performed on the enzyme deactivation data collected for the pH studies, where
the stability of the PaDa-I enzyme in 20 mM H.O. was investigated at pH 6.0, pH 7.0 and pH 8.0 (with
the temperature maintained at 25 °C). The first order, two-parameter and four-parameter enzyme
deactivation models were applied to this data as shown in Figure 5.3. As with the temperature studies,
the first order model similarly predicted deactivation constant values an order of magnitude lower than
the ki values obtained for the two-parameter and four-parameter models (Table 5.3). In terms of the o
values, o and oe were similar in the four-parameter model in the range 0.47 - 0.61. This range of values
was similar to the oy values obtained in the two-parameter model. As a result of these similar values, the
plots for these two kinetic models were seen to partially overlap in Figure 5.3. Furthermore, these non-
zero o values indicated that the enzyme still retained some peroxygenase activity at the end of the 2 h
incubation period as depicted by the residual enzyme activity profiles (Figure 5.3). The results from the
regression analysis indicated that the first order model had a poor fit to the experimental data as
evidenced by the low R® values (<0.6), whereas much higher R* values were obtained for the two-
parameter and four-parameter models (R® values >0.8). The two-parameter model once again
appeared to best describe the experimental data given that it had the lowest AIC and BIC values. The
first order model was deemed unsuitable due to the high AIC and BIC along with the high R? values
(Table 5.3).
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Figure 5.3: The enzyme deactivation kinetics for PaDa-| at pH 6.0 (A), pH 7.0 (®) and pH 8.0 (®) modelled by the first order
(- - - -), two-parameter (—) and four-parameter (— --—) models. Reaction conditions: 20 ml 100 mM potassium
phosphate buffer, 1.7 U ml™ (NBD) PaDa-I, 20 mM H,O, once-off addition, 200 rpm, 25 °C
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Table 5.3: Deactivation kinetic parameters for the peroxygenase activity of PaDa-I at pH 6.0, pH 7.0 and pH 8.0 and once-off
delivery 20 mM H,O, where model constants k;, k,, &, and o, were determined by non-linear regression

First order model Two-parameter model Four-parameter model

pH 6.0 pH 7.0 pH 8.0 pH 6.0 pH 7.0 pH 8.0 pH 6.0 pH 7.0 pH 8.0
K, (min’) 0.01 0.01 0.01 0.18 0.18 0.18 0.18 0.18 0.18
K, (min’) 0.0 0.02 0.01
o 0.47 0.5 0.60 0.47 0.57 0.60
o, 0.47 0.49 0.61
R’ 0.51 0.48 0.57 0.91 0.86 0.91 0.91 0.87 0.91
X2 0.80 0.55 0.29 0.04 0.05 0.02 0.16 0.20 0.16
AARD (%) 0.94 117 0.91 0.04 0.01 0.03 0.92 1.1 119
AlC 9.79 9.46 7.72 2.08 3.15 0.50 10.26 11.56 11.39
BIC 6.50 6.17 4.43 -2.31 -1.24 -3.89 3.68 4.98 4.81

The kinetic parameters obtained from the regression of the two-parameter model (best fit model) are
shown in Figure 5.4. The deactivation constant was a constant value of 0.18 min™ across all three pH
values tested (Figure 5.4 a). The other kinetic parameter, o, indicates the ratio of the enzyme activity at
the end of the incubation time in relation to the initial enzyme activity. The trend shown for oy values
obtained, supports the observation made for the pH studies where the enzyme stability increased with
increasing pH, as such oy was highest at pH 8.0 at 0.60, followed by 0.51 and 0.47 obtained at pH 7.0
and pH 6.0, respectively (Figure 5.4 b). There was a slight discrepancy of this kinetic parameter at
reaction conditions pH 7.0 and 25 °C, whereby o4 = 0.37+0.04 was noted for the temperature studies
and 0.51+0.04 for the pH studies. This may have been a result of two different enzyme stock solutions
that were used in each study. As such, each enzyme stock solution likely underwent distinct purification
methods which could have contributed to the difference in enzyme stability measured over time at the
same reaction conditions. Nonetheless, with the reaction temperature held constant at 25 °C, it was
observed that the specific enzymea ctivity was affected by pH. Its stability appeared to be greater at pH
8.0 compared to pH 7.0 and pH 6.0.
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Figure 5.4: Summary of deactivation constants k; (a) and ratio of residual peroxygenase activity o (b) for once-off delivery of
20 mM H,0O, at pH 6.0, pH 7.0 and pH 8.0 obtained by non-linear regression of the best fit (two-parameter) model
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5.3 Hydrogen peroxide-dependent enzyme deactivation kinetics

Hydrogen peroxide-dependent deactivation kinetics were evaluated at 10 mM, 20 mM and 40 mM
concentrations using once-off, stepwise and continuous delivery. The outcomes of applying the first
order, two-parameter and four-parameter deactivation models to the experimental data are illustrated
in Figure 5.5.
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Tables 5.4, 5.5 and 5.6 present the kinetic parameters derived from the non-linear regression of the
three deactivation models at the specified H.O. concentrations using the different delivery approaches.
The kqvalue obtained for the first order model was again lower than the 0.18 min™ obtained for the other
two-parameter and four-parameter models across all concentrations and delivery methods investigated.
The results obtained from the first order model implied that the enzyme was less prone to deactivation
over time compared to what was noted for the remaining two models. The other kinetic parameter, o,
describes the ratio of the final enzyme activity relative to the initial enzyme activity. These o values
decreased with increasing H>O, concentration in both the two-parameter and four-parameter models
- for instance, using stepwise H,O, delivery, o decreased from 0.57 to 0.54 (Table 5.4). A similar trend
was observed with the once-off and continuous delivery methods. These results appeared to support
that high H.O, concentrations increasingly deactivated the enzyme. In terms of the H.O, delivery
approaches, it was determined that the o values were lowest at once-off delivery (0.56 - 0.44), followed
by stepwise delivery (0.57 - 0.54) and lastly continuous delivery (0.61 - 0.55) (Tables 5.4, 5.5, 5.6). This
suggested that the method of H,O; delivery could potentially influence the stability and performance of
the enzyme in the presence of a substrate in a biotransformation reaction.

Table 5.4: Deactivation kinetic parameters for the peroxygenase activity of PaDa-I with once-off H,O, delivery at concentrations
10 mM, 20 mM and 40 mM, where model constants k,, ks, o, and o, were determined by non-linear regression

First order model Two-parameter model Four-parameter model
H,0,] (mM) 10 20 40 10 20 40 10 20 40
K, (min’) 0.01 0.01 0.01 0.18 0.18 0.18 0.18 0.18 0.18
ky (min’) 0.02 0.02 0.02
& 0.56 0.5 0.47 0.56 0.51 0.47
% 0.56 0.49 0.44
R’ 0.51 0.49 0.5 0.93 0.86 0.86 0.93 0.87 0.86
X 0.42 0.63 0.71 0.02 0.05 0.06 0.02 0.05 0.06
AARD (%) 1.00 0.95 1.00 <0.01 0.01 0.07 <0.01 0.08 0.04
AlC 8.68 9.43 9.83 0.15 315 3.67 4.15 7.05 7.61
BIC 5.39 6.14 6.54 -4.24 -1.24 -0.72 -2.43 0.47 1.03

The regression of the first order model resulted in poor agreement with the experimental data compared
to the two-parameter and four-parameter models. Even though the statistical analysis revealed that
there were low X (<1) and AARD (<2%) values obtained for all three models tested, the R? values were
lowest for the first order model (<0.5) and high for the two-parameter and four-parameter models
(>0.8) (Tables 5.4, 5.5, 5.6). Furthermore, the calculated AIC and BIC values revealed that the
two-parameter model had the lowest values and was, therefore, best suited to model the experimental
data.
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Table 5.5: Deactivation kinetic parameters for the peroxygenase activity of PaDa-| with stepwise H.O, delivery at concentrations
10 mM, 20 mM and 40 mM, where model constants k;, ks, o, and o, were determined by non-linear regression

