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Abstract

Immobilization of biocatalysts is an important tool to allow the economical viable use of enzymes
through efficient recycling and to establish different reaction concepts. A general methodology
applicable for a broad range of enzymes and allowing stable, preferably site-directed and covalent
binding to respective supports with high catalytic activity is still elusive. In addition, immobilizates
with high enzyme purity can only be achieved via previous time-consuming chromatographic
purification steps which drastically increase the overall costs for immobilization. Therefore, tag-based
immobilization concepts were evaluated in this thesis as a simple and generic strategy to mediate site-
directed immobilization of enzymes.

To evaluate the different tags, various model enzymes were selected comprising the groups of ThDP-
dependent enzymes, alcohol dehydrogenases, transaminases as well as aldolases. Among the selected
tags, the HaloTag™ mediates covalent binding to carriers exposing chloroalkane residues. This tag is
commercially available and was artificially constructed based on a dehalogenase from Rhodococcus
spec. by respective modification of the active site. The fusion of this tag to the selected model
enzymes revealed in all cases good heterologous production with up to 50 % of the soluble total
protein content. Second, immobilization proceeded in all cases with high affinity within minutes
directly from crude cell extracts yielding covalently bound enzymes with high purity. The residual
activity of the immobilized fusion enzymes ranged between 10 % and 100 % compared to the free
enzyme variants without HaloTag™ but the majority of immobilized enzymes revealed catalytic
activities higher than 50 %. In addition, low residual activity of immobilized aldolases was slightly
enhanced by long rigid spacer sequences separating the HaloTag™ and the corresponding model
enzyme.

Besides recycling in repetitive batch reactions, the applicability and long-term usage of the
immobilized HaloTag™ fusion enzymes were successfully demonstrated in continuous reactions
employing plug-flow reactors. Respective reactors were directly loaded in flow due to the high affinity
of the HaloTag™ and reactions were started immediately afterwards. This allowed access to valuable
products such as mono aldol reaction products or chiral alcohols but most importantly, multi-step
reaction sequences were successfully implemented. Incompatibilities of individual steps in such
cascades were successfully overcome since each step occurred in specific flow modules under optimal
conditions. As a consequence, highly productive reactions were established for the synthesis of chiral
epoxides and chiral vicinal diols, respectively, with space-time yields of the individual steps up to 1.8
kg*L'*d" and an operational stability up to several weeks.

In comparison, the use of carbohydrate-binding modules (CBMs) which mediate binding towards
insoluble carbohydrates also enabled one-step purification and immobilization of the selected model
enzymes with similar residual activities. However, the heterologous production of corresponding
fusion enzymes was in many cases drastically reduced and a lower purity as well as a lower binding
strength to respective carriers was observed.

Therefore, the HaloTag™ was identified as the most suitable candidate. This methodology is simple
and broadly applicable to various enzymes and consequently has the potential to facilitate the
development of immobilized biocatalysts.



Kurzfassung

Die Immobilisierung von Biokatalysatoren ist ein wichtiges Instrument fiir die kosteneffiziente
Nutzung von Enzymen, da hierdurch sowohl ihre Wiederverwendung als auch verschiedenste
Reaktionskonzepte ermdglicht werden. Die derzeitig verfiigbaren Methoden sind jedoch kaum generell
anwendbar und die Bildung einer gerichteten, vorzugsweise kovalenten Bindung des Enzyms an das
Tréagermaterial unter Erhaltung der katalytischen Aktivitét ist eher selten. AuBerdem kdnnen derzeit
Immobilisate mit hoher Reinheit meist nur durch vorhergehende chromatographische Reinigung der
Enzyme hergestellt werden, was mit einem hohen Zeit- und Kostenaufwand verbunden ist. Daher
wurden in dieser Arbeit Tag-basierte Methoden als einfache und kostengiinstige Alternative fiir die
Immobilisierung von Enzymen evaluiert.

Hierfiir wurden Enzyme aus den Familien der ThDP-abhédngigen Enzyme, Alkoholdehydrogenasen,
Transaminasen sowie Aldolasen als Modellenzyme ausgewéhlt. Unter den ausgewéhlten Tags
ermoglicht der HaloTag™ eine kovalente Bindung an Trigermaterialien, auf denen entsprechende
Chloroalkane exponiert sind. Der Tag ist kommerziell erhidltlich und wurde artifiziell durch
entsprechende Modifizierung des aktiven Zentrums einer Dehalogenase aus Rhodococcus spec.
konstruiert. Die Fusion dieses Tags mit den entsprechenden Modellenzymen ergab in allen Fillen eine
gute heterologe Produktion mit bis zu 50 % Anteil am 16slichen Gesamtproteingehalt. Des Weiteren
ermoglicht der HaloTag™ eine schnelle Bindung der Fusionsenzyme direkt aus Rohzellextrakten an
die Trigermatrix, was zu Immobilisaten mit hoher Enzymreinheit fiihrte. Alle Modellenzyme waren
im Anschluss katalytisch aktiv, wobei die Aktivitidt im Vergleich zu den freien Referenzenzymen ohne
HaloTag™ zwischen 10 % und 100 % variierte. Fiir die Mehrzahl der untersuchten Enzyme wurde
jedoch eine Restaktivitit hoher als 50 % beobachtet und im Falle der immobilisierten Aldolase konnte
die Aktivitdt durch Auswahl von langen, starren Abstandshaltern, die den HaloTag™ mit dem
Modellenzym verkniipften, erh6ht werden.

Die so hergestellten Immobilisate wurden im Anschluss sowohl fiir die Rezyklierung in Satzreaktoren
als auch fiir die Etablierung von kontinuierlichen Reaktionen verwendet. Hierfiir wurden effiziente
Protokolle entwickelt, die eine direkte Beladung von Stromungsrohr-Reaktoren im Fluss erlauben,
sodass Reaktionen direkt im Anschluss durchgefiihrt werden konnen. Mithilfe dieser
Reaktionskonzepte ~wurde die effiziente Produktion von beispielsweise Mono-Aldol
Reaktionsprodukten oder die Bildung von chiralen Alkoholen ermdglicht. Insbesondere wurden
dadurch aber auch erfolgreich Mehrschritt-Reaktionen etabliert, da durch die rdumliche Trennung der
einzelnen Reaktionsschritte auftretende Inkompatibilititen erfolgreich iiberwunden wurden. Dies
miindete schlieBlich in Reaktionen fiir die Synthese von chiralen Epoxiden oder vicinalen Diolen, fiir
die Raum-Zeit Ausbeuten von bis zu 1,8 kg*L'*d"' erzielt wurden. Die einzelnen Reaktionen
verliefen dariiber hinaus bis zu mehrere Wochen stabil.

Im Vergleich dazu wurden Kohlenhydrat-Binde Module (CBMs), welche die Bindung an unldsliche
Kohlenhydrate ermdglichen, ebenfalls erfolgreich fiir die Immobilisierung von Enzymen mit
gleichzeitiger Reinigung eingesetzt. Die resultierenden Immobilisate zeigten dhnliche Restaktivititen
wie entsprechende immobiliserte HaloTag'"'-Fusionsenzyme. Allerdings wurde in vielen Fillen eine
geringe Produktion der Fusionsenzyme und eine geringere Reinheit sowie schwéchere Bindungsstirke
an Cellulose beobachtet.

Daher wurde der HaloTag™ als besonders geeigneter Kandidat fiir die erfolgreiche Immobilisierung
von Enzymen identifiziert. Generell ist diese Methode einfach durchzufiihren und auf eine Vielzahl an
Modellenzymen anwendbar, was damit das Potential birgt, die oftmals aufwéndige Entwicklung von
immobilisierten Biokatalysatoren deutlich zu beschleunigen und zu vereinfachen.

II
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General Introduction

1 General Introduction

1.1 Biocatalysis — the use of enzymes for organic synthesis

1.1.1 Biocatalysis as a tool of biotechnology

Biological systems have been utilized by mankind for thousands of years starting with simple
applications of microbial cells for the production of food and beverages. On that basis, technical
fermentative processes were developed in which microorganisms were used to produce various
products of higher value and it became clear that a highly complex system of biochemical activities
within these cells was responsible for the effects observed. Many of these biochemical reactions are
accelerated by biological macromolecules to which proteins which are called enzymes — a term first
introduced by Wilhelm Friedrich Kiihne at the end of the 19" century (Kiihne, 1876) — contribute
mostly. In the field of biocatalysis, the catalytic activity of such enzymes is exploited and directed

towards the chemical synthesis of various valuable compounds (Sheldon and Woodley, 2018).

After having understood the catalytic nature of enzymes due to the pioneering work of Emil Fischer
(Fischer, 1894), biocatalysis was especially promoted by the establishment of molecular biology tools
allowing the artificial recombination of DNA in microbial host cells (Cohen et al., 1973). On that
basis, even more sophisticated methods were developed to enable the modification and engineering of
biocatalysts towards specific aims and needs in a Darwinian evolution based manner (Arnold, 1996;
Stemmer, 1994). Retrospectively, this was the start of the so-called third wave of biocatalysis, which
is still making use of advanced protein engineering, gene synthesis and bioinformatic tools to increase

the availability (see 1.1.2) of suitable biocatalysts for synthetic chemistry (Bornscheuer et al., 2012).

All these efforts have also resulted in the implementation of biocatalytic processes in different
industrial sectors including for example agriculture, food or pharma (Choi et al., 2015; Straathof et al.,
2002). For example, glucose isomerase was already implemented in the 20" century for the production
of high-fructose corn syrup as a cheap sweetener for the food industry (Bhosale et al., 1996) and is
nowadays used to produce high-fructose corn syrup in a scale of more than 1 million tons per year
(Bommarius and Riebel, 2004; Crabb and Shetty, 1999). A further example developed later on in the
sector of pharma was the application of a transaminase for the production of the antidiabetic
compound sitagliptin (Savile et al., 2010). However, the overall amount of industrial biocatalytic
processes is still modest and often, biocatalytic solutions are underrepresented (Schmid et al., 2001;
Truppo, 2017). Therefore, a closer look on the strength and limitations of biocatalysts will be given in

the following chapters to understand this phenomenon.
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1.1.2 General strengths and limitations of biocatalysts

Selectivity

One of the biggest strengths of enzymes in comparison to chemical synthesis strategies is their
outstanding regio-, chemo- and stereoselectivity enabling precise control of individual functional
groups within a complex molecule. To achieve the same high regio- or chemoselectivity, chemical
strategies routinely depend on the use of protection groups shielding functional groups from undesired
reactivities (Kocienski, 2005). However, such protecting groups increase in all cases the total amount
of overall steps to achieve a specific synthetic goal and generally lower the atom economy of a
synthesis thereby rendering enzymes a good alternative (Sierra and de la Torre, 2004). In contrast, a
high stereoselectivity is often mandatory to produce bioactive compounds. Since biological molecules
are characterized by a specific stereochemistry, which is also described as biological homochirality
(Blackmond, 2010), bioactivity of compounds is often inherently connected to the spatial orientation
of their functional groups. For example, the stereoisomer of a bioactive compound can have no, a
much stronger or even a detrimental effect in comparison to its counterpart (Smith, 2009).
Stereoselective synthesis routes in organic chemistry can be divided into three different strategies
comprising (7) chiral pool, (if) resolution of racemates and (ii/) asymmetric synthesis each of them
connected to several drawbacks (Beck, 2002; Faber, 2018). Chiral pool methods are based on the
isolation of stereochemically pure natural starting compounds but the availability of such compounds
at an affordable price can be limited. Instead, racemates can be produced much easier using classical
chemical routes, which can be combined with resolution techniques to achieve enantiomerically pure
compounds but 50 % of the product will be discarded. If applicable, kinetic resolution approaches are
a good alternative, which iteratively racemise the undesired stereoisomer combined with subsequent
resolutions. However, asymmetric synthesis strategies represent the fastest access to enantiomerically
pure compounds. Depending on the availability of chiral catalysts or auxiliaries, new chiral centers are
incorporated into prochiral substrates in one step (Beck, 2002). For asymmetric synthesis approaches,
each reaction has to be evaluated individually if bio- or chemical catalysts lead to a higher
stereoselectivity but enzymes are also able to perform chiral functionalizations on non-activated
substrates (Bernhardt and Urlacher, 2014) and additionally have the advantage of being non-toxic and
biodegradable (see below).