First order model Two-parameter model Four-parameter model

H,0,] (mM) 10 20 40 10 20 40 10 20 40

K, (min”) 0.01 0.01 0.01 0.18 0.18 0.18 0.18 0.18 0.18
ky (min’) 0.02 0.02 0.02
% 0.57 0.54 0.54 0.57 0.54 0.54
o 0.58 0.55 0.55
R’ 0.30 0.41 0.36 0.86 0.91 0.89 0.86 0.91 0.89
X° 0.69 0.88 0.89 0.04 0.03 0.04 0.04 0.03 0.04
AARD (%) 0.1 0.05 0.02 0.02 0.10 0.07 0.09 0.19 0.15
AlC 8.37 7.77 8.35 0.07 -1.37 -0.60 4.22 2.9 3.58
BIC 5.37 4.77 535 -3.93 -5.37 -4.60 -1.78 -3.09 -2.42

Table 5.6: Deactivation kinetic parameters for the peroxygenase activity of PaDa-I with continuous H>O, delivery at
concentrations 10 mM, 20 mM and 40 mM, where model constants k;, k,, oy and o, were determined by non-linear

regression
First order model Two-parameter model Four-parameter model

[H,0,] (mM) 10 20 40 10 20 40 10 20 40

.-
K, (min") 0.01 0.01 0.01 0.18 0.18 0.18 0.18 0.18 0.18

.-
K, (min") 0.02 0.02 0.02
&% 0.67 0.56 0.55 0.61 0.56 0.55
% 0.59 0.57 0.54
R 0.48 0.28 0.30 0.94 0.98 0.95 0.93 0.98 0.95
X2 0.32 0.5 0.56 0.02 0.01 0.01 0.02 0.01 0.01
AARD (%) 0.91 1.21 122 0.05 0.01 0.03 0.23 0.03 <0.01
AlC 7.95 9.67 9.83 -0.39 -4.19 -147 4.45 -0.13 2.50
BIC 4.65 6.38 6.54 -4.77 -8.58 -5.85 -2.13 -6.71 -4.08

An overall evaluation of the deactivation kinetic parameters of the best fit model (two-parameter model)
across the different HO, delivery approaches at different H,O, concentrations is summarised in Figure
5.6. As expected, the o value decreased as the H.O2 concentration increased which suggested that high
H.O, concentrations potentially accelerated enzyme deactivation. In addition, Figure 5.6 b shows that
the oy values are highest for the continuous delivery followed by stepwise and lastly once-off addition
across all three H.0O, concentrations. It was further revealed that the enzyme was most stable at 10 mM
where all oy values were highest at that concentration for each H.O: delivery methods tested - 0.56
once-off delivery, 0.57 for stepwise delivery and 0.61 for continuous delivery. At the higher
concentrations 20 mM and 40 mM, this value decreased; however, an oy value of 0.54 was obtained at
both 20 mM and 40 mM H>O, when the stepwise delivery approach as adopted (hence the plots at
these concentrations overlapped in Figure5.5). Similarly, there was also a marginal difference in this
value for the continuous delivery system with oy values of 0.56 and 0.55 obtained at these
concentrations, respectively. This contrasted for once-off delivery where oi decreased from 0.51to 0.47
at 20 mM and 40 mM, respectively. This indicated that the enzyme was more likely stable when the
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H.O, was introduced gradually. This would imply that a continuous H>O, delivery approach may be
essential in tandem one-pot processes where the enzyme would be in use for extended
biotransformation reaction periods. By gradually introducing the oxidant to the reaction environment,
the rate of enzyme deactivation would be reduced, and hence improve overall performance.

10 20 40 10 20 40
peroxide concentration (mM) peroxide concentration (mM)
B once-off M stepwise M continuous Bonce-off Mstepwise M continuous

Figure 5.6: Summary of deactivation constants k; (a) and ratio of residual peroxygenase activity o (b) for once-off, stepwise
and continuous delivery at 10 mM, 20 mM and 40 mM H,O, obtained by non-linear regression of the best fit (two-
parameter) model

5.4 Conclusion

Three enzyme deactivation models, first order, two-parameter and four-parameter models, were used
in an attempt to model the experimental enzyme deactivation kinetic data obtained in Chapter 4. It was
determined that the two-parameter model was the best fit model across all data sets collected, while
the first order model did not agree with the experimental data. Based on the potential deactivation
pathways presented by these models, these results were expected because the enzyme exhibited
residual activity at the end of the incubation period as opposed to complete deactivation.

In the two-parameter model, (best fit model) the deactivation rate constant ki was determined to be
0.18 min™". Slight differences in the ou value were observed across the temperature, pH and H.O> studies
due to enzyme inactivation that occurred at the different reaction conditions. For the temperature
studies, an inverse relationship existed between oy and the reaction temperature whereby oy increased
from 0.30 to 0.39 as the temperature was decreased from 30 °C to 20 °C, respectively. This was likely
because the protein molecule could have unfolded and distorted the active site of the enzyme thus
reducing the enzyme activity at the higher temperature (Bechtold and Panke, 2012). On the other hand,
the pH studies revealed a direct relationship between oy and pH, where oy increased from 0.47 to 0.60
as the pH increased from pH 6.0 to pH 8.0. This may be due to the enzyme forming more stable
intermediates at the higher pH (Hernandez-Ruiz et al., 2007). Lastly, it was noted that ou decreased as
the H>O, concentration was increased which implied that the enzyme was deactivated at higher H>O:
concentrations. The oy value was also influenced by the delivery approach. This was evidence by the
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increase in oy as the H.O, was gradually introduced into the system and was highest when a continuous
delivery approach was adopted, followed by stepwise and lastly once-off addition.

Currently within the limited available literature, the isolation of deactivated intermediates for heme
enzymes like PaDa-I has proven challenging. Nonetheless, the deactivation pathway proposed by the
two-parameter model is a likely candidate due to the close alignment of experimental data with its
predictions. This model suggests that the enzyme initially experiences rapid deactivation in the presence
of the H.O, and thereafter displays a non-zero specific activity. To improve the activity of the enzyme
in a biotransformation reaction, it may be worthwhile investigating how to increase the kinetic
parameter, ou.
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6 Investigating the kinetics of enzyme deactivation
and inhibition in the biotransformation of styrene

The oxidation of styrene is an industrially important reaction and the formed chiral styrene oxides find
broad application in the fine chemicals industry. Previous studies have shown that PaDa-I is highly
selective towards the oxidation of sp® hybridized secondary carbons while showing very little activity
towards the oxidation of primary and aromatic carbons. In addition, many test substrates tend to be
oxidized in high enantiomeric excess. Styrene and the formed styrene oxide are commercially available,
and due to the high regioselectivity, a simple product stream is expected making styrene an ideal model
substrate to assess the catalytic activity of the PaDa-I enzyme while employing the different H>O, delivery
methods. In Chapters 4 and 5, it was established that there was a marginal difference (approximately
1%) in the enzyme stability at 20 °C and 25 °C, therefore the biotransformation in this investigation was
performed at 25 °C. The pH, on the other hand, may influence the enzyme stability and catalytic activity,
therefore the biotransformation was assessed at both pH 7.0 (base case pH) and pH 8.0. Furthermore,
the H,O, and styrene concentrations were varied to evaluate the type of inhibition that may be
experienced by the enzyme. In each case, the performance of the enzyme was assessed by monitoring
styrene oxide formation by gas chromatography (Section 3.3.3) while enzyme stability was monitored
by means of the peroxygenase activity assay (Section 3.3.7).

6.1 Biocatalytic activity

The stability of the PaDa-l enzyme was investigated at different temperatures, pH levels, H.O;
concentrations and delivery methods in Chapters 4 and 5. The effect of the hydrocarbon substrate,
styrene, on enzyme stability was also further investigated. Preliminary studies were, therefore, conducted
to observe the behaviour of the enzyme in the presence of styrene over a 2 h incubation period in the
absence of the H.O; oxidant.

Figure 6.1 shows that the enzyme activity rapidly decreased from 100% to 59% in the presence of 20 mM
styrene. The consequence of which was likely due to the droplets of nonpolar organic solvents giving
rise to interfacial interactions with the enzyme which created hydrophobic forces that disturbed the
secondary structure of the enzyme (Bechtold and Panke, 2012). Furthermore, this could not have been
due to styrene oxide forming as oxidation did not occur in the absence of the oxidant (Appendix C.1) As
the incubation progressed, the residual enzyme continued decreasing up until 30 min where 47% was
measured. Thereafter, the enzyme appeared to have adapted to the styrene or the substrate was bound
reversibly to the enzyme as the residual activity increased to 58% by the end of the 2 h incubation.

The residual activity profile for the enzyme exposed to styrene differed to those obtained when the
enzyme was exposed to the control experiments containing either H.O,, or when the enzyme was
exposed to only the potassium phosphate buffer (Figure 6.1). When 20 mM H>O, was added (once-off
delivery), in the absence of the styrene substrate, rapid deactivation was observed - the enzyme lost
more than half of its peroxygenase activity within the first 5 min. The residual enzyme activity remained
low until the end of the incubation period where it exhibited only 39% of its original peroxygenase
activity. On the other hand, in the absence of both HzO: or styrene, the enzyme retained about 70% of
its initial activity after the 2 h incubation period. This illustrates that both the substrate and oxidant inhibit
the enzyme over time. This observation was not unexpected, as it has been reported that a substrate
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could potentially lead to enzyme inactivation for related enzymes (Waley, 1991). The combined effect of
both styrene and H.O; in the biotransformation reaction could also therefore reduce the enzyme's
catalytic activity.
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Figure 6.1: The residual enzyme activity in the absence (A) and presence of 20 mM styrene (®) or 20 mM H,O, (®) as sole
substrates. Reaction conditions: 20 ml 100 mM potassium phosphate buffer pH 7.0, 1.7 U ml™ (NBD) PaDa-I, 20 mM
styrene or 20 mM H,O, (once-off addition), 200 rpm, 25 °C.

Following this observation, the biotransformation of styrene was evaluated using once-off addition of
20 mM H,O; at the base case conditions (pH 7.0, and 25 °C) over an extended reaction time of 24 h.
No product formation was detected under these conditions, which was likely due to the high H.O»
concentration inhibiting the enzyme. Consequently, the stepwise and semi-continuous delivery
approaches of the oxidant were subsequently tested (Figure 6.2). For stepwise addition, H.O, was
delivered at 2.5 mM H,O; (0.5 ml of a 200 mM H,O. stock) every 30 min over the first 2 h, while for
semi-continuous addition, 0.8 mM H,O; (83 ul of a 200 mM H,O; stock) was added every 1h over the
24 h reaction period. This proved more successful than once-off addition, with styrene oxide detected
as the only product under these conditions. It was established that about 56% more styrene oxide was
obtained using semi-continuous H2O> delivery compared to stepwise delivery (Figure 6.2 a). Within the
first 2 h, the enzyme reached its maximum concentration at 0.48 mM styrene oxide with stepwise H,O,
delivery. In contrast, the styrene oxide concentration achieved in the semi-continuous delivery system
was almost double (0.88 mM) what was observed in the stepwise delivery system within the same 2 h
timeframe. This suggested that the catalytic activity was improved as less H,O, was gradually introduced
to the reaction mixture at a given time, which in turn could have reduced enzyme inhibition thus
increasing substrate conversion. Using the semi-continuous delivery approach, the biotransformation
proceeded to a maximum styrene oxide concentration of 1.09 mM after 8 h. Thereafter, the product
concentration remained at pseudo-steady state before decreasing slightly by approximately 20%
towards the end of the 24 h reaction period. This observed decrease could have resulted due to
evaporation of the volatile substrate/product over time (refer to carbon balances in Appendix C.2).
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There was a significant enzyme activity loss (>90%) measured as soon as both styrene and H.O, were
added to the enzyme/buffer mixture, irrespective of the H>O, delivery approach (Figure 6.2 b). This is
approximately double the enzyme activity lost within the same time frame of ca. 5 min, when the
enzyme was exposed to styrene or H,O; in isolation (Figure 6.1). This suggested that when combined,
styrene and H.O; have a strong inhibitory effect on the PaDa-I enzyme, which significantly reduced its
catalytic activity. It is known that H.O> may cause oxidative deactivation towards the enzyme
(Valderrama, 2010; Valderrama et al., 2002), and it is also probable that the styrene free radicals formed
in the reaction (as per the catalytic cycle, Section 2.2.2) may have interacted with the enzyme which
further decreased the activity (Aitken, 1993). Regardless of this, the enzyme was still capable of producing
styrene oxide even though it was operating at ca. 10% of its initial activity. As the biotransformation
proceeded from 5 min to 1 h, a recovery was observed as the residual activity slightly increased from
8% to 12% for semi-continuous H>O, delivery. This was not the case for the stepwise H>O, delivery
approach, because the residual activity remained at 7% after the same reaction period. The enzyme
activity remained low (<10%) for the rest of the reaction period with both methods of H.O> delivery.

(a (b)
140 100% o
2

% 120 F gwo% ¢
S 100 } 3 5 5%
© © 3
g ¢ ; & 60% | g o
g 080 I £ ® 00 05_10 15 20
S E Time (h)
(W] | ()
3 0.60 s 40% |
x A A je)

040 E 3
5 . A £ 20%
— (¢]
2020 F

o 2 e 'Y ®

OOO . 1 1 1 1 1 1 1 1 1 1 1 1 O% ﬁ
0

0 2 4 6 8 10 12 14 16 18 20 22 24 2 4 6 8 10 12 14 16 18 20 22 24
Time (h) Time (h)
A Stepwise  ® Semi-continuous A Stepwise @ Semi-continuous

Figure 6.2: (a) Styrene oxide concentration profiles and (b) residual enzyme activity for the biotransformation of styrene from
using the following H>O, delivery methods: stepwise addition at 2.5 mM H,O, every 30 min over the first 2 h (A)
and semi-continuous delivery at 0.83 mM H,O, every 1h over 24 h (®). Reaction conditions: 20 ml 100 mM potassium
phosphate buffer pH 7.0, 12 U mI™" (NBD) PaDa-l, 20 mM styrene, 20 mM H,O., 200 rpm, 25 °C.

The biotransformation of styrene was then further optimised by evaluating the effect of temperature
and pH. It was previously deduced that there was no significant difference between operating at 20 °C
versus 25 °C (Figure 4.1, Section 4.1). It was therefore decided to continue working at 25 °C, as this would
require less complex temperature control (chiller vs heating mantle). The effect of the reaction mixture
pH was also evaluated, and it was observed that the enzyme was more stable at pH 8.0 (Figure 4.3,
Section 4.2), therefore this was the pH used for further optimisation. Figure 6.2 already shows that
semi-continuous H>O, delivery resulted in >50% greater product yields compared to stepwise addition
and once-off addition. Therefore, semi-continuous delivery was selected as the optimal method of HO»
delivery. The product concentration profiles only showed differences in the first 2 h of the reaction
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whereby 20% more styrene oxide was obtained at pH 8.0 compared to pH 7.0 (Figure 6.3 a). However,
the maximum product concentration obtained did not exceed that obtained at pH 7.0. As the reaction
progressed towards the end of the 24 h time period, there was no significant difference (<5%) in the
styrene oxide concentration profiles obtained at both pH 8.0 and pH 7.0. Needless to say, similar residual
enzyme activity profiles were obtained at the pH values investigated.

Figure 6.3 b illustrates an initial significant enzyme activity loss of approximately 90% after 5 minutes,
where it remained low (7% residual enzyme activity) until the end of the biotransformation period. The
catalytic activity of PaDa-I in the biotransformation of styrene was therefore not significant at both pH
7.0 and 8.0 conditions.
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Figure 6.3: (a) Styrene oxide concentration profiles and (b) residual enzyme activity profiles for the biotransformation of styrene
using the semi-continuous delivery approach at 0.83 mM H,O, every 1 h over 24 h at pH 7.0 (®) and pH 8.0 (®).
Reaction conditions: 20 ml 100 mM potassium phosphate buffer pH 7.0/pH 8.0, 12 U mlI”" (NBD) PaDa-l, 20 mM
styrene, 20 mM H,O,, 200 rpm, 25 °C.