Environmental impact

In 1998, Paul Anastas and John Warner introduced 12 principles for the design and evaluation of
reactions with respect to their sustainability and their environmental impact (Anastas and Eghbali,
2010; Anastas and Warner, 1998). These 12 principles of Green Chemistry illustrate ideal processes

that spare the use of toxic compounds during synthesis, prevent the formation of waste and high
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consumption of energy and resources, start from renewable feed stocks and need as few process steps
as possible to reach the synthetic goal. Enzymes as biocatalysts directly address these demands by
inherently being non-toxic, degradable catalysts from renewable feed stocks. Additionally, reactions
are mostly catalyzed with a high selectivity (see above) at ambient temperatures and pressures leading
to step efficient reactions with low energy input. Due to the just described nature of biocatalysts, their
“greenness” is often seen as obvious and detailed assessments of their environmental impact are rarely
found in literature (Jegannathan and Nielsen, 2013; Kuhn et al., 2010). This was recently critically
reviewed and the authors pointed towards the argument of waste generation which is often not
discussed in detail (Dominguez de Maria and Hollmann, 2015). A rational measure to evaluate the
amount of waste formed was introduced with the E-factor describing the amount of waste formed per
kg of product (Sheldon, 2017). Since many biological reactions are performed usually under aqueous
conditions, one has to consider the amount of water as waste, too. Under dilute conditions, the ratio of
waste water and formed product is very unfavorable yielding a very high E-factor. Taking this issue
into account, the assessment of the environmental impact of biocatalytic reactions becomes more exact
and still is often evaluated of being a ’greener” solution in comparison to conventional process

strategies (Jegannathan and Nielsen, 2013; Kuhn et al., 2010).

Availability

During millions of years, evolution has come up with a huge variety of enzymes catalyzing a vast
number of different biochemical reactions. Furthermore, the general opinion about enzyme specificity
has changed from the paradigm that a single enzyme can only catalyze one distinct reaction towards
the acceptance of enzyme promiscuity (Arora et al., 2014; Gupta, 2016). Such promiscuity can be
classified into (7) substrate, (if) condition or (iii) catalytic promiscuity explaining that enzymes
catalyze the same kind of reaction with different substrates or display even new catalytic activities in
comparison to their native physiological function (Babtie et al., 2010). This huge amount of available
functionalities is enhanced by the possibilities offered by modern protein engineering tools. By
applying these, the catalytic repertoire of enzymes can be enhanced with designed functions
completely unknown to exist in nature or yet impossible to achieve with chemical synthetic strategies
(Arnold, 2017) as was just recently shown by discovering carbon-silicon bond formation (Kan et al.,
2016) or Anti-Markovnikov alkene oxidation (Hammer et al., 2017). Besides all this catalytic
potential, there is still the question of how to find the right enzyme. To answer this question,
bioinformatics tools were introduced already more than 30 years ago. For example, the BRaunschweig
ENzyme DAtabase (BRENDA) was established in 1987. Today this database provides access to more
than 370,000 enzymes and their published biochemical functions (Schomburg et al., 2017). Even
though such bioinformatics tools are constantly expanding, the possibility to find the desired

biocatalyst especially with activity towards non-physiological substrates is rather low. Furthermore,
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each application requires specific properties of a biocatalyst in terms of activity, stability and
selectivity. Therefore, the availability of enzymes with all desired characteristics is mostly impossible
and optimization by protein engineering is often necessary (Bornscheuer et al., 2012). One major
problem that has to be overcome is the identification of the right amino acid exchanges leading to an
optimized catalyst. In light of the huge amount of combinatorial possibilities caused by the theoretical
option to insert 20 different amino acids at any position of the enzyme, the development of screening
methods enabling the fast identification of positive hits from large libraries of altered enzyme variants
is a current bottleneck and of major focus (Reetz, 2017). Recent publication for example targeted the
increase of screened variants per time frame (Chen et al., 2016) or the development of enzyme assays

applicable to a broader range of enzymes (Yan et al., 2017).

1.2 Biocatalytic reaction concepts

As outlined above, the use of biocatalysis for the synthesis of organic compounds is promising due to
great selectivity under economically friendly conditions. To fully exploit this potential, reaction
concepts are necessary beyond the obvious set-ups of single-step transformation in simple batch

reactors which are explained in the following chapters.

1.2.1 Continuous reactions

In a continuous reaction, a fluid is pumped into a reactor where a reaction takes place in flow while the
formed products exit the reactor into an environment where no further chemical transformation is
intended to occur (Plutschack et al., 2017). In comparison to traditional batch systems, continuous
reactions have several advantages that do apply for reactions either using chemical or biological
catalysts. Reactions in flow benefit from (i) reduced costs for large-scale production (Roberge et al.,
2008; Schaber et al., 2011) (ii) easier scale-up (Anderson, 2012) (iii) improved mixing, heat and mass
transfer especially for small scale reactors enabling higher productivities (Baxendale et al., 2006b;
Kirschning et al., 2012; Schlange et al., 2011), (iv) higher control about parameters such as residence
time, mixing, temperature or pressure leading to a more reliable process (Plutschack et al., 2017) (v)
higher safety (Brahma et al., 2016; Musio et al., 2018; O’Brien et al., 2010), (vi) higher sustainability
(Ley, 2012; Newman and Jensen, 2013; Wiles and Watts, 2012) as well as (vii) the possibility for
automation (Fitzpatrick and Ley, 2016; Reizman and Jensen, 2016). However, the establishment of
continuous processes can be time-consuming and reactions in batch are usually established much
faster (Plutschack et al., 2017).

In biocatalysis, attempts to perform reactions in flow have started early and first examples include the
establishment of a process for the continuous resolution of amino acids (Tosa et al., 1966a; Tosa et al.,

1966b; Tosa et al., 1967) or the implementation of a continuous stirred tank reactor containing an
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ultrafiltration membrane for the retentions of enzymes and cofactors (Wichmann et al., 1981). Today,
applications of biocatalysis in flow have diversified and can be classified according to different
measures comprising (i) size and type of reactor, (ii) the flow inside the reactor, and (iii) the
biocatalyst formulation (Tamborini et al., 2018). As a tool for fast screening applications and rapid
process development, microreactors ranging in dimensions of mm- or pm scale have been studied
intensively (Bolivar et al., 2011; Laurenti and dos Santos Vianna Jr., 2016; Wohlgemuth et al., 2015).
Such reactors are for example based on chips or micro-capillaries and sometimes have additional
internal microstructures. To bridge the scale-up towards macroscale reactors usually used for
preparative applications, mesoscale reactors such as continuous stirred tank reactors or cylindrical
plug-flow reactors at the ml scale were reported (Rao et al., 2009). Inside these different types of
reactors, the flow can be mono- or biphasic including a segmentation into different droplets
(Tamborini et al., 2018), which is often used to overcome mixing problems (Robertson, 2017). To
obtain high enzymatic productivities, the retention of biocatalysts inside flow modules is crucial.
Although continuous biocatalytic reactions are sometimes performed without retention of the
biocatalyst in the reactor (Cascon et al., 2013), the great majority of reported reactions apply a
compartmented biocatalyst. Therefore, efficient methods have to be established to allow
compartmentalization of biocatalysts in flow reactors by for example attachment to insoluble particles,
coating to the inner wall of reactors or retention with membranes or within polymers (Kazenwadel et

al., 2016; Rao et al., 2009; Tamborini et al., 2018; Yuryev et al., 2011).

1.2.2 Multi-step reaction sequences

The production of organic compounds usually involves the combination of several individual reaction
steps until the final synthetic goal is reached. Traditionally, the reactions are performed consecutively
in batch including the purification of intermediates. However, intermediate product isolation is time-
consuming, leads to the accumulation of a huge amount of waste during the whole reaction sequence
and reduces the overall yield (Groger and Hummel, 2014). Therefore, the development of multi-step
reaction sequences bypassing such purification steps and allowing direct combination of several steps
has become a major field of interest in biocatalysis to enable more sustainable reactions (Schrittwieser
et al., 2018). These reactions are also described as biocatalytic cascades and can generally be defined
as the combination of at least two different reaction steps without isolation of the intermediates and of
which at least one step is catalyzed by an enzyme (Kroutil and Rueping, 2014). Cascades can be
subdivided into different subgroups whereby the chronology order of events is very important. They
can be run in a simultaneous mode where all components of a reaction are added at the beginning in
one reaction vessel without further intervention or in a sequential mode where a temporal or spatial
separation of different reaction steps is adjusted (Schrittwieser et al., 2018). The sequential reaction

sequence might be necessary due to several reasons and usually arises from incompatible reaction
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conditions. First, two different enzymes may have activity towards the same substrate which would
drastically diminish the yield of the target product and which is also described as cross-reactivity
(Jakoblinnert and Rother, 2014; Wachtmeister et al., 2016). Second, the simultaneous activity of
different biocatalysts in one reactor can be hampered by different pH optima, stabilities towards
solvents or inactivation by involved reactants (Enoki et al., 2016; Klermund et al., 2017). The latter is
especially difficult for the combination of biologically and chemically catalyzed steps when, for
example, enzymes and metal catalysts, such as palladium are combined (Denard et al., 2013; Groger
and Hummel, 2014; Sato et al., 2015). Therefore, efficient strategies to establish sequential operation
modes for biocatalytic cascades have to be developed. One strategy comprises the
compartmentalization of catalysts to perform each reaction in a defined space and environment under
optimal conditions (Rulli et al., 2013; Schmidt et al., 2017).

Evidently, the combination of continuous reaction strategies and multi-step reaction sequences can
thereby result in highly efficient and sustainable reaction concepts based on biocatalyst
compartmentalization as a common element. The reaction would take place in a defined reactor
compartment and products would then be transported to further modules and subsequent reactions
without intermediate product isolation. In addition, potential incompatibilities would be eliminated
while the high reaction control in flow would guarantee highly efficient individual steps and if
required the introduction of reactants as well as the removal of undesired compounds from the reaction
sequence exactly at the time and place needed (Wegner et al., 2012). However, reports on continuous
enzymatic cascades are rare (Gruber et al., 2017; Peschke et al., 2017b) and the majority of examples

is based on single-step transformations leaving room for optimization (Schrittwieser et al., 2018).

1.3 Translation of biocatalytic reactions into industrial processes

Based on the just mentioned biocatalytic reaction concepts, different industrial processes have been
established (Choi et al., 2015; Huisman and Collier, 2013; Pellis et al., 2018; Straathof et al., 2002;
Wohlgemuth, 2009; Wohlgemuth, 2010). As already described in chapter 1.1, biocatalysis comes
along with several advantages including a high selectivity and sustainability but the availability of
suitable catalysts is limited. In addition to these general strengths and limitations, the existing barriers

of translating a biocatalytic reaction into an industrial process are discussed in this chapter.

In 2012, Dach and coworkers aimed to define eight criteria to evaluate processes for the
manufacturing of chemicals (Dach et al., 2012). These criteria were assigned to two major groups
comprising the cost factors for material as well as conversion and every single criterion was afterwards
rated according to its impact on the overall process efficiency. Among these, the criterion of volume-
time output was weighed with 40 % constituting by far the most important factor. Translating this
estimation on the development of a biocatalytic process, process engineers have to focus on the

employment of enzymes which are highly active in the presence of high substrate concentrations to
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enable a high productivity. However, enzymes often lack operational stability under such demanding
conditions (Iyer and Ananthanarayan, 2008; Schmid et al., 2001). Furthermore, high concentrations of
hydrophobic substrates are especially challenging since organic solvents are required for efficient
solubilization but the majority of natural enzymes displays lower catalytic activity in such solvents
compared to aqueous solutions (Klibanov, 1997; Zaks, 1991). Nevertheless, low operational stability
can be overcome by different methods including either (i) optimization of the biocatalyst itself by
protein engineering, (if) modification of the enzyme structure by for example rigidification (see 1.4) or
(iif) by establishment of a protective micro-environment as for example achieved by the use of whole
cell catalysts (de Gonzalo et al., 2007; Jakoblinnert and Rother, 2014; Li et al., 2015; Serdakowski and
Dordick, 2008; Stepankova et al., 2013; Truppo et al., 2012).