It was important to consider the potential impact that 5-nitro-1,3-benzodioxide (NBD) could have on
the enzyme, as this substrate was extensively used in the peroxygenase activity assay to evaluate the
enzyme deactivation (Section 3.3.1). The presence of a co-substrate could lead to further enzyme
deactivation, therefore the influence of NBD on the biotransformation of styrene was investigated. The
same NBD concentration that was used in the residual peroxygenase activity assay was added to the
biotransformation reaction mixture (0.5 mM, dissolved in acetonitrile) to assess whether styrene oxide
formation would be impacted. This was performed using the semi-continuous delivery of H,O.. Figure
6.4 shows that a similar product concentration profile was obtained in both the absence and presence
of the NBD, whereby high styrene oxide concentrations (>1 mM) were produced within the first 6-8
followed by a region of steady state until the end of the reaction.
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It can therefore be deduced that double deactivation of the enzyme did not occur in the assay as the
rate of product formation was seemingly maintained. In fact, a slight improvement was detected
whereby a maximum styrene oxide concentration of 1.25 mM was obtained compared to 1.09 mM in
the experiments without NBD (Figure 6.4). The acetonitrile solvent, used to dissolve the NBD, may have
therefore acted as a substrate pool because less styrene evaporated for the experimental runs with NBD
(refer to carbon balances in Appendix C.2). Initial results suggested that incorporation of solvents as
products sink or substrate pool could be highly beneficial to productivity. Kluge et al. (2012) included
20 vol% acetonitrile in their reaction mixture for the biotransformation of alkylbenzenes and styrene
derivatives by a UPO enzyme to ensure substrate solubility into the aqueous phase. They, however, did
not take into consideration whether this solvent had an impact on the stability of the enzyme during the
reaction. Future work in designing or improving a tandem chemo-bio system would need to focus on
the utility of solvents in these biotransformation reactions, provided that the solvent does not affect the
activity of the chemocatalyst

Table 6.1 Summary of key performance indicators of the enzyme-driven oxidation of styrene using stepwise and semi-
continuous H>O; delivery systems

Semi-continuous Semi-continuous Semi-continuous

Parameter Stepwise (oH 7.0) (oH 8.0) (oH 7.0 +NBD)
Max. styrene oxide concentration (mM) 0.48+0.01 1.09+0.02 1.07+0.01 1.25+0.01

Max. conversion (%) 2.38+0.10 5.34+0.10 5.32+0.05 6.54+0.13
Max. yield (Mol;ogue MOlgupstrate ) 0.02 0.05 0.05 0.07

Max. TON (MOl ogyct mo\pmte.m’U 1307+29 3070440 301029 3520+29

Table 6.1 summarises the performance of the enzyme under the different conditions investigated. An

overview of the different experimental runs investigating PaDa-I mediated styrene oxidations revealed

that the maximum styrene oxide concentration obtained over 24 h did not exceed 1.25 mM. This was

lower than 2.12 mM achieved within 2 h by a chemo-bio tandem system reported in the literature,
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despite the AuPd chemocatalyst partially reducing the styrene to ethylbenzene (Freakley et al, 2019).
Furthermore, in terms of the TON, the values shown in Table 6.1 were <4 000 MOlproduct MOlenzyme
whereas the chemo-bio system developed by Freakley et al. (2019) achieved a higher TON of
11 700 MOlproduc MOlenzyme ' for this biotransformation. The discrepancy of these results may be an
indication of how crucial the method of H.O. delivery is to the enzyme - the lower H.O, concentration
produced in-situ in the tandem system (0.44 mM - 0.74 mM at steady state) could have possibly further
enhanced enzyme performance compared to the manual stepwise and semi-continuous delivery
approaches of higher H.O, concentrations. In both studies, nevertheless, the specified enzyme
performance requirements for fine chemicals synthesis outlined by Dong et al. (2018) were not met - a
minimal turnover number of 27 000 MOlpoduce MOlenzyme . From an economic perspective, this
productivity target takes into account how much the biocatalyst contributes to the cost of the product
compared to the added value achieved by employing biocatalysis over other production methods (Dong
et al, 2018; Tufvesson et al.,, 2011). There is therefore a need to reduce enzyme deactivation in order to
potentially enhance the TON in this biotransformation, with efforts to meet the performance
requirements.

6.2 Enzyme deactivation kinetics evaluation

The specific enzyme activity was monitored throughout the biotransformation by using the
peroxygenase assay. It was calculated in terms of the moles of 4-nitrocatechol product formed per
minute per unit mass of total protein (Unso Mgproein ) (Section 3.3.1). The enzyme activity profiles shown
in Figure 6.5 show the combined effect of both H.O, and styrene on the peroxygenase activity of PaDa-I.

The specific enzyme activity drastically decreased in the presence of both substrate and oxidant
compared to when they were added separately. The enzyme lost substantial activity within the first 5 min
of the biotransformation. From an initial specific activity of approximately 8.7 Unso MQJproren ', the enzyme
activity decreased to 0.96 Unsp MQprowein at pH 8.0 and semi-continuous H>O> delivery, 0.71 Ungp MJprotein
"at pH 7.0, semi-continuous oxidant addition and 0.63 Unsp MQprotein” at pH 7.0 utilizing stepwise H.O»
addition. As the reaction progressed, slight recovery was observed after 1 h and 4 h for the semi-
continuous delivery experiments. The specific activity did not; however, increase for stepwise H.O»
delivery at the same points. This corresponded with the product profile for stepwise delivery whereby
no further styrene oxide formation was detected beyond 2 h as the enzyme had likely lost most of its
initial activity. As the biotransformation proceeded beyond 8 h to the end of the 24 h reaction period,
the enzyme exhibited similar activity of approximately 0.42 Unso MQprotein ' regardless of the method of
H.O, delivery and pH. This coincided with no further product formation after 8 h for the semi-continuous
delivery experimental runs. The low remaining catalytic activity still was not sufficient to measurably
increase styrene oxide production as the enzyme protein molecule had been irreversibly oxidised by the
H.O, and/or altered by the substrate whereby hydrophobic forces induced by the styrene may have
disrupted the structure of the enzyme as described by Bechtold and Panke (2012).
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Figure 6.5: Specific activity of the PaDa-| enzyme during the biotransformation of styrene using the following H,O, delivery
methods: stepwise addition at 2.5 mM H,O, every 30 min over the first 2 h (A) and semi-continuous delivery at

0.83 mM H,O, every 1 h over 24 h at pH 7.0 (®) and pH 8.0 (®). Reaction conditions: 20 ml 100 mM potassium
phosphate buffer pH 7.0, 12 U ml"" (NBD) PaDa-I, 20 mM styrene, 20 mM H,O,, 200 rpm, 25 °C.

The kinetic data obtained from the enzyme activity profiles (Figure 6.5) were modelled using the first
order, two-parameter and four-parameter deactivation models (Section 2.2.3). The kinetic parameters
were obtained from non-linear regression and were fitted to the kinetic models as shown in Figure 6.6.
The regression yielded similar deactivation constants (k) for the first order, the two-parameter and four-
parameter models in the range of 0.09 — 0.18 min™". Lower R? values were; however, obtained for the
first order model <0.75 compared to the other multi-parameter models (Table 6.2). Furthermore, the
large X° values (>100) obtained for the first order model indicated significant difference between the
predicted and experimental values which suggested that it is the worst fit model. The o values obtained
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for the two-parameter and four-parameter models were significantly low (<0.15) which indicated the
reduced activity of the enzyme by the end of the 24 h reaction period (Table 6.2). This implied that the
enzyme was not operating at its optimal, meaning that there is potential to improve its performance.
This was emphasised by the fact that in each case tested, the enzyme operated at about 10% of its initial
specific activity. Upon assessing the AIC and BIC values, it was determined that the two-parameter model

was the best fit model.
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Figure 6.6: The enzyme deactivation kinetics of PaDa-I in the biotransformation of styrene using H>O, delivery systems stepwise
addition (A) and semi-continuous (®) and semi-continuous (pH 8.0) addition (®) modelled by the first order (- - - -),

two-parameter (—) and four-parameter (— - —) models. Reaction conditions: 20 ml 100 mM potassium phosphate
buffer pH 7.0 or pH 8.0, 12 U ml” (NBD) PaDa-, 20 mM styrene, 20 mM H»O,, 200 rpm, 25 °C.

Table 6.2: Deactivation kinetic parameters for the peroxygenase activity of PaDa-I in the presence of 20 mM H,O, using

different H,O, delivery systems, where model constants k;, k,, o and o, were determined by non-linear regression

First order model

Two-parameter model

Four-parameter model

Stepwise Semi. Semi. Stepwise Semi. Semi. Stepwise Semi. Semi.
(PH7.0)  (pH 8.0) (pPH7.0)  (pH8.0) (PH7.0)  (pH8.0)

k, (min’) 0.10 0.09 0.10 0.18 0.18 0.18 0.18 0.18 0.18
k, (min’) 0.03 0.07 0.07
o 0.06 0.07 0.07 0.07 0.09 0.14
o, 0.06 0.07 0.07
R’ 0.72 0.68 0.69 0.86 0.86 0.85 0.86 0.85 0.85
N >100 >100 >100 0.31 0.36 0.30 0.31 0.35 0.30
AARD (%) 0.20 0.20 0.07 0.45 0.45 0.4 0.47 0.49 0.48
AlC 8.89 9.58 8.61 7.63 7.82 6.99 11.78 11.87 11.61
BIC 576 6.44 5.48 344 3.63 2.81 5.51 5.59 533
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The kinetic parameters obtained for the best fit two-parameter model show that there was little
difference between oy for stepwise (o4 = 0.06) and semi-continuous addition (v = 0.07). Furthermore,
this value was determined to be 0.07 at both pH 7.0 and pH 8.0 using the semi-continuous delivery
method. This may be due to the combination of high concentrations of styrene and H.O, combined,
which adversely impacted the stability of the enzyme leading to reduced catalytic activity. Figure 6.7 b
illustrates this combined effect as oy decreased from 0.51in styrene and 0.37 in H.O; (as sole substrates)
to approximately 0.07 in experiments containing both. In order to further increase this kinetic parameter,
future studies need to consider alternative delivery methods of the substrate. This has the potential to
greatly improve enzyme stability and overall performance.
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Figure 6.7: Summary of deactivation constants k; (a) and ratio of residual peroxygenase activity oy (b) for 20 mM H,O, only,
20 mM styrene only and a combination of 20 mM H,0, and 20 mM styrene obtained by non-linear regression of
the best fit (two-parameter) model

6.3 Combined substrate and hydrogen peroxide-driven enzyme inhibition

The biocatalytic activity of the PaDa-l enzyme was tested at different substrate and oxidant
concentrations to gain a better understanding of the enzyme inhibition that takes place during the
biotransformation process. It was determined that an inverse relationship existed between product
concentration and H,O, concentration, whereby more styrene oxide was obtained as the H.O»
concentration was decreased from 10 mM to 5 mM and lastly 2.5 mM. Figure 6.8 shows that high H.O»
concentrations inhibited the enzyme performance by reducing its catalytic activity. The styrene
concentration, on the other hand, did not influence the total conversion of the substrate as similar
styrene oxide yields were obtained when the substrate concentration was increased from 2.5 mM to 20
mM. It is probable that the styrene concentration may have a less pronounced effect on the enzyme
compared to the effect of once-off delivery of H,O,, as suggested by the 18% higher residual enzyme
activity measured in the presence of styrene only compared to H>O, only (Figure 6.1). This could
prematurely eliminate competitive inhibition because the highest substrate concentration (20 mM
styrene) did not outcompete the inhibitory effects of the lowest concentration of the H>O; (2.5 mM
H.O,) (lllanes et al., 2008). The kinetics of this inhibition were therefore modelled to evaluate the type
of inhibition that may have occurred.
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Figure 6.8: The influence of H.O. concentrations in the presence of different initial styrene substrate concentrations. Reaction
conditions: 20 ml 100 mM potassium phosphate buffer pH 7.0, 12 U mI”' (NBD) PaDa-l, 20, 10, 5 or 2.5 mM styrene,
10, 5 or 2.5 mM mM H,0, (once-off addition), 200 rpm, 25 °C.

The kinetic parameters were initially determined by constructing graphical representations of the
modified Michaelis-Menten mechanisms described in Table 6.3 (refer to Section 2.2.3). From these, it
was revealed that the type of inhibition caused by the H.O, on the enzyme was non-competitive
inhibition, yielding kinetic parameter of Ky = 0.21 MM, Vimax = 0.24 mM min™ and K = 2.30 mM (Appendix
C.5 for detailed calculations). These values were therefore used as a guideline for the non-linear
regression analysis on the modified Michaelis-Menten models. The non-linear regression was
accompanied by statistical tools (R?, x°, AARD, AIC and BIC) to validate whether the modified Michaelis-
Menten model for non-competitive inhibition was indeed the best fit model or whether the competitive
or uncompetitive inhibition versions of the model were more suitable for the experimental data.

Table 6.3: Summary of kinetic models that predict enzyme inhibition, where all model constants (I, K, K, S, v, Vimax) are defined
in the nomenclature

Michaelis-Menten kinetic model Equation

Vimax [5] (2.4)
(1]

Co petitive inhibitio V=
K 1 +=)+[S

v S
Non-competitive inhibition V= L][I] (2.5)
KD (1+¢)
Vinay [S
Uncompetitive inhibition v = mex 5] (2.6)
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The results from the regression of the three models show that the values for Ky were quite low
(<0.5 mM) compared to the 20 mM styrene available to the enzyme thereby indicating that there was
a strong affinity of the substrate to the enzyme. Despite this high affinity, the substrate transformation
was slow as shown by the low vima value <0.2 mM min™' obtained. A similar inhibition constant K; was
obtained across the three inhibition models which implied that approximately <3.75 mM H,O, would
be required for the biotransformation of styrene to styrene oxide with minimal inhibition and increased
vmax. Comparison of the models by statistical analyses, including inspection of the R? chi-square and
AARD values obtained in Table 6.4, revealed that the non-competitive model was indeed the best fit
model for the experimental data. This was further evidenced by the graphical validation of this model
relative to experimental data presented in Figure 6.9.

Table 6.4: Preliminary analysis on the inhibition kinetics on the PaDa-I enzyme, where model constants vmax, Ku and K were
determined by non-linear regression

Michaelis-Menten model Competitive Non-competitive Uncompetitive
Vinax (MM min ) 0.07 0.18 0.17
Kt (MM) 0.06 0.22 0.42
Ki (mM) 3.64 3.75 3.75
R 0.30 0.80 0.60
¥ <0.10 <0.01 <0.01
AARD (%) 1.50 0.25 0.25
AIC 7.10 2.80 3.90
BIC -5.28 -5.53 -5.35
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Figure 6.9: The fit of the non-competitive inhibition Michaelis-Menten model to the experimental data showing the influence
of H,O, concentrations 2.5 mM (A), 5 mM (®) and 10 mM (®) on the biotransformation of styrene. Reaction
conditions: 20 ml 100 mM potassium phosphate buffer pH 7.0, 12 U mi™ (NBD) PaDa-1, 20, 10, 5 or 2.5 mM styrene,
10, 5 or 2.5 mM mM H,O,, 200 rpm, 25 °C.
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According to lllanes et al. (2008), non-competitive inhibition occurs when the inhibitor (in this case, H.0>)
is bound to an allosteric site of the enzyme which potentially distorts the structure of the enzyme making
it less effective in catalysing the reaction. This could consolidate the existing knowledge on the catalytic
pathway of the PaDa-| enzyme whereby it was proposed that the less reactive intermediate, Compound
I, was produced in response to exposure to excess H.O; (Valderrama, 2010). This could explain the
reduced styrene oxide concentrations and TONs observed in Figure 6.8 with increasing H.O:
concentration. To further validate the non-competitive inhibition model for PaDa- 1, it would be
necessary to perform extensive analyses to determine the different intermediate enzyme states and/or
the products of further decomposition of Compound Il by heme bleaching, protein oxidation or
unimolecular decay (Valderrama et al., 2002).