Material costs are the second biggest contributing factor for an efficient process according to Dach and
coworkers (Dach et al., 2012). Such comprise the costs for all purchased chemicals including the
catalyst. Therefore, the costs for the biocatalyst need to be reasonable to render the process
economically feasible. Overall, the costs for the production of enzymes are not easy to determine and
depend on several factors. First of all, the production scale is decisive and with increasing cultivation
volume, the costs for the production of the biocatalyst decrease (Tufvesson et al., 2011). Furthermore,
the cultivation yield as well as the production level in the production strain affects the price as well.
Therefore, prices for biocatalysts can vary a lot and range between 100 and 100,000 $/kg (Rozzell,
1999). A further contributing factor that influences the catalyst price is the final formulation that is
used for the reaction. Biocatalysts can be applied as whole cells, as crude cell extracts containing the
target enzyme in crude mixture with other soluble cell components or in a purified form. Whole cell
catalyst are the cheapest formulation but costs increase with every additional processing step and
especially chromatographic enzyme purification is by almost one order of magnitude more expensive
(Tufvesson et al., 2011). However, the choice between different biocatalyst formulations is not only a
matter of price and comes along with several advantages and disadvantages affecting the overall
process efficiency. Whole cells may carry further undesired catalytic activities potentially causing an
increase in by-product formation, if the substrate is similar to physiological ones (Carvalho and
Fonseca, 2007). Another disadvantage associated with whole cells is the risk of leaching cell
components causing regulatory problems or complicating the downstream processing (Aguilera et al.,
2013). Furthermore, the cell membrane constitutes a diffusion barrier, which may slower down the
overall reaction and some compounds might even not be able to pass it. These effects do not apply for
pure enzymes but on the contrary, whole cells already contain expensive cofactors that can be used for
cofactor regeneration and the cell membrane can have a protective effect on the biocatalyst
(McAuliffe, 2012; Wachtmeister and Rother, 2016). These arguments clearly indicate that the
biocatalyst formulation has a huge impact beyond the point of catalyst production costs and that each
process needs individual assessment to find the optimal solution. However, either chemical or

biological chiral catalysts are generally not regarded as cheap (Rozzell, 1999). Therefore, the most
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economical approach would be to use catalysts as long as possible since they are not consumed during
a reaction. One approach is the development of methods to efficiently recycle enzymes in industrial
operations (see 1.4) thereby decreasing overall process costs (DiCosimo et al., 2013).

Finally, further factors to successfully translate a biocatalytic reaction into an efficient process depend
on the price of the product as well as the time available to find the right biocatalyst. For bulk
chemicals, the product price is rather low and was estimated to be about 1 €/kg while products in the
pharma sector typically range above 100 €/kg (Tufvesson et al., 2011). Consequently, a biocatalyst
used for the production of bulk chemicals has to be much more productive to render the process
economically feasible leading to much tougher thresholds for the production of low-priced products.
In addition, Matthew Truppo recently reviewed the short time frame for example in the pharmaceutical
industry to implement a process and that the time necessary to find, characterize and optimize a certain
biocatalyst is usually too long for a significant impact (Truppo, 2017) (see also 1.1.2).

To sum up, the implementation of a highly productive biocatalytic process needs to be fast and would
require an ideal biocatalyst that has a high activity as well as high operational stability under
challenging conditions, is produced with low production costs and is easily separated from the reaction

media for successful long-term use and low product impurities.

1.4 Biocatalyst immobilization

Biocatalyst immobilization can be a solution to the just mentioned issues for the establishment of
different reaction concepts and economically viable processes (see 1.2, 1.3) One of the most
comprehensive definitions for enzyme immobilization was given by Winfried Hartmeier, who wrote in

a review about immobilized biocatalysts:

“Upon immobilization, biocatalysts are either bound to carriers (or to each other) or physically

confined in a definite volume |...]” (Hartmeier, 1985).

This definition reveals the two different strategies of immobilization, comprising either the formation
of insoluble catalysts by binding to a support or to itself as well as the entrapment of free and soluble
enzymes in a defined compartment (see also Figure 1.4-1).

Biocatalyst immobilization is utilized to target several bottlenecks in biocatalysis. One of the greatest
advantages connected with immobilized biocatalysts is a facile recovery of the enzyme from the
reaction medium which enables the efficient reuse of enzymes for long-term and economically viable
applications (DiCosimo et al., 2013). Furthermore, the biocatalyst stability can be enhanced by
immobilization in some cases, leading to enhanced resistance against stress factors like for example
organic solvents or extreme pH and temperature (Garcia-Galan et al., 2011; Guzik et al., 2014; Li et

al., 2015; Mateo et al., 2007b). Finally, biocatalyst immobilization is an important tool for process
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intensification' in general. Besides facile recovery, immobilized catalyst allow a greater variety of
reactor designs starting from simple batch to sophisticated continuous set-ups, a higher reaction
control as for example in multi-step synthesis approaches by easy termination and start of sequenced
reactions, and a facilitated down-stream processing accompanied with less catalyst related impurities
(Baxendale et al., 2006a; Caddow and Concoby, 2004; Homaei et al., 2013; Tamborini et al., 2018).

In contrast, immobilization can lead to a reduced catalyst activity, which is based on several reasons.
In some cases, the immobilization process is rather harsh and the modifications introduced to the
enzyme diminish its catalytic activity (see also chapters below) (Mateo et al., 2007a; Sheldon, 2011).
Additionally, the used carrier and the functional groups present on its surface may establish an
unfavorable micro-environment with respect to charge, pH and hydrophobicity (Liese and Hilterhaus,
2013). For example, in close proximity of a cationic surface, protons are repelled due to the same
charge. The resulting alkaline micro environment may affect the enzyme stability and catalytic
activity. Finally, potential mass-transport limitations can reduce the activity since enzymes are locally
concentrated and substrates have to diffuse in some cases into polymers or porous carriers (Liese and
Hilterhaus, 2013). Another important factor is that immobilization leads to enhanced biocatalyst
production costs. Among these, the costs for the carrier contribute the most, followed by costs for the
respective enzyme, labor and equipment (Tufvesson et al., 2011). Based on these disadvantages, basic
guidelines for the development of immobilization methods can be deduced. The ideal immobilization
strategy should be gentle to maintain catalytic activity while establishing a strict compartmentalization
without enzyme leaching. The choice of the right carrier is rather enzyme specific since it influences
the direct environment of an enzyme but should be cheap and inert to guarantee economical
immobilization as well as long-term operations. Although a universal immobilization approach would
be desirable, the huge variety of complex enzymes with completely different properties represents a
great barrier to implement such generic approaches. This may explain the evolution of a vast amount

of different immobilization approaches, which are described in the next chapters.

1.4.1 Overview about existing strategies for biocatalyst immobilization

Strategies for biocatalyst immobilization are classified into two different groups as depicted in Figure
1.4-1 (Hartmeier, 1985). In the first group, the biocatalyst is bound to a carrier or to itself whereas in
the second group, it is confined in a distinct compartment without establishing any bond and
entrapment as well as encapsulation methods are distinguished. However, these general ways of
immobilization can principally be applied to all kinds of biocatalyst formulations including whole
cells, crude cell extracts and purified enzymes. As a consequence, the performance of the immobilized

biocatalyst is influenced by the used biocatalyst formulation in terms of production costs and catalytic

' Process intensification is understood as the development of “novel apparatuses and techniques that [...] bring
dramatic improvements in manufacturing and processing [...]” (Stankiewicz and Moulijn, 2000).
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efficiency as described in 1.3. In the following chapters, the main focus will be placed on methods for
the immobilization of enzymes but in principle, most of the methods can be performed starting from
whole cells, too (Polakovi¢ et al., 2017; Zajkoska et al., 2013). Therefore, methods for the

immobilization of whole cells will be briefly mentioned where appropriate.

biocatalyst immobilization

binding confinement

carrier-free carrier-bound entrapment encapsulation

@ carrier

G
Ca)zaycad
S

T

(covalent and non-covalent bonds)

Figure 1.4-1: General strategies for biocatalyst immobilization. Image is based on a general definition about biocatalyst
immobilization given by Hartmeier, 1985.

Immobilization methods based on confinement

The confinement of biocatalysts can be divided into different subcategories comprising (i) membrane
confinement, (ii) entrapment and (iii) encapsulation. The simplest approach is the confinement of
catalysts by membranes inside continuous mesoscale reactors (see 1.2.1). In these approaches,
ultrafiltration membranes are used to simply retain catalysts inside reactors for long-term use (Liese et
al., 1998; Schroer et al., 2007; Wichmann et al., 1981; Yuryev et al., 2011). However, it is
questionable wether such concepts belong to the field of enzyme immobilization although they are
covered by the general definition given above. Catalysts experience the same degree of freedom as in a
non-immobilized state and the only difference is that they cannot escape from the reactor. Usually
biocatalyst immobilization is understood as an immobilization in the smallest space, and therefore,
these approaches will not be further discussed here in detail.

By definition, entrapment methods generally refer to the inclusion of biocatalysts in matrices or
polymers which are usually formed during the immobilization procedure around the catalyst without

establishing any bond (Cao, 2006c). A huge variety of different polymers exists for the efficient
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entrapment of either enzymes or whole cells, which can be classified due to their different types of
polymers and polymerization methods. In the first group, polymerization is induced chemically. Well-
studied carrier materials are for example sol-gels, which are based on the formation of siloxane
networks which form upon hydrolyzation of alkoxide percursors, like tetramethoxysilane, followed by
subsequent condensation of the resulting silanol groups to siloxanes (Buthe, 2011; Pierre, 2004) or
polyacryamide gels, which are formed through radical polymerization of acrylamide (Bilal et al.,
2016; Nawaz et al., 2016). In the second group, polymerization is induced by change in temperature,
pH or ionic strength. A very simple and often applied method in such approaches involves the use of
alginate, which solidifies upon addition of divalent calcium ions (Fraser and Bickerstaff, 1997).
Besides, further techniques were developed based on the entrapment of biocatalysts in synthetic
polymers such as polyvinyl alcohols which form a stable hydrogen bond network (Krasian et al.,
2016).

In comparison, biocatalyst encapsulation describes the inclusion of biocatalysts inside a spherical
container or capsule that allows the flux of substrates and products but retains the catalyst (Cao,
2006d). However, the distinction to entrapment methods is not always clear in literature and the term
encapsulation is sometimes also used for methods focusing on the formation of spherical
microcapsules, which consist of solid polymeric networks with entrapped biocatalysts. (Rother and
Nidetzky, 2014; Vemmer and Patel, 2013). Therefore, a differentiation is made at this point to state
that the term encapsulation is understood in this thesis as the formation of a semi-permeable
membrane or layer around a liquid enzyme preparation. According to this definition, whole cell
formulations carrying catalytic activities, which are surrounded by the cell membrane, are a natural
occurring encapsulation method. This can be mimicked by artificially constructing lipo- or
polymerosomes starting from amphiphilic lipids like phosphatidylcholines or amphiphilic copolymers
as polystyrene-poly(acrylic acid), which form bilayers around catalysts in aqueous solutions (Kuiper et
al., 2008; Walde and Ichikawa, 2001). Further approaches are based on coating of micro-core
templates and subsequent internal core liquefaction while the biocatalyst is either inside the solid
micro-core template or loaded afterwards. Examples are the cross-linking of the outer layer of
conventional calcium alginate beads (see above) with poly-lysine followed by a sodium citrate
treatment to liquefy the catalyst inside (Prakash and Chang, 1995) or the use of polyelectrolyte
capsules that become permeable for enzymes under certain conditions for loading after removal of the
sacrificial core template used for capsule manufacturing (Lvov et al., 2001). As a last method for
biocatalyst encapsulation, interfacial processes are mentioned, which involve reactions of compounds
that are soluble in different, immiscible phases (Cao, 2006d). For example, an emulsion of aqueous
droplets containing the catalyst and a water soluble polymer is formed in an organic solvent. Then
polymerization of the polymer is induced by the addition of a cross-linker only soluble in the organic
phase. Since cross-linker and polymer meet only at the interface of both immiscible phases, spherical

membranes are formed leading to encapsulated biocatalysts (Groboillot et al., 1993).
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The advantage of entrapment and encapsulation methods is their broad applicability and the
immobilization without establishing any bonds. However, enzyme leakage, diffusion constraints inside
polymers and through membranes as well as negative effects of compounds used for the preparation of
polymers or membranes, such as radical initiators or organic solvents are general problems and often
lower the catalytic potential after immobilization (Cao, 2006c; Cao, 2006d). Especially enzyme
leakage is often targeted by the combination with further immobilization methods such as covalent or
adsorptive binding (Cao, 2006¢; Cao, 2006d; Liu and Cao, 2017) which are discussed in the following
chapter.

Immobilization methods based on covalent and non-covalent bonds

Immobilization achieved via establishing a covalent bond usually involves a carrier except the catalyst
is connected to itself. In such cases, cross-linking agents targeting the intermolecular connection of
different functional groups present in enzymes like amino-, carboxyl-, or sulthydrylgroups are often
used (Wong and Jameson, 2011; see also below for further information on reactivity of functional
groups). Among these, glutaraldehyde is one of the most prominent representatives (Migneault et al.,
2004) and is for example utilized for the formation of cross-linked enzyme aggregates (CLEAS)
(Sheldon, 2011). For the preparation of these, enzymes are precipitated and subsequently treated with
glutaraldehyde to connect the amino groups of different catalysts with each other. Upon formation of
the imine, the formed bonds are reduced by for example sodium borohydride, which results in the
formation of a stable amine. In contrast, carrier-free immobilization approaches can also be based on
non-covalent interactions without the involvement of chemical cross-linkers. One starting point for the
development of such concepts was the observation that intracellular enzyme aggregates, also known as
inclusion bodies, still have catalytic activity (Diener et al., 2016; Garcia-Fruités and Villaverde, 2010;
Peternel and Komel, 2011; Worrall and Goss, 1989). The formation of such aggregates can either be
natural or artificially induced by different fusion partners (see also 1.4.2) and can lead to stable
immobilized biocatalysts (Krauss et al., 2017). In comparison, whole cells are not directly cross-linked
with for example glutaraldehyde since this would result in a very dense network accompanied with
poor mass-transfer (Zhang et al., 2018). Therefore, additives such as polyethylenimine are added
during the cross-linking process to achieve a copolymerization between cells and additives with higher
mass-transfer characteristics (Bahulekar et al., 1991; Zhang et al., 2018).

For the binding of a biocatalyst to a carrier, non-covalent and covalent immobilization strategies can
be distinguished. In adsorptive immobilization approaches, van der Waals forces, ionic interactions
and hydrogen bonding are responsible for the binding of enzymes or cells to the carrier (Jesionowski
et al., 2014; Klein and Ziehr, 1990). Very often highly ordered carriers with a porous structure are
selected for adsorptive immobilization purposes to achieve a high surface area with pore sizes that

match the typical size of catalysts. Especially for the immobilization of enzymes, the individual
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properties of the biocatalyst with respect to for example surface charge or hydrophobicity have to be
addressed to promote adsorptive binding. This explains that focus in this field was laid on the
development of methods to adjust the surface properties according to pore size and surface groups that
would benefit the target enzyme most. Nowadays, mesoporous carriers can be made of silicas, metals,
carbons or polymers and a huge variety of functional groups can be attached post-synthetically
(Hartmann, 2005; Zhou and Hartmann, 2013). However, almost any material can be employed for
adsorptive enzyme immobilization provided that the right functional groups are exposed to establish
efficient binding (Cao, 2006a). Immobilization performed by such methods is usually very mild, since
the biocatalyst is not modified and binding is achieved due to its natural properties. However, the
binding strength of adsorptive interactions can be too weak or may change during a reaction since for
example the surface charge of an enzyme is also a function of pH. Therefore, biocatalyst leakage is a
well-known problem for adsorptive immobilization technologies that are targeted by employing
additional immobilization steps after adsorption such as confinement (see above) or covalent binding
(see below) (Zhou and Hartmann, 2013).

The covalent binding of biocatalysts to a carrier is based on the coupling of functional groups present
in amino acid side chains of enzymes or on the surface of whole cells with functional groups displayed
by the carrier. Considering all side chains of the 20 proteinogenic amino acids, only nine side chains
display functional groups with theoretical reactivity for interaction with residues exposed on potential
carriers (Tischer and Wedekind, 1999; Wong and Jameson, 2011). These are listed in Table 1.4-1 and
include for example the lysine e-amino group and the sulthydryl group of cysteine. Furthermore, Table
1.4-1 reveals possible reactions mechanisms of the respective functional groups. Most of these
reactions are nucleophilic reactions, where lone pairs of valence electrons attack electron-deficient
centers for example exposed on the carrier. Among the functional groups, the nucleophilicity of the
sulthydryl group is the highest, followed by amino- and oxygen containing groups (Edwards and
Pearson, 1962). However, the reactivity of functional groups depends additionally on their
accessibility on the enzyme surface as well as on the surrounding micro-environment (Duggleby and
Kaplan, 1975; Means and Feeney, 1990). For example, the pH influences the reactivity of nucleophilic
groups strongly since lone electron pairs can bind protons. Therefore, it is difficult to predict which
functional groups will be involved in the establishment of covalent bonds. Furthermore, covalent
immobilization strategies either involve the direct reaction of groups present on the carrier with groups
of amino acid side chains (e.g.: epoxy groups react with amino groups of lysines or maleimide groups
with sulfhydryl groups of cysteines) or employ additional cross-linking agents such as glutaraldehyde
which react with groups of the enzyme as well as with groups exposed on the carrier to enable
immobilization (Cao, 2006e; Wong and Jameson, 2011). Finally, the effect of spacer length to achieve
a spatial distance between enzme and carrier and the number of covalent attachment sites are further
aspects that have to be considered for covalent immobilization techniques (Hoarau et al., 2017).

Spacers are sometimes necessary in case of potential negative effects caused by the surface
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characteristics of the carrier and the number of covalent bonds decides about the rigidity of an
immobilized enzyme. As a general rule, a higher rigidity may reduce activity but increase stability and

vice versa.

Table 1.4-1: Reactive functional groups in proteins for covalent immobilization. Other reactions include (a) iodination,
(b) nitration, (c) diazotitation, (d) esterification, (¢) amidation and reaction with (f) mercury, (g) dicarbonyls, (h) sulfenyl
halides, and (i) cyanogen bromide. *The N- and the C-terminus leads to an additional reactive amino- and carboxylgroup,

respectively. Table adapted from Wong and Jameson, 2011.

reactive functional alkylation/
amino acid acylation oxidation other
group arylation
cysteine sulthydryl- + + + a,d,f,h
lysine amino™*- + + - c,e,g
methionine thioether- + - + i
histidine imidazolyl- + + + a,c
tyrosine phenolic hydroxyl- + + + a,b,c,d
tryptophan indolyl- + - + H
aspartic acid carboxyl*- - + - d,c
glutamic acid carboxyl*- - + - d,c
arginine guanidinyl- - - - g

The main drawback of these approaches is that immobilization can hardly be controlled.
Macromolecular biocatalysts usually contain several functional groups of the same type that all can
theoretically participate in the interaction with carrier-bound groups. As a consequence, a huge portion
of catalytic activity may be lost, since functional groups essential for activity cannot be protected and
will be targeted in the same way like groups of minor importance given that they have the same
reactivity. Further factors that cannot be influenced since they depend on the position and number of
functional groups, are enzyme orientation towards the carrier and multi-point attachments leaving no
control about active site accessibility and rigidity of the catalyst (Cao, 2006e). Overall, these factors
explain that in some cases a huge amount of catalytic activity is lost in such approaches, although a
high binding strength is established (Mateo et al., 2007a; Zhang et al., 2015).

As a consequence, further methods have evolved to specifically control the covalent immobilization in
terms of groups involved in binding, orientation towards the carrier and the number of established
bonds (Meldal and Schoffelen, 2016). These site-specific approaches usually target the incorporation
of functional groups not naturally occurring in proteins to control immobilization sites followed by
biorthogonal reactions. The term bioorthogonal reaction was developed by Carolyn Bertozzi and

describes chemical reactions that ‘neither interact with nor interfere with a biological system’ (Sletten
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and Bertozzi, 2011). Consequently, the involved groups have to react with a high selectivity under
biocompatible conditions and a huge variety of different reactions has been developed including
reactions of aldehydes with hydrazides or azides and triarylphosphines (Gong and Pan, 2015).
However, the introduction of functional groups not naturally occurring in proteins is a crucial
bottleneck and not easy to establish. One approach is the manipulation of the protein biosynthetic
machinery to allow the introduction of non-canonical amino acids carrying reactive groups for
subsequent bioorthogonal reactions (Young and Schultz, 2010). Furthermore, fusion tags can be
applied in combination with post-translational modifications to incorporate non-natural groups like
aldehydes (Carrico et al., 2007; Frese and Dierks, 2009) (see Table 1.4-2). Nevertheless, the
introduction of such unnatural functional groups is still a huge bottleneck, which probably explains
why these methods have not yet been broadly established in biocatalysis and why further site-specific

methods are required.

14.2 Fusion tag-based immobilization approaches

Fusion tag-based immobilization approaches belong to the group of immobilization methods yielding
covalently or non-covalently bound biocatalysts. These concepts comprise the genetic fusion of a
peptide or protein to the N- or C-terminus of the selected biocatalyst to mediate immobilization. This
can result in catalysts either bound to carriers or to each other through covalent bonds or adsorptive
interactions and metal-chelate complexes (Barbosa et al., 2015). A huge variety of different tags
enabling the immobilization of proteins or enzymes has been developed and a selection of important
tags is listed in Table 1.4-2. Nature has invented for example lots of native interactions between
proteins and compounds like binding of biotin by the protein streptavidin (Michael Green, 1990),
proteins with an intrinsic magnetic moment (Qin et al., 2016) or naturally occurring fusion tags such
as carbohydrate-binding modules (CBMs) guiding their fusion partners to their natural carbohydrate
substrates like cellulose or chitin (Boraston et al., 2004). In particular, CBMs were already intensively
investigated for their use in biocatalysis. The first proof of concept for this technique was made in
1989 by immobilizing a B-glucosidase to cellulose via a genetic fusion of this enzyme to the CBM
from xylanase 10A of C. fimi (Ong et al., 1989). As one of the first structures, the crystal structure of
this CBM, also known as CBDc., was resolved in 1995 and it was found that the 110 amino acids are
mainly arranged in two B-sheets consisting of four and five anti-parallel B-strands, respectively (Xu et
al., 1995). The high selectivity as well as strong interaction with microcrystalline cellulose is
predominantly caused by solvent exposed tryptophan residues, which contribute with their
hydrophobic aromatic rings to the selective binding to cellulose (Bray et al., 1996; McLean et al.,
2000). On that basis, a vast amount of further CBMs has been identified so far which were categorized
into more than 60 families based on structure similarities (CAZypedia Consortium, 2018; Lombard et

al., 2014). Furthermore, each CBM can be classified according to its binding mode comprising (i) the
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planar binding on the surface of insoluble polysaccharides, (i7) the attachment to single glycan chains
by forming a cleft or (iii) the affinity towards mono- or disaccharides (Boraston et al., 2004).
Application of CBMs in biocatalysis for enzyme immobilization consequently focuses on CBMs with
affinity towards insoluble sugars. Since some CBMs are additionally able to induce the formation of
inclusion bodies (Krauss et al., 2017) (see 1.4.1), the identification of appropriate binding modules is
crucial. Nevertheless, many applications for the immobilization of several enzymes such as
heparinases (Shpigel et al., 1999), organophosphate hydrolases (Richins et al., 2000), invertases
(Santiago-Hernandez et al., 2006), $-galactosidases (Lu et al., 2012) and hydroxynitrile lyases (Kopka
et al., 2015) were reported. In addition, immobilized CBM fusion enzymes have already successfully
been used for the implementation of continuous reaction set-ups including packed-bed reactors for the
production of (R)-phenylacetyl-carbinol (Engel et al., 2005) as well as (S)-2-chloro-phenylalanine
(DreBen et al., 2017).