Taking the kinetic parameters determined from the best fit model into consideration, it was estimated
that the turnover rate ke was 8.22 Molproguct MOlenzyme . From that, the catalytic efficiency (kea/Kv) was
determined to be 3.81x 10* M s which approached the 7.24 x 10* M s™ obtained in the hydroxylation
of cyclohexane (Peter et al, 2014) and an order of magnitude less efficient than the 5.90 x 10° M s
achieved in the hydroxylation of ethylbenzene (Kluge et al, 2012) by a UPO from Agrocybe aegerita.
Although this kinetic data shows comparable enzyme performance, improvements can still be made to
increase the catalytic efficiency of the PaDa-l enzyme.

6.4 Conclusion

The three methods of H.O, delivery were evaluated in the biotransformation of styrene to produce
styrene oxide. It was determined that the enzyme did not produce any product when employing once-
off addition of H,O,. Stepwise oxidant delivery was more successful, with 0.48 mM styrene oxide being
produced over the same reaction time. The product concentration was nearly doubled when the H,O;
was delivered in a semi-continuous manner. It was also determined that similar product yields were
obtained when the pH of the reaction mixture was changed from pH 7.0 to 8.0. Furthermore, the
performance of the enzyme was seen to slightly improve by about 12% when an organic solvent,
acetonitrile, was added to the reaction. This could be due to the water miscible solvent improving
substrate solubility in the aqueous phase of the reaction, though this would need to be further
investigated in future studies.

It was found that both the H.O; as well as the styrene deactivated the enzyme. When the substrates
were combined in the reaction mixture for the biotransformation, a severe decrease in enzyme activity
was observed where the enzyme lost approximately 90% of its initial activity. This was further
emphasized by kinetic parameters obtained from the best fit enzyme deactivation model (two-
parameter model) whereby the ratio of the final to initial enzyme specific activity (cv) was obtained at
0.06 for the stepwise delivery case and 0.07 for the semi-continuous delivery cases. These values imply
that there was significant enzyme deactivation as the enzyme activity was decreased to <10% its initial
activity. Furthermore, they were substantially lower than the o values 0.37 obtained for H.O, and 0.50
for styrene as sole substrates. The enzyme stability will therefore need to be improved to maximise
productivity in order to progress to large scale biotransformations.

Another aspect considered in the biotransformation was the type of inhibition caused by the H.O, on
the enzyme. It was determined that non-competitive inhibition occurred. This was likely due to peroxide
binding to an allosteric site on the enzyme which potentially distorted the active site thus lowering
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styrene oxide production. The inhibition constant K; was 3.75 mM which implied that significantly less
than 20 mM H.O: may be required to minimise inhibition in the biotransformation of styrene.
Furthermore, it was deduced that there was a high substrate affinity due to the low Ky value of 0.22
mM, therefore the styrene concentration would need to be reduced from 20 mM, which will likely lead
to a decrease in substrate induced enzyme deactivation. The catalytic efficiency of 3.81x 10* M s™ was
comparable to some of the literature (Peter et al., 2014); however, there are still opportunities to improve
the productivity of this biotransformation. These include lowering the H>O, concentration and
considering delivery methods of lower concentrations of styrene.
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7 Conclusions and recommendations

The mild oxidation of hydrocarbons remains a great challenge, particularly at industrial scale, due to the
low activity of the substrate. Unspecific peroxygenases, like PaDa-I are enzymes that can catalytically
convert hydrocarbons to valuable oxygenates using H2O: as the oxidant (Hobisch et al., 2021; Hofrichter
et al., 2010; Hofrichter and Ullrich, 2014; Karich et al, 2013; Kluge et al., 2012; Ullrich et al., 2004). These
enzymes are highly active and selective. However, rapid inactivation occurs when the enzyme is exposed
to high H,O, concentrations. To potentially minimise this deactivation and enhance productivity, studies
have shown that a one-pot tandem system combining in-situ H.O. generation with the enzyme
catalysed biotransformation holds great promise (Churakova et al, 2011; Freakley et al., 2019; Pesic et
al., 2019; Tieves et al, 2019; Zhang et al, 2017). There is; however, limited information available in the
existing literature on the rate of enzyme deactivation induced by the H.O.. The overall objective was to
investigate how different H,O, delivery approaches affect enzyme activity and evaluate their impact on
the overall enzyme productivity by analysing the catalytic performance and deactivation kinetics.

To address the key research questions posed in Section 2.4.4, the unspecific peroxygenase PaDa-|
variant was exposed to H>O, concentrations 10 mM, 20 mM and 40 mM over a 2 h incubation period.
The residual enzyme activity was measured over time and it was determined that the enzyme’s stability
increased with decreasing H.O, concentration. It was observed that the residual enzyme activity was
highest at 10 mM H.O. where the enzyme exhibited approximately 60% of its initial activity. This value
decreased to 55% at 20 mM H,O, and 50% at 40 mM H>O,. These results demonstrated that the
enzyme's stability is influenced by high concentrations of HzO..

In an attempt to circumvent the enzyme deactivation, different H,O, delivery methods were investigated
including adding all the H.O, (20 mM) at once (once-off addition), adding a small amount of H,O; at
regular intervals (stepwise addition) and adding it gradually at a controlled flow rate using a syringe
pump (continuous addition). The enzyme was most stable using the stepwise and continuous delivery
approaches where the residual enzyme activity was approximately 60% after a 2 h incubation period in
the presence of 10 mM H,O.. In contrast, the activity obtained using the once-off delivery method was
about 50%. It was clear from these results that the H.O: delivery method has an impact on enzyme
activity where the PaDa-l enzyme exhibited the least deactivation with a gradual, controlled H.O>
delivery approach.

The enzyme stability was further assessed at different temperatures (20 °C, 25 °C and 30 °C) and pH
levels (6.0, 7.0 and 8.0) to better understand how these reaction conditions influenced enzyme
deactivation. The enzyme was more stable at the lower temperatures 20 °C and 25 °C compared to
30 °C. Furthermore, it was more stable at pH 8.0, followed by pH 7.0 and lastly at pH 6.0. These
observations implied that, at higher temperature and lower pH, the protein molecule of the enzyme
may have unfolded or lost some of its structural integrity (Bechtold and Panke, 2012). As such, under
these conditions, the enzyme would not be effective in biocatalysis.

In the context of styrene biotransformation, a higher conversion was obtained when employing
semi-continuous H>O; delivery (5.40%) compared to stepwise H>O, delivery (2.35%). On the other hand,
there was no substrate conversion using the once-off delivery method. This demonstrated the
importance of the H>O, delivery approach, where more styrene oxide was formed when H,O, was added
gradually to the system. Despite the improved product yield, the combination of styrene and H:O; led
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to substantial deactivation. Preliminary tests had indicated a 40% activity loss with styrene and ca. 50%
loss with H.0O,, as sole substrates. The enzyme; however, lost >90% of its initial activity in the
biotransformation reaction irrespective of the delivery method used. Nevertheless, the residual enzyme
activity was approximately 5% higher using the semi-continuous H>O, delivery approach compared to
stepwise delivery within the first 4 h of the oxidation reaction. This indicated that, despite the overall
deactivation, there was potential to enhance enzyme stability and productivity particularly at the earlier
stages of the reaction by employing the semi-continuous delivery as the optimal delivery approach. The
delivery rate (0.8 mM H.O, every 1 h) should in future studies be modified such that less H.O; is
introduced to the system at either the same interval or less frequent intervals. Such a modification may
improve the overall enzyme performance.