But not only nature has invented tags useful for the immobilization of proteins and enzymes. Many
tags were specifically designed or engineered to result in a stable binding between enzymes and ligand
ranging from simple ionic tags with respective charge for ionic binding (see Table 1.4-2) towards
more complex enzymatic tags like the HaloTag™, which are based on an enzymatic suicide
mechanism. Such enzyme-tags can only catalyze the conversion of one substrate molecule, which
remains covalently bound in the active site. In detail, the HaloTag" was engineered starting from the
monomeric haloalkane dehalogenase from Rhodococcus rhodocrous. This enzyme catalyzes the
irreversible hydrolysis of simple, linear haloalkanes to the corresponding alcohols in several steps
(Schindler et al., 1999). As shown in Figure 1.4-2, the halogen is displaced by nucleophilic attack of
an aspartate side residue leading to the formation of an intermediate ester bond between substrate and
enzyme. Subsequently, the ester is hydrolyzed by a hydroxide ion, which results from the interaction
of a neighboring histidine in the active site with a water molecule. As a consequence, a primary
alcohol is released from the active site. To install a suicide mechanism and to develop a useful tag, the
catalytic histidine was exchanged by phenylalanine, which maintained the initially formed ester bond
(Encell et al., 2012) (see Figure 1.4-2). Based on this first variant, further protein engineering was
initiated to increase the affinity towards chloroalkane ligands as well as the heterologous, soluble
protein production (Encell et al., 2012; Ohana et al., 2009). After seven rounds of optimization, the
final HaloTag™ version was established revealing a similar affinity to its ligands as streptavidin
exhibits towards biotin (HaloTag™: 2.7¥10° M''s™"; Streptavidin: 8.5¥10° M's™) (Los et al., 2008).
Furthermore, this variant promotes the soluble production of respective fusions with proteins and
enzymes, which are otherwise only producible as inactive inclusion bodies (Peterson and Kwon, 2013;
Sun et al., 2015). Despite these interesting characteristics, the HaloTag"™ was not yet investigated in
detail for biocatalysis and the great majority of reports focused on its application in cell imaging and

protein localization (Los et al., 2008).
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1. binding of substrate
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Figure 1.4-2: Suicide mechanism of the HaloTag™ in comparison to the native dehalogenase. After binding of a
chloroalkane substrate to an aspartate residue in the active site, a hydroxyl ion is formed upon interaction of the catalytic
histidine residue with water, which results in saponification of the ester bond and release of a primary alcohol in case of the
native enzyme (green scheme). In the HaloTag™, the catalytic histidine is replaced by an unreactive phenylalanine leading to
a suicide mechanism (blue scheme). Scheme based on Encell, et al. 2012.

The last class of fusion tags mentioned in Table 1.4-2 leads to the in vivo immobilization of enzymes
and their attachment to insoluble cell parts like CatIBs or liposomes. The number of different
techniques was recently reviewed and generally involves fusion of biocatalysts to proteins which are
naturally associated with intracellular compartments or deposits (Rehm et al., 2018). However, it is
also possible to use fusion tags for the immobilization of complete microbial cells. These techniques
usually involve the display of fusion tags on the cell surface for immobilization onto several supports
(Peschke et al., 2017a).

The advantage of such tag-based immobilization approaches is the site-directed manner of
immobilization leaving the biocatalyst untouched. Unlike other strategies, no functional groups with
catalytic function are involved in the establishment of the binding interaction. In addition, fusion tags
can easily be introduced by genetic fusion and enable distinction of the target enzyme from all other
proteins inside the microbial host cell. Therefore, immobilization can directly start from crude cell
mixtures resulting in the selective binding of the target enzyme thereby omitting expensive previous
chromatographic enzyme purification steps (see 1.3). The binding will usually take place under
physiological conditions, which lowers the risk of enzyme inactivation during the immobilization
process. However, the fusion of a peptide or protein tag may influence the heterologous enzyme
production as well as the enzyme conformation and flexibility leading to a reduced catalytic activity.
Furthermore, the binding strength and affinity depend on the selected tag and have to be assessed
individually to guarantee fast and strong binding without enzyme leakage. Finally, substrates or

surfaces recognized by the respective tags should be rather simple since coating of carriers with
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chemically complex binding sites would lead to undesired increased costs for the preparation of

respective immobilizates.
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General Introduction

14.3 Immobilized biocatalysts in industrial applications

As presented in the previous chapters, enzyme immobilization is an important tool to allow an
economical long-term use of biocatalysts through easy recycling, to introduce operational stability
under demanding conditions and to enable the design of a large set of different reactor concepts. These
arguments suggest that immobilizates are especially appealing for technical applications. Indeed,
several immobilized biocatalysts were successfully introduced in industrial applications, such as
immobilized nitrile hydratases for the synthesis of acrylamide from acrylonitrile (Zheng et al., 2010),
immobilized lipases for food oil processing (Xu et al., 2006) or immobilized penicillin G acylases for
the modification of antibiotics (Kallenberg et al., 2005). Among these, immobilized glucose isomerase
for the production of high-fructose corn syrup (HFCS) is known as the most successful example for
immobilized catalysts in industry (DiCosimo et al., 2013). HCFS are utilized as a cheap sweetener for
the food industry and are produced in a scale of more than 10’ tons per year (Bommarius and Riebel,
2004). Consequently, a huge demand for immobilized glucose isomerase exists leading to an annual
production of around 500 tons (DiCosimo et al., 2013). Different forms of this immobilized catalyst
are currently sold employing various immobilization techniques. For example, glucose isomerase was
adsorbed to an anion exchange resin giving the possibility to reuse this carrier (GENSWEET®SGI
sold by DuPont Industrial Biosciences). In this business model, the carrier is only leased by the
respective HCFS producing company and can be reused after enzyme inactivation or leakage by
addition of new enzyme sold by DuPont (DiCosimo et al., 2013). However, this formulation was
mostly exchanged against a carrier-free immobilization method consisting of glutaraldehyde cross-
linked microbial cells employing polyethylenimine as a copolymer (GENSWEET®IGI sold by
DuPont Industrial Biosciences) (DiCosimo et al., 2013). Several driving forces explain the utilization
of immobilized catalysts for this industrial application. Glucose isomerase was immobilized because
(7) it is involved in the production of a large-scale product worth returning the expenses invested into
developing a suitable immobilization method (Bommarius and Riebel, 2004), (i7) it offered greatly
enhanced process economics by the introduction of continuous manufacturing (DiCosimo et al., 2013)
and (iii) enzyme recovery is needed since high enzyme amounts are necessary to achieve good
conversion in a reasonable time-frame due to the high K,, of the enzyme towards glucose (> 0.1 M)
(Chen, 1980).

Although enzyme immobilization seems to be highly advantageous for industry, only few surveys
analyzed the share of immobilized catalysts among all processes implemented in industrial
biocatalysis. Researchers from DuPont aimed to specifically address this question and found out that
only less than 20 % of biocatalytic applications apply immobilized catalyst (DiCosimo et al., 2013).
This raises the question why this result is lower than expected. According to the author’s opinion, the
development of a suitable immobilized biocatalyst is highly enzyme-specific, consequently leading to
tedious and time-consuming research projects to find appropriate methods. In addition, immobilized

biocatalysts are usually more expensive leading to a higher initial investment that has to be balanced
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with the improvements gained by enzyme immobilization. Therefore, the production of immobilized
biocatalysts at a reasonable price is of utmost importance. These arguments are supported by
researches from Merck who also addressed the problem of developing an immobilized biocatalyst by
stating that “a general methodology for the rapid and inexpensive immobilization of biocatalysts still
eludes us” (Truppo, 2017). As a consequence, the development of simple and cheap immobilization

methods with broad applicability for different enzymes would be highly beneficial.

1.5 Model enzymes to evaluate immobilization concepts

Enzymes are complex catalysts each of them characterized by specific properties. They differ not only
in their sequence and structure leading to different phenotypes regarding size, surface charge and
hydrophobicity but also to different quaternary structures covering a large range from mono- to
multimeric active units. In addition, many enzymes depend on essential cofactors, which are either
recycled or consumed during the reaction. For the latter, cofactor regeneration concepts are required
for an economic application. Therefore, a set of various representatives of different enzymatic
prototypes has to be selected to evaluate the potential of immobilization concepts. In the following

chapters, a set of different enzymes appearing in this thesis will be presented.

1.5.1 ThDP-dependent enzymes

Thiamine diphosphate (ThDP) is an essential cofactor required for many biochemical activities in
important metabolic pathways and assists in the cleavage and formation of C-S, C-H, C-N and C-C
bonds (Frank et al., 2007). As shown in Figure 1.5-1, it consists of three main moieties: (i) the
aminopyrimidine ring, (i7) the thiazolium ring and (iii) the diphosphate group. ThDP-dependent
enzymes utilize the catalytic potential of this cofactor for the formation or breaking of C-C, C-O, C-N
and C-S bonds by binding the cofactor in a constrained so-called “V-conformation” (Dobritzsch et al.,
1998; Lindqvist et al., 1992; Muller and Schulz, 1993). This conformation places the N4 atom of the
pyrimidine ring in proximity to the C2 atom of the thiazolium ring, which allows an abstraction of a
proton at C2. Proton abstraction yields an activated nucleophilic ylide and enables subsequent attack
of for example electrophilic carbonylgroups (Jordan, 2003). Subsequently the carboligation reaction is
described in more detail: Carbonylsubstrates like aldehydes or a-keto acids are called donor substrates
and are directly deprotonated or decarboxylated after nucleophilic attack. In the formed intermediate,
the originally electrophilic C-atom of the carbonylgroup becomes nucleophilic and is able to attack a
second electrophilic acceptor substrate (Kluger and Tittmann, 2008). This leads to a broad range of C-
C bond forming reactions giving access to various a-hydroxy ketones (Miiller et al., 2009; Pohl et al.,

2002).
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Figure 1.5-1: Activated ylide form of ThDP. ThDP consists of three main moieties: (i) the aminopyrimidine ring (blue), (ii)
the thiazolium ring (red) and (iii) the diphosphate group (green). The activated ylide is formed by placing the N4 atom of the
pyrimidine ring in close distance to the C2 atom of the thiazolium ring resulting in proton abstraction at the C2 position.
Divalent magnesium ions are responsible for binding of ThDP and interact with the diphosphate group. Scheme based on
Frank et al., 2007.

Among all ThDP-dependent enzymes, two highly conserved protein domains were found. The
pyrimidine domain (PYR) is responsible for the binding of the aminopyrimidine ring of ThDP whereas
the pyrophosphate domain (PP) interacts with divalent cations like Mg*", which in turn are involved in
the binding of the diphosphate group of ThDP (Duggleby, 2006; Vogel and Pleiss, 2014). Active sites
are often formed at the interface of two enzyme monomers by binding of two ThDP molecules via the
neighboring PYR and PP domains of respective monomers but further arrangements were reported
(Muller et al., 1993; Vogel and Pleiss, 2014). In general, ThDP-dependent enzymes are classified into
nine superfamilies depending on sequence similarities and the arrangement of the conserved protein
domains (Vogel and Pleiss, 2014). For example, a major difference between these superfamilies is the
location of genes encoding for the PYR and PP domain (Widmann et al., 2010). They can be located
on separate open reading frames such as in superfamily 2 (o-keto dehydrogenases) or in one single
open reading frame as for the decarboxylase family (DC family). In this thesis, only representatives of
the DC family were applied which are described in the section below. This group was originally
named the POX family since pyruvate oxidase (POX) was one of the first ThDP-dependent enzymes
of the DC family which was structurally characterized (Muller and Schulz, 1993). Later on, it was
found out that most of the representatives catalyze the decarboxylation of a-keto acids and
consequently, this group was renamed into the DC family (Duggleby, 2006).

The benzaldehyde lyase from Pseudomonas fluorescens (PfBAL) is a well-studied enzyme belonging
to the DC superfamily. It was first described in 1989 motivated by the observation that Pseudomonas
fluorescens is able to grow on benzoin as the sole carbon and energy source (Gonzalez and Vicuna,
1989). Besides the presence of ThDP, the addition of Mn*", Mg”" or Ca*" cations was required for
optimal activity of this tetrameric enzyme. Demir and coworkers further exploited the catalytic
potential of P/BAL in the following years and demonstrated that the catalytic repertoire of this enzyme
did not only include benzoin cleavage but also C-C bond formation (Demir et al., 2001). P/BAL is

able to catalyze the formation of a huge set of o-hydroxy ketones using various aromatic and
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herteroaromatic aldehydes as donor and aliphatic as well as aromatic aldehydes as acceptor. The
resulting products are symmetric and mixed benzoins as well as mixed aliphatic 2-hydroxy ketones. In
all cases, P/BAL is strictly R-selective (Demir et al., 2001; Demir et al., 2002; Demir et al., 2003;
Demir et al., 2004; Diinkelmann et al., 2002). Among all P/BAL-catalyzed carboligation reactions, the
mixed carboligation of benzaldehyde and acetaldehyde towards (R)-2-hydroxy-1-phenylpropanone
((R)-HPP) was intensively studied. The effect of cosolvents, pH and the optimal ratio between
benzaldehyde and acetaldehyde were studied to enable high productivities in first preparative scale
approaches (Dominguez de Maria et al., 2006). In addition, this reaction was also exploited with
different biocatalyst formulations and reaction set-ups including continuous reactions with
immobilized P/BAL (Kurlemann and Liese, 2004) as well as the use of whole cell catalysts in bi- and
monophasic media allowing for high substrate concentrations (Dominguez de Maria et al., 2008;
Jakoblinnert and Rother, 2014; Wachtmeister et al., 2016).

Another tetrameric enzyme belonging to the DC-family is the benzoylformate decarboxylase from
Pseudomonas putida (PpBFD). The BFD catalyzes the non-oxidative decarboxylation of
benzoylformate to benzaldehyde and is part of the mandelate degradation pathway in Pseudomonas
strains, which was discovered first during growth studies of Pseudomonas fluorescens (Gunsalus et al.,
1953; Stanier, 1948). Later on, the same pathway was also investigated in Pseudomonas putida and
PpBFD was described and characterized (Hegeman, 1966; Hegeman, 1970). In 1992, PpBFD was
applied for the first time in synthetic approaches to produce (S)-HPP starting from benzoylformate and
an excess of acetaldehyde (Wilcocks et al., 1992; Wilcocks and Ward, 1992). On that basis, further
studies were performed and the acceptance of various benzaldehyde derivatives as well as hetero
aromatic and aliphatic aldehydes in mixed carboligations with acetaldehyde was shown (Diinnwald et
al., 2000; Iding et al., 2000). In addition, PpBFD gives access to a broad range of different (R)-
benzoins (Demir et al., 1999) but is also able to catalyze carboligations involving longer aliphatic,
branched chain or unsaturated aldehydes. In case of the latter, PpBFD is strictly S-selective (Cosp et
al., 2008; Dominguez de Maria et al., 2007). These properties were even expanded by several protein
engineering approaches leading to the identification of variants with altered substrate specificity as
well as increased activity and enantioselective (Lingen et al., 2002; Lingen et al., 2003). Regarding the
production of (S)-HPP, the variant L476Q was one of the best hits with 5-fold higher carboligase
activity and increased activity in ethanol and DMSO in comparison to the unaltered PpBFD. Further
application-based investigations concentrated on the immobilization of PpBFD applying covalent and
non-covalent carrier-based immobilization techniques (Hilterhaus et al., 2008; Peper et al., 2011; Tural
et al.,, 2014) and its use as a whole cell catalyst in micro-aqueous reaction systems enabling high
substrate loadings (Dominguez de Maria et al., 2008; Jakoblinnert and Rother, 2014; Wachtmeister et
al., 2016).
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1.5.2 Alcohol dehydrogenases

Alcohol dehydrogenases (ADH) belong to the group of oxidoreductases and catalyze the reversible
reduction of aldehydes or ketones to the respective alcohols (Zheng et al., 2017). Therefore a reduced
nicotinamide cofactor is essential to deliver a hydride ion as reduction equivalent. The reduction of a
carbonyl group starts with a nucleophilic attack of the hydride ion and can occur in four different
orientations, which influence the stereochemistry of the product (Matsuda et al., 2009; Musa and
Phillips, 2011; Prelog, 1964). Two different phenomena are responsible for the existence of these four
different reaction pathways. As demonstrated in Figure 1.5-2, the carbonyl group can be differently
oriented in the active site leading to a potential nucleophilic attack either from the re or si face.
Second, enzymes are able to differentiate between the two stereotropic hydrogens in the reduced
nicotinamide cofactor revealing overall four different combinations. A nucleophilic attack from the re
face involving the pro-R hydrogen is defined as the Prelog rule and known for many ADHs (Prelog,
1964). However, some ADHs follow the anti-Prelog rule by enabling attack from the si face leading to

inversed stereospecific orientation (Bradshaw et al., 1992a; Bradshaw et al., 1992b).

-----

re face

si face

ribose
N

ribose
N

ADP

ADP

Figure 1.5-2: Possible orientations of the NADH-cofactor relative to a carbonyl substrate in the active site of an
alcohol dehydrogenases. Hydride transfer can occur via the re or si face by employing both stereotropic hydrogens (red and
blue). For simplification, the non-phosphorylated nicotinamide cofactor is schematically shown (ADP = adenosine
diphosphate). Figure based on Musa and Phillips, 2011.

In general, ADHs are classified into two different super-families consisting of short- and medium-
chain dehydrogenases of which the latter are mostly zinc dependent (Auld and Bergman, 2008;
Jornvall et al., 1981; Jornvall et al., 2015). Short-chain dehydrogenase are characterized by a great
functional diversity and most of them form either dimers or tetramers (Jornvall et al., 1995; Kallberg

et al., 2002). They have a more simple architecture in comparison to the medium-chain ADHs since
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they are composed of one-domain subunits while medium-chain ADHs consist of two-domain
subunits responsible for cofactor binding and catalysis, respectively (Eklund and Ramaswamy, 2008;
Ladenstein et al., 2008). In general, evolutionary biologist believe that all types of ADHs have
consecutively evolved while small-chain dehydrogenases appeared first, followed by zinc-free and
zinc-dependent medium-chain dehydrogenases (Jornvall et al., 2010). An important issue for all ADHs
in biocatalysis is the efficient regeneration of expensive nicotinamide cofactors to render oxido-
reductions economically feasible. Several methods are available that can be assigned to different
general subgroups including (i) co-substrate coupled, (i) enzyme coupled or (iii) reaction-internal
regeneration (Hummel and Groger, 2014). In the first two approaches, a sacrificial substrate is
selected, which is either converted by the same enzyme catalyzing the main reaction (co-substrate
coupled) or by an additional enzyme (enzyme coupled) thereby regenerating respective cofactors. For
example, 2-propanol is often used in combination with certain ADHs to reduce oxidized cofactors
(Leuchs and Greiner, 2011). 2-propanol is cheap and the resulting acetone is relatively volatile
enabling its removal to overcome thermodynamic limitations (Constantinou et al., 2014; Stillger et al.,
2002). However, this cosubstrate has to be supplemented in a large excess to shift the equilibrium of
such reactions to the product site. In comparison, the use of so-called “smart cosubstrates” elegantly
solves this problem by using diols like 1,4-butanediol that undergo lactonization after oxidation, which
renders cofactor regeneration irreversible (Kara et al., 2013b; Kara et al., 2013c). In contrast, the use
of a second enzyme for cofactor regeneration has to be evaluated carefully in terms of process costs
due to the addition of a second catalyst plus cosubstrate. However, several concepts are well-
established using for example glucose dehydrogenase and formate dehydrogenase with glucose and
formate as cosubstrates, respectively (Hummel and Groger, 2014; Kara et al., 2013a). In addition,
enzyme coupled techniques may also involve the electrochemical regeneration of nicotinamide
cofactors where electrons are transported via mediators from an electrode to the cofactor regenerating
enzyme (Kara et al., 2013a). Finally, reaction sequences can be designed as such that two or more
enzymes with complementary redox state are combined with each other rendering the whole cascade
self-sufficient (Hummel and Groger, 2014). This was for example established by combining an ADH
with a Bayer-Villiger monooxygenases, which either need the oxidized or reduced nicotinamide
cofactor, respectively (Mallin et al., 2013).

In this thesis, the ADH from Lactobacillus brevis (LbADH) was applied. It belongs to the superfamily
of short-chain ADHs, forms a tetramer and strongly depends on divalent magnesium ions (Niefind et
al., 2000; Niefind et al., 2003). The LbADH was first described by Bettina Riebel and acts in an anti-
Prelog manner using phosphorylated nicotinamide cofactors (Prelog, 1964; Riebel, 1996). The enzyme
possesses two different hydrophobic binding pockets of different size and of which the bigger one is
capable of binding even bulky substrate moieties such as phenyl rings (Schlieben et al., 2005).
Consequently, acetophenone and derivatives thereof are well accepted by the LhADH (Rodriguez et
al., 2014). Overall, LbADH accepts a broad range of different substrates including for example
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aliphatic ketones, diketones, ketoesters, propargylic ketones as well as a-hydroxyketones (Leuchs and
Greiner, 2011). Due to the acceptance of a-hydroxyketones, the LbDADH was already successfully
combined with ThDP-dependent enzymes for the production of vicinal diols in enzymatic cascades
(Kihumbu et al., 2002; Wachtmeister et al., 2016). Another important fact is its high stability in
different solvent systems including a high stability in organic solvents (Leuchs and Greiner, 2011;
Villela Filho et al., 2003). This additionally enabled the successful implementation of several
continuous reaction systems such as the production of 2,5-hexanediol or 2-butanol in membrane
reactors (Erdmann et al., 2014; Schroer and Liitz, 2009). The versatility of LAADH was finally
demonstrated by several successful immobilization procedures including the immobilization on glass
beads (Ferloni et al., 2004), on amino-epoxy supports (Hildebrand and Liitz, 2006) or in absorbing
polymers (Jeromin, 2009).

1.5.3 Transaminases

Transaminases catalyze the transfer of an amino group from a donor molecule to the carbonyl group of
an acceptor and require the essential cofactor pyridoxal phosphate (PLP) (Berglund et al., 2012). PLP
is a versatile and highly reactive cofactor mediating several reactions due to its ability to form imines
with amino groups via its aldehyde group and its capability to withdraw electrons from bound
substrates via its pyridinium ring (John, 1995). PLP-dependent enzymes establish a unique
environment to channel this reactivity towards a specific reaction (Mozzarelli and Bettati, 2006).

In transaminases as in many other PLP-dependent enzymes, the cofactor is covalently bound via the
just mentioned aldehyde group to the amino group of an active site lysine, as demonstrated in Figure
1.5-3 (Kirsch et al., 1984; Mehta et al., 1993). In the first half of transaminase-catalyzed reactions, this
imine is attacked by the donor molecule and the amino group is transferred to PLP yielding the
aminated cofactor pyridoxamine phosphate (PMP). In the second half, PMP acts as an amino donor
and aminates the acceptor substrate, thereby regenerating PLP for further catalytic cycles (Silverman,
2002). The active site of transaminase is usually formed at the interface of two monomers and most of
the transaminase form dimers containing two active sites and two molecules of PLP (Jansonius, 1998).
In general, transaminases can be classified according to different subgroups depending on their fold-
type among PLP-dependent enzymes (Denesyuk et al., 2002), on primary sequence similarities (Finn
et al., 2010; Mehta et al., 1993) or on their region-specificity. The latter classification system is often
applied since it allows fast assessment of the substrate range of respective transaminases and reveals if
they act on amino groups in o-, B-, Y- or ®-position, respectively. However, this classification is not
always strict and often only distinguishes between o-transaminases acting on amino groups in o-
position next to a carboxylic or carbonyl groups and ®-transaminases including all other remaining

possibilities (Berglund et al., 2012; Ward and Wohlgemuth, 2010). As a consequence, ®-
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transaminases are of much higher interest for industrial applications since they are not restricted to a-

amino acids and the corresponding ketones (Kelly et al., 2018).
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Figure 1.5-3: Reaction mechanism of PLP-dependent transaminases. After binding of the cofactor PLP to the
transaminase, the amino group of an amine donor is transferred in the first half reaction to PLP yielding the aminated form
PMP. In the second half reaction, PLP is regenerated and the amino group is transferred to an amino acceptor. Scheme was
simplified according to Sayer et al., 2014.