An investigation on the kinetics revealed that the two-parameter kinetic model was the most suitable
model for determining the enzyme deactivation kinetics. The potential pathway represented by this
kinetic model predicted that the enzyme did not undergo complete deactivation, but instead produced
less reactive intermediates over time (Henley and Sadana, 1986; Sadana and Henley, 1987a). This is in
agreement with the existing knowledge of the enzyme's catalytic pathway, whereby it has been reported
that a less reactive enzyme intermediate (Compound Ill) was formed in the presence of excess H.O:
(Hernandez-Ruiz et al., 2001; Valderrama, 2010). The deactivation constant ky was determined to be 0.18
min™ which was similar to literature values 0.18 min™ (Ramirez-Ramirez et al., 2020), 0.21 min"'and 0.26
min™ (Vidal-Limon et al, 2013). The final to initial enzyme specific activity ratio oy decreased from
approximately 0.60 - 0.50 with increasing HO, concentration from 10 mM - 40 mM. The higher oy value
indicated a higher final enzyme activity at 10 mM H,>O;, which was in agreement with the experimental
observations. Among the various H>O, delivery methods, o was highest with continuous delivery (0.61
- 0.55), followed by stepwise delivery (0.57 - 0.54) and lastly once-off delivery (0.56 - 0.47). This
corresponded with the observed enzyme activity, where the enzyme was most stable using the
continuous delivery approach. During the biotransformation of styrene, this kinetic parameter o
reduced significantly to 0.07 with semi-continuous H>O, addition and 0.06 with stepwise H>O, addition.
These low oy values indicated the decreased enzyme specific activity to a greater extent by the
combination of styrene and H,O,. This reduced activity likely influenced the overall catalytic efficiency
(3.81x10*M™" s, which was an order of magnitude lower than that reported in a similar biocatalytic
system (Kluge et al, 2012). Further insights on the kinetics of this biotransformation revealed that H>O;
behaved as a non-competitive inhibitor. This suggested that H.O, was bound to an allosteric site on the
enzyme, which distorted the structure of the enzyme making it less effective for styrene oxidation. Given
that the inhibition constant K; was determined to be 3.75 mM, it may be worthwhile further lowering the
H.O, concentration during delivery. This could minimise the effects of the non-competitive inhibition to
maintain a more stable and possibly more catalytically active enzyme.

The data presented, analysed and discussed in this thesis confirmed the initially proposed hypothesis
that the stability and catalytic performance of the PaDa-| enzyme was indeed enhanced by adding the
H.O; at regular intervals or low, controlled flow rates. It was observed that the enzyme was most stable
when employing the (semi-)continuous H.O> delivery method and that the product yields for the
oxidation of styrene were more than doubled under these conditions. Consequently, there is opportunity
to improve biotransformations, such as, styrene to styrene oxide. By decreasing the delivery rate of H>O,,
higher residual activities may be achieved which could potentially maximise productivity. While falling
outside the scope of this study, it is clear that evaluating and implementing different delivery approaches
for the organic substrate may further contribute to improved productivity given that styrene was
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observed to contribute to enzyme deactivation both as a sole substrate and in combination with H>O5.
This delivery strategy could also be transferred to existing tandem systems that combine in-situ H202
production with hydrocarbon biotransformation using UPOs. This could potentially improve the stability
and performance of current catalytic biotransformation systems. Further to these recommendations, it
is advisable to analyse the enzyme deactivation kinetics of such tandem systems to provide guidance in
the development of optimisation strategies. Future research should apply these insights to improve the
catalytic efficiency and perform a technoeconomic analysis on unspecific peroxygenases used in large
scale oxidative biotransformation processes.
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8 Appendices
Appendix A

Appendix A.1: Standard curves for styrene and styrene oxide

Known concentrations of styrene and styrene oxide (analytic standards) were analysed by the Varian
GC. The retention times of the analytes, including the solvent ethyl acetate and internal standard
1-decanol are highlighted in Table 8.1. The relative area was calculated as the ratio of the peak area of
the analyte to the peak area of 1-decanol, and this was used to develop the standard curves in Figure
8.1. The response factors for styrene and styrene oxide were 0.0477 and 0.0413, respectively.

Table 8.1: The retention times for the analytes detected by GC analysis

Analyte Retention time (min)
Ethyl acetate 38
Styrene 8.9
Styrene oxide 18.9
1-decanol 358
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Figure 8.1:  Standard curves for styrene and styrene oxide after GC analysis
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Appendix B

Appendix B.1: Enzyme stability at different reaction conditions
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Figure 8.2: The raw data showing the residual peroxygenase activity of PaDa-I in the absence (a) and presence (b) of 20 mM
H»O, once-off addition at pH 6 (A), pH 7 (®) and pH 8 (#). Reaction conditions: 20 ml 100 mM potassium phosphate
buffer, 1.7 U ml™ (NBD) PaDa-I, 200 rom, 25 °C.
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Figure 8.3: The raw data showing the residual peroxygenase activity of the PaDa-I enzyme in the absence of hydrogen
peroxide, using delivery methods once-off (A), stepwise (®) and continuous () addition of potassium phosphate

buffer pH 7. Reaction conditions: 20 ml 100 mM potassium phosphate buffer pH 7.0, 1.7 U ml”" (NBD) PaDa-|,
200 rpm, 25 °C.
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Figure 8.4: The raw data showing the effect of H.O, delivery systems (a) once-off, (b) stepwise and (c) continuous addition and
H,O, concentrations 10 MM (A), 20 mM (@) and 40 mM () on the residual peroxygenase activity of PaDa-I enzyme.
Reaction conditions: 20 ml 100 mM potassium phosphate buffer pH 7, 1.7 U ml™ (NBD) PaDa-I, 20 mM H,O,, 200

rpm, 25 °C.
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Appendix B.2: pH profiles for the enzyme studies at different reaction conditions
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Figure 8.5: The pH profiles of the PaDa-I enzyme/buffer reaction mixture for temperature studies at 20 °C (4), 25 °C (®), 30 °C
(®). Reaction conditions: 20 ml 100 mM potassium phosphate buffer pH 7.0, 1.7 U ml™ (NBD) PaDa-I, 20 mM H.0,

(once-off addition), 200 rpm.
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Figure 8.6: The pH profiles of the PaDa-I enzyme/buffer reaction mixture for the pH studies at pH 6.0 (A), pH 7.0 (®), pH 8.0 (
#). Reaction conditions: 20 ml 100 mM potassium phosphate buffer, 1.7 U ml™ (NBD) PaDa-I, 20 mM H,O, (once-off

addition), 200 rpm, 25 °C
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Figure 8.7: The pH profiles of the PaDa-I enzyme/buffer mixture using H2O2 delivery systems (a) once-off, (b) stepwise and (c)
continuous addition and H,O, concentrations 10 mM (A), 20 mM (@) and 40 mM (®). Reaction conditions: 20 ml
100 mM potassium phosphate buffer pH 7.0, 1.7 U mI” (NBD) PaDa-, 200 rpm, 25 °C.
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Appendix C

Appendix C.1: Residual styrene concentration profiles in the biotransformation study
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Figure 8.8: Residual styrene concentration profiles of the biotransformation of styrene using stepwise (A) and semi-continuous
(®) hydrogen peroxide addition. Reaction conditions: 20 ml 100 mM potassium phosphate buffer pH 7.0, 12 U ml”
(NBD) PaDa-l, 20 mM styrene, 20 mM H,O, stepwise (2.5 mM H202 every 30 min over the first 2 h) or semi-
continuous (0.83 mM H,O, every 1 h over 24 h) addition, 200 rpm, 25 °C.
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Figure 8.9: Residual styrene concentration profiles of the biotransformation of styrene using semi-continuous hydrogen
peroxide addition in the absence (®) and presence (M) of 0.5 mM NBD. Reaction conditions: 20 ml 100 mM
potassium phosphate buffer pH 7.0, 12 U ml™" (NBD) PaDa-l, 20 mM styrene, 0.5 mM NBD, 20 mM H,O, semi-
continuous (0.83 mM H,O, every 1h over 24 h), 200 rpm, 25 °C.
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Figure 8.10: Residual styrene concentration profiles of the biotransformation of styrene using semi-continuous hydrogen
peroxide addition at pH 7.0 (®) and pH 8.0 (®). Reaction conditions: 20 ml 100 mM potassium phosphate buffer pH
7.0 or pH 8.0, 12 U ml" (NBD) PaDa-I, 20 mM styrene, 20 mM H,O, semi-continuous (0.83 mM H,O, every 1h over
24-h), 200 rpm, 25 °C.

Appendix C.2: Carbon balances in the styrene biotransformation study

The carbon balance was calculated as the total product and residual substrate concentration relative to
the initial substrate concentration.

Sample calculation:

Concentrationgiyrene + Concentrationgtyrene oxide

Carbon balance (%) = -
Concentrationgsyrene,initial

It was determined that the carbon balance for the experiments that employed semi-continuous H>O;
delivery were lower compared to stepwise delivery. This may be attributed to opening and sealing the
reaction vessels every hour (i.e. 24 times) to add the hydrogen peroxide compared to opening and
closing the vessels only 4 times for stepwise delivery. As a result, carbon balances of about 60% were
obtained for the semi-continuous delivery approach at the end of the 24 h reaction time and 90% for
stepwise addition. It is, however, worth noting that the carbon balance improved to 80% for the semi-
continuous delivery approach when NBD was present in the reaction mixture. Perhaps more of the
substrate was dissolved in the acetonitrile solvent in which the NBD was added. It may be worthwhile
establishing a better experimental set up for semi-continuous delivery and consider the use of organic
solvents to minimise substrate and/or product loss thus potentially ensuring effective enzyme use.
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Table 8.2: The carbon balances for all cases for the biotransformation of styrene experimental runs

Stepwise Semi-continuous
Time (h) Rep. 1 Rep. 2 Ave. Std. dev Rep. 1 Rep. 2 Ave. Std. dev
0.02 100% 100% 100% 0% 100% 100% 100% 0%
0.08 100% 81% 90% 14% 96% 83% 89% 9%
0.5 96% 95% 95% 1% 93% 74% 83% 14%
1 106% 94% 100% 9% 93% 76% 84% 13%
2 100% 93% 96% 5% 92% 83% 87% 6%
4 98% 90% 94% 6% 88% 81% 85% 5%
8 99% 89% 94% 7% 83% 78% 81% 3%
16 94% 86% 90% 6% 70% 81% 76% 8%
24 100% 82% 91% 12% 59% 62% 61% 3%
Semi-continuous (+NBD) Semi-continuous (pH 8.0)
Time (h) Rep. 1 Rep. 2 Ave. Std. dev Rep. 1 Rep. 2 Ave. Std. dev
0.02 100% 100% 100% 0% 100% 100% 100% 0%
0.08 102% 102% 102% 0% 96% 95% 96% 0%
0.5 99% 107% 103% 5% 94% 93% 93% 1%
1 96% 100% 98% 3% 93% 92% 93% 1%
2 97% 100% 99% 2% 96% 94% 95% 1%
4 91% 98% 94% 5% 95% 96% 96% 0%
8 96% 96% 96% 1% 87% 86% 87% 1%
16 78% 89% 84% 7% 74% 73% 74% 1%
24 84% 80% 82% 2% 60% 60% 60% 0%

Reaction conditions: 20 ml 100 mM potassium phosphate buffer pH 7.0 or pH 8.0, 12 U mI™ (NBD) PaDa-1, 20 mM styrene, with
or without 0.5 mM NBD, 20 mM H,O, stepwise (2.5 mM H202 every 30 min over the first 2 h) or semi-continuous

(0.83 mM H,O, every 1h over 24 h) addition, 200 rpm, 25 °C.

Appendix C.3: pH profiles for the styrene biotransformation study
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Figure 8.11: pH profiles of the biotransformation of styrene using stepwise (A) and semi-continuous hydrogen peroxide delivery
in the absence (®) and presence (M) of 0.5 mM NBD and continuous hydrogen peroxide addition in the absence (a)
and presence (b) of 0.5 mM NBD. Reaction conditions: 20 ml 100 mM potassium phosphate buffer pH 7.0, 12 U mI”
' (NBD) PaDa-l, 20 mM styrene, 20 mM H,O; stepwise (2.5 mM H,O, every 30 min over the first 2 h) or semi-

continuous (0.83 mM H,O, every 1 h over 24 h) addition , 200 rpm, 25 °C.
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Figure 8.12: pH profile of the biotransformation of styrene using semi-continuous peroxide delivery at pH 8.0 in. Reaction
conditions: 20 mI 100 mM potassium phosphate buffer pH 8.0, 12 U mI™ (NBD) PaDa-I, 20 mM styrene, 20 mM H,O:
semi-continuous (0.83 mM H,O, every 1h over 24 h) addition , 200 rpm, 25 °C.

Appendix C.4: Enzyme deactivation kinetics in the presence of styrene only
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Figure 8.13: The enzyme deactivation kinetics of PaDa-I in the presence of 20 mM styrene only modelled by the first order
(- - - -), two-parameter (—) and four-parameter (— --—) models. Reaction conditions: 20 ml 100 mM potassium

phosphate buffer pH 7.0, 1.7 U ml™ (NBD) PaDa-1, 200 rpm, 25 °C.
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Table 8.3: Deactivation kinetic parameters for the peroxygenase activity of PaDa-I in the presence of 20 mM styrene as a sole

substrate, where model constants k;, k,, o; and o, were determined by non-linear regression

Kinetic parameter First order model Two-parameter model  Four-parameter model
k, (min’) 0.01 0.18 0.18

k, (min’) 0.001

o 0.51 0.51

o, 0.56

R’ 0.15 0.87 0.88

P 0.85 0.05 0.04

AARD (%) 1.41 0.08 0.11

AlC 11.09 2.59 6.43

BIC 7.80 -1.79 -0.15

Appendix C.5: Enzyme inhibition kinetics calculations

Rate equations for reactions affected by inhibition can initially be expressed through the unmodified
Michaelis Menten equation in terms of apparent parameters vapp and Kapp (Equation 8.4) (lllanes et al.,
2008). The initial reaction rates data was obtained from the first 5 minutes of the biotransformation
(Table 8.4) and linearised by the Lineweaver-Burke equation (Equation 8.5).

Vapp [S]

' et ) o

LR (8.5)

1
; Vmax [S] Vmax

Table 8.4: Initial rates data for biotransformation of styrene at different H,O,concentrations

2.5 mM HzOz 5mM HzOg 10 mM HzOz

[v] initial reaction rate (MM min™) [v] initial reaction rate (mM min™) [v] initial reaction rate (MM min-)

[S](MM) Rep.1 Rep.2 Ave. Std.dev. Rep.1 Rep.2 Ave. Std.dev. Rep.1 Rep.2 Ave. Std.dev.

2.5 0.107  0.095  0.101 0.006 0.064  0.058 0.061 0.003 0.033 0.025 0029  0.004
5 0.1M 0.106  0.109 0.003 0.073  0.068 0.071 0.003 0.038  0.041 0.039  0.002
10 0.115 0mn4 0115 0.001 0.075 0.057 0.066  0.009 0.047  0.036 0.041 0.006
20 005 0101 0.03 0.002 0.078  0.056 0.067 0.0 0.038 0.046 0.042  0.004

Reaction conditions: 20 ml 100 mM potassium phosphate buffer pH 7.0, 12 U ml " (NBD) PaDa-|, 20,10, 5 or 2.5 mM -
10, 5 or 2.5 mM mM H,O5, 200 rpm, 25 °C.

Based on the Lineweaver-Burke double reciprocal plots shown in Figure 8.14, it was determined that the
apparent kinetic parameters for the biotransformation were vape = 0.11 mM min™ and Kapp = 0.21 mM.
Thereafter, the kinetic parameters for non-competitive inhibition were obtained from the secondary plot
in Figure 8.15 - K; = 2.30 mM and Vmax = 0.24 mM min™". The results from the graphical analysis agree
with what lllanes et al. (2008) prescribed: for non-competitive inhibition Ky = Kapp and Vimax > Vapp. These
values were therefore used as a guideline for the nonlinear regression analysis.
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Table 8.5: Results for determining apparent kinetics from the Lineweaver-burke method of linearisation

H.O> (mM)  intercept Vapp slope Kapp 1/Vapp 1/Kapp Kapp/Vapp
10 24.19 0.041 11.16 -0.46 24.19 =207 -11.16
5 15.10 0.067 -6.15 0.42 14.50 2.36 6.15
2.5 9.05 0.1M -1.90 0.21 9.05 4.76 1.90
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Figure 8.15: Secondary plot to determine the kinetic parameters for non-competitive inhibition
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