In this thesis, the w-transaminases from Bacillus megaterium SC6394 (BmTA) was used. It was
discovered in 2008 while searching for appropriate biocatalysts for the preparation of (R)-1-
cyclopropylethylamine starting from racemic mixtures (Hanson et al.,, 2008). Just recently, the
structure as well as the substrate range of this BmTA was analyzed (van Oosterwijk et al., 2016). The
experiments showed that BmTA has a preference for substrates with large planar aromatic substituents
such as (S)-naphthylethylamines or (S)-methylbenzylamines. This was explained by a tunnel leading
to the active site that provides the required space. Furthermore, BmTA forms an active homotetramer
organized as dimer of dimers. Besides the investigation of the substrate range for the production of
optically pure (S)-amines, the enzyme was barely characterized. (Koszelewski et al., 2009;

Koszelewski et al., 2010a; Koszelewski et al., 2010b).
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154 Aldolases

Aldolases catalyze the stereospecific reaction between an aldehyde acceptor and a carbonyl donor
which results in formation of a new C-C bond (Wong and G., 1994). They are found in many essential
metabolic pathways for the production or degradation of for example carbohydrates or keto acids
(Dean et al., 2007). In general, they can be classified into two major classes according to their reaction
mechanism (Rutter, 1964). Class I aldolases are ubiquitous and activate their donor substrates by the
formation of a Schiff base via an active site lysine as shown in Figure 1.5-4. Then, the formed
enamine tautomer attacks the corresponding acceptor aldehyde via its activated double bond leading to
the aldol product, which is still bound to the active site lysine. Hydrolyzation of this imine releases the
product (Gefflaut et al., 1995). In contrast, class Il aldolases activate the corresponding carbonyl
donors through active site bound divalent metal ions that act as a Lewis acid (Fessner et al., 1996).
Aldolases bind their donor substrates with high specificity, while they are promiscuous with respect to
their acceptor substrates. This allows further classification based on donor specificity (Dean et al.,
2007). According to this classification, four different groups based on the donor substrates (i)

dihydroxyacetone phosphate, (ii) pyruvate, (iii) acetaldehyde and (iv) glycine can be distinguished.

Schiff base enamine
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e T Py ™ wh
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Figure 1.5-4: Catalytic mechanism of class I aldolases exemplarily shown for the formation of 2-desoxyribose-5-
phosphate catalyzed by EcDERA. First, the donor molecule (acetaldehyde, blue) is activated by Schiff base formation with
an active site lysine. Subsequently, the enamine tautomer attacks respective acceptor molecules (glyceraldehyde-3-phosphate,
green) resulting in aldol formation and product release. Scheme based on Heine et al., 2001.

In this thesis, 2-deoxy-D-ribose-5-phosphate aldolase from Escherichia coli was applied (EcDERA). It
is involved in the metabolism of deoxyribose-5-phosphate, the sugar moiety of DNA, by catalyzing
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the reversible aldol reaction between glyceraldehyde-3-phosphate and acetaldehyde (Racker, 1952).
For a long time, DERAs were considered to be the only type of aldolases using aldehydes as donors
(Dean et al., 2007). However, recent reports proved the existence of further enzymes capable of
accepting aldehyde donors (Garrabou et al., 2009; Roldén et al., 2017). The EcDERA was found to
occur either in a monomeric form or as a dimer (Heine et al., 2004). The enzyme belongs to class |
aldolases and establishes a Schiff base with donor substrates via an active site lysine to initiate
respective aldol reactions (Heine et al., 2001; Heine et al., 2004; Stura et al., 1995). Besides
acetaldehyde, acetone, fluoroacetone, and propionaldehyde are additionally accepted as donor
substrates for the aldol reaction with different aliphatic, mainly linear aldehydes and some halogenated
derivatives thereof (Barbas et al., 1990; Chen et al., 1992). However, the activity on these unnatural
and non-phosphorylated substrates is relatively low. Furthermore, EcDERA is able to catalyze the
sequential addition of two acetaldehyde molecules to one acceptor substrate leading subsequently to
spontaneous cyclisation of the formed products (Gijsen and Wong, 1994). A major disadvantage of
EcDERA for the use in asymmetric synthesis approaches is its instability and irreversible inactivation
in presence of higher acetaldehyde concentrations (Hoffee et al., 1965). It was shown that the aldol
product of two acetaldehyde molecule forms a covalent bridge between the active site lysine
responsible for donor activation and a cysteine present at position 47 (Dick et al., 2016).
Consequently, introduction of mutations at position 47 led to much higher stability towards

acetaldehyde (Bramski et al., 2017).

1.6 Scope and objectives of this thesis

As described above, biocatalysts allow the access to valuable compounds due to their outstanding
selectivity under mild and sustainable conditions (see 1.1). Currently, great efforts are invested to
harness these benefits by establishing suitable reactions for the efficient and sustainable production of
such chemicals in new applications. Among other factors, a stable and economically reasonable
biocatalyst formulation with low impurities is of utmost importance which additionally allows a
versatile set of different reaction concepts according to the specific demands of each individual
process (see 1.2, 1.3). In general, carrier-bound biocatalysts have the potential to fulfill these
requirements (see 1.4). After binding of the enzyme to the carrier, an insoluble catalyst is formed,
which allows repetitive reuse and high enzyme specific productivities due to easy separation from
liquid reaction media. Furthermore, compartments can easily be established to implement continuous
reactions as well as multi-step synthesis approaches. However, existing immobilization methods
struggle to implement a strong connection of biocatalysts to respective supports while maintaining a
high catalytic activity for a broad range of different catalysts (see 1.4). Generally, the development of
immobilizates with such characteristics is tedious and time-consuming since generic methodologies

for the fast and inexpensive immobilization are missing (see 1.4.3). In addition, there is a lack of
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methods to establish pure immobilizates in a cost-efficient manner without the need for previous
chromatographic purification steps.

To contribute to the solutions of these general problems in the field of biocatalyst immobilization, the
objective of this thesis was to identify and evaluate fusion tags as a simple and generic immobilization
approach, which allow the efficient combination of enzyme purification and immobilization in one
step and concomitantly mediate strong binding to respective supports accompanied by retaining a high
level of catalytic activity for a broad range of enzymes. In detail, the tags and immobilizates should

comprise the following characteristics:

e The tag should not reduce the heterologous production of corresponding fusion enzymes in
microbial host cells and high production yields should easily be achieved.

e The tag should selectively bind directly from crude cell extracts to achieve a high purity and
immobilization in one step.

e The tag should bind rapidly to respective supports through strong (preferably covalent)
interactions under conditions optimal for each model enzyme.

e The tag should recognize either cheap and available carriers or simply built ligands on the
surface of respective supports to keep the carrier costs at a minimum.

e The immobilizates should maintain a high catalytic activity after immobilization.

e The immobilizates should have a high stability which allows efficient reuse in long-term
applications.

e The immobilizates should simplify the implementation of continuous reaction concepts.

e The immobilizates should facilitate the establishment of biocatalytic cascades.

To fulfill these aims, three different tags were selected including (i) the HaloTag™, (i) carbohydrate-
binding modules and (iii) the Aldehyde-tag. The evaluation of these different tags is presented in the

following chapters.
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2 Results

2.1 HaloTag-PfBAL

Results presented in this chapter were published as:

HaloTag™: Evaluation of a covalent one-step immobilization for biocatalysis.

J. Dobber and M. Pohl

Journal of Biotechnology,
2017, volume 241, pages 170 — 174

DOI: 10.1016/j.jbiotec.2016.12.004

Context:

In this publication, P/BAL was immobilized with the HaloTag™ immobilization concept and activity
of the immobilizates, purity after immobilization, binding speed to the support as well as biocatalyst
recycling in repetitive batches were investigated. It provides the first proof of concept for this
immobilization strategy and is consequently the basis for the immobilization of further model

enzymes.

Contributions:

Johannes Dobber planned and performed the experiments. Martina Pohl conceptually planned and

supervised the project. Both authors wrote the manuscript.
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Easy, fast and gentle immobilization for the efficient reuse of important biocatalysts is highly demanded.
We used the commercially available HaloTag™ technology (Promega), so far relatively unknown in the
context of biocatalysis, to immobilize the benzaldehyde lyase from P, fluorescence (PfBAL). Immabilization
mediated by this fusion tag proceeds rapidly within minutes from crude extracts yielding covalently
attached enzymes in high purity, making expensive and laborious previous chromatographic purification

steps absolete, which strongly reduces the costs for biocatalyst immaobilization. Further, we introduce a
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novel design of HaloTag fusions and demonstrate the positive effect of the tag on soluble expression and
activity of PBAL. The immobilized biocatalyst was stable at 4°C for months and was successfully reused
in several repetitive batches for the carboligation of aggressive aldehydes.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

The use of enzymes for the sustainable production of chiral com-
pounds in industry is of rapidly growing interest (Choi et al., 2015).
However, there are still several drawbacks that hinder their unlim-
ited implementation. Besides specificity and catalytic efficiency,
especially their long-term use and operational stability are known
bottlenecks that have to be overcome. Enzyme immobilization can
be a solution to these challenges by often increasing the stability of
enzymes and enabling their efficient reuse in consecutive processes
(Sheldon and van Pelt, 2013).

Ideally, the enzyme is immobilized in a fast, gentle and site-
directed way, thereby offering the highest potential to maintain
maximal residual activity after immobilization. Further, only the
enzyme of interest should bind to the carrier to allow maxi-
mal binding of the target enzyme and to avoid the formation
of undesired by-products through other catalytic activities. The
usual strategy to achieve this goal is (chromatographic) enzyme
purification prior to immobilization, which is [aborious, costly, and
time-consuming. One option to achieve the direct immobilization

Abbreviations: MBP, maltose binding protein; PfBAL, benzaldehyde lyase from
Pseudomonas fluorescence; HPP, hydroxy-1-phenylpropan-1-one; ThDP, Thiamine
diphosphate.

* Corresponding author.
E-mail address: ma.pohl@fz-juelich.de (M. Pohl).

http://dx.doi.org/10.1016/j.jbiotec2016.12.004
0163-1656/© 2016 Elsevier B.V. All rights reserved.

of enzymes directly from crude cell extracts is the selective absorp-
tion through non-covalent or covalent binding on hydrophobic
supports that were previously reported for lipases (Bastida et al.,
1998: Mihailovi¢ et al., 2014) However, a selective method com-
bining purification and covalent site-directed immobilization for a
broad range of enzymes in one step is highly demanded. There-
fore, fusions of catalysts with respective protein tags are useful
(Barbosa et al., 2015). Whereas most of these fusions mediate non-
covalent attachment to respective supports, the HaloTag™ system
from Promega enables covalent binding without usage of aggres-
sive crosslinking agents such as glutaraldehyde (Migneault et al.,
2004).

The HaloTag is a specifically designed suicide variant of the
haloalkane dehalogenase from Rhoedococcus rhodocrous. It rec-
ognizes terminal chloroalkanes displayed on any carrier within
minutes and forms a covalent ester bond to an aspartate residue
in the active site (Encell et al., 2012), which would enable a fast,
gentle, and site-directed immobilization directly from crude cell
extracts. So far, the HaloTag is mainly used for various biomedical
applications, e.g. the in vivo detection of protein interactions and
cellimaging (Los et al., 2008 ; England et al., 2015).In 2010, aninitial
study of this tag for biocatalysis was published using a monomeric
lipase from Bacillus thermocatenulatus bound to magnetic beads.
However, the authors faced several problems concerning the sol-
uble production of the fusion enzyme. (Motejadded et al., 2010).
Meanwhile, the HaloTag was optimized and a new variant was
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established (Ohana et al., 2009). Additional reports underline the
positive rather than negative effect of this new HaloTag variant
on the soluble production of recombinant enzymes (Peterson and
Kwon, 2012; Sun et al., 2015).

Our goal is to exploit fusions with the latest HaloTag version
as a generic strategy for the immobilization of enzymes in bio-
catalysis. The strategy is currently evaluated for a broad range of
enzymes with different complexity. Here we present first results on
the thiamine diphosphate-dependent homotetrameric benzalde-
hyde lyase from Pseudomonas fluorescence (PfBAL), an important
catalyst for the production of 2-hydroxy ketones (Pohl et al., 2014),
to demonstrate the functionality of the HaloTag strategy also
for complex enzymes. Besides the immobilization directly from
crude cell extracts, we demonstrate the application and reusabil-
ity of immobilized PfBAL for the stereoselective carboligation of
aggressive aldehydes like benzaldehyde and acetaldehyde towards
(R)-hydroxy-1-phenylpropan-1-one ((R)-HPP) in repetitive batch
reactions, which is not possible with the wildtype enzyme due to
fast inactivation (Schwarz , 2010).

2. Results and discussion

For the design of the HaloTag fusion enzyme, the DNA sequence
of the HaloTag was optimized using the GENEius software to
facilitate soluble protein production in £. coli. The final construct
contained the HaloTag fused to the N-terminus of PfBAL and sep-
arated by a helical linker consisting of 25 amino acids (Chen et al.,
2014; Arai et al., 2001). Additionally, PfBAL carries also a C-terminal
hexahistidine tag (His-tag) (cf. SI). The resulting HaloTag-PfBAL-
His was solubly produced in high amounts in E.coli BL21 (DE3),
which was demonstrated by SDS-PAGE (Fig. 1), showing a promi-
nent band at about 95kDa corresponding to one monomer of the
fusion enzyme.

Afterwards, the fusion enzyme was successfully purified by
Ni-NTA chromatography to simplify the analysis of the immobiliza-
tion. First, the immobilization of HaloTag-PfBAL-His on HaloLink™
resin was investigated. This carrier consists of Sepharose® beads
displaying the corresponding ligand recognized by the HaloTag
(Promega) (Fig. 2). As demonstrated in Fig. 3, we measured the
amount of fusion enzyme in the supernatant as well as on the
Sepharose® beads to follow the interaction. Under the conditions

HaloLink™ Resin

immobilized HaloTag-PfBAL-His

M CE |

"“

Fig. 1. Purity of HaloTag-PfBAL-His after immobilization from crude cell extracts.
Crude cell extract (CE) containing HaloTag-PfBAL-His was mixed with 1mg of
HaloLink™ Resin for immobilization in a total volume of 250 pl BAL buffer. After-
wards, all proteins including covalently bound HaloTag-PfBAL-His were released
by treatment with SDS and NaOH (cf. Methods) and analyzed by SDS-PAGE (I).
PageRuler™ Prestained Protein Ladder(Thermo Scientific™ jwas used as a standard
(M)

applied the binding of HaloTag-PfBAL-His to the HaloLink carrier
occurred fast and after five minutes more than 50% was already
bound. After 30 min, no further increase of protein concentration
on the carrier was observed, whereas the protein concentration in
the supernatant was still slightly decreasing. The latter could be

1 HaloTag-PfBAL-His

R=Ph =
R=CH, >

(R)-benzoin
(R)-HPP

Fig. 2. Schematic presentation of the immobilization procedure of HaloTag-PfBAL-His on HaloLink Resin and the carboligation reactions studied in this work.
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Fig. 3. Binding of HaloTag-P/BAL-His to HaloLink™ Resin, 300 ug of purified
HaloTag-PfBAL-His were incubated with 1 mg of HaloLink™ Resin in 250 ul BAL
buffer. Immobilization was stopped after different time points by sedimentation of
the carrier through centrifugation. The protein amount in the supernatant as well as
on the carrier after washing (5 times with 1 ml BAL buffer) were determined. Both
data sets were fitted with Origin. Experiments were performed in triplicate.
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Fig. 4. Activities of wild-type, tagged and immobilized PfBAL-His. Activities were
measured by following the conversion of benzaldehyde to (R)-benzoinand are given
astotal turnover numbert (ke [s™']). Activities were determined for wild-type PBAL-
His (wtPfBAL-His), free HaloTag-PfBAL-His and for HaloTag-PfBAL-His immobilized
on HaloLink™ Resin either starting from crude cell extracts (immob, directly from
CCE)or after previous chromatographic purification (immaob, after purification), Free
HaloTag-PfBAL-His incubated under immobilization conditions (¢f, Methods) but
without carrierwas taken as a control to detect possible denaturation at highshaking
speeds and in presence of Triton X-100. Experiments were performed in triplicate.

explained by unspecific interactions of the fusion enzyme with the
carrier, which was afterwards removed by washing, and thus not
accessible by protein determination and activity measurements.
Under these conditions, the protein load with this large tetrameric
fusion enzyme (380 kDa) amounted to around 10% of the total dry
weight of the immobilizate.

Subsequently, the activity of HaloTag-PfBAL-His before and after
binding was analyzed. For this purpose, we followed the conver-
sion of benzaldehyde to (R)-benzoin by HPLC. As depicted in Fig. 4,

J. Débber, M. Pohi / Journal of Biotechnelogy 241 (2017) 170-174

the HaloTag has a rather positive influence on the activity of P/BAL
and the HaloTag-PfBAL-His is 50% more active than PfBAL-His.
However, the activity clearly decreased through immobilization
resulting in a residual activity of around 30% compared to the
free HaloTag-PfBAL-His. Since the control (free HaloTag-PfBAL-His
incubated without carrier) lost almost ne activity under immobi-
lization conditions, this activity loss must have been caused by the
immobilization. However, enzyme inactivation for other covalent
immobilization strategies such as epoxy-activated supports is usu-
ally known to be even higher or at least in the same range (Tural
etal, 2014; Zhang etal,, 2015). Itis also noteworthy to mention that
the immobilized HaloTag-PfBAL-His still retains 50% of the activity
found for PfBAL-His (Fig. 4).

Subsequently, the selective one-step immobilization of the
fusion enzyme directly from cell-free crude extracts was tested.
To analyze the purity of immobilized enzyme under these condi-
tions, the immobilizate was incubated under alkaline conditions
to remove all bound proteins including HaloTag-PfBAL-His (cf.
Methods). As demonstrated in Fig. 1, the fusion enzyme was
cleaved from the carrier after the immobilization was performed
from crude extracts. Besides an intense protein band referring to
HaloTag-PfBAL-His, only one additional protein band at about 40 kD
appeared indicating the high purity (ca. 90%) of HaloTag-PfBAL-His
on the HaloLink resin, Comparison of the activities starting from
either crude extracts or purified enzyme did not show a significant
difference. However, the amount of enzyme bound to the carrier
after immobilization from crude extracts was reduced by 30%.

The stability of the immobilized fusion enzyme was analyzed
by measuring the residual benzoin-forming activity of stored
immobilizates over several months, As demonstrated in Fig. 5A,
the immobilized HaloTag-PfBAL-His is stable for months at 4°C,
if stored in buffer. Finally, the process stability of immobilized
HaloTag-PfBAL-His in the presence of aggressive aldehyde sub-
strates was tested. Previous studies have shown that PfBAL is
rapidly inactivated in the presence of aliphatic and aromatic alde-
hydes (Schwarz, 2010). The specific carboligation of benzaldehyde
and acetaldehyde towards (R)-HPP (Fig. 2) was chosen as a model
reaction performed as repetitive batch using the same immobi-
lized catalyst. Fig. 5B clearly shows that the immobilized enzyme
was highly active. Around 120 p.g of immobilized enzyme on 1 mg
HaloLink catalyzed the formation of 12 pumol (R)-HPP with almost
full (98%) conversion and with an excellent enantiomeric excess
(ee) of 99% within one hour in the first cycle. With every fur-
ther cycle, the reaction proceeded slower and the initial activity
decreased by around 30-40% (Fig. 5C). Most likely, this loss of activ-
ity partly results from the inactivation caused by the aldehyde
substrates benzaldehyde and acetaldehyde. However, the inacti-
vation is much lower compared to the soluble wildtype enzyme
(Schwarz, 2010). A further reason for the loss of activity in repeti-
tive batch reactions is loss of immobilizate during washing steps
between the single reactions. Nevertheless, the same high con-
version and ee as in the first cycle were reached in all repetitive
batches, Since the reaction time increased fivefold in the last cycle
in comparison to the first batch, the experiment was stopped at this
point although the catalyst was still active.

To conclude: For the first time, we here studied the latest
HaloTag variant for the use in biocatalysis. The presented data indi-
cates the low interference of the HaloTag on the soluble production
and activity of recombinant fusion enzymes as well as the simplicity
to purify and immobilize even complex homotetrameric enzymes
like P/BAL covalently with this strategy in one step. Similar stud-
ies with further enzymes are currently conducted in our lab to
further evaluate the suitability of this immobilization strategy for
biocatalysis.
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Fig. 5. Stability of immobilized HaloTag-PfRAL-His bound to HaloLink™ Resin. A:
the storage stability at 4°C in BAL buffer is shown. Activities were determined by
following the conversion of benzaldehyde to (R)-benzoin (cf, Methods), The activity
directly after immobilization was defined as 100%, B; process stability of immo
bilized HaloTag PfBAL His in seven repelilive balches calalyzing Lhe carboligation
of benzaldehyde and acetalde hyde towards (R) HPP. Batches were performed over
10days and in between stored at 4°C. C: initial activity in each cycle of the same
repetitive batch mentioned in B, The initial activity in the first cycle was defined to
be 100%, All experiments were performed in triplicate.
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3. Materials and methods
3.1. Materials

If not otherwise stated, all chemicals were purchased from
Sigma-Aldrich at the highest available purity. Benzaldchyde was
distilled prior to use. Clone Manager Professional (Version 8, Sci-Ed
Software) was used for design of expression plasmids and figures
were made with Origin (Version 9,1, OriginLab),

3.2. Construction of expression plasmid, cell cuitivation and
chiromatographic purification

The ecxpression plasmid pET28a-halotag-pfbail-his was con-
structed with the Gibson Assembly® Cloning Kit (NEB). Protein
production was performed in LB media at 20°C and HaloTag-
PfBAL-His was purified by means of immobilized metal ion
chromatography. Detailed information is given in the SI.

3.3. Immobilization

The HaloLink'™ Resin (Promega) consists of Sepharose® beads
with a particle size of 45-165 pun. The HaloTagm binding ligand is
covalently attached to the surface of these beads via a carbamide
linkage using an eleven-atom linker (see Fig. 2). For immobiliza-
tion, a suspension (200 wl) of the HaloLink™ Resin (corresponding
to ~1mg of dry carrier) was transferred into a 1.5 ml microreac-
tion tube. To remove any residual ethanol, the carrier was washed
several times with 1 ml BAL buffer, consisting of 50 mM potassium
phosphate buffer, pH 8.0, containing 2.5 mM MgS0,4 and 0.15 mM
ThDP. In addition, 0.5% vfv Triton X-100 was added to the BAL buffer
to prevent attachment of the carrier to the surface of the micrare-
action tubes and pipette tips. Then, immaobilization was performed
in a total volume of 250 pl using various amounts of either crude
cell extracts or purified fusion enzyme. This mixture was incubated
for 1hat 25°C and 12001pm in a ThermoMixer™ (Eppendort) and
subsequently washed 5 times with 1 ml of BAL buffer containing
0.5% v/v Triton X-100. The immobilized catalyst was stored in BAL
buffer at 4-C.

3.4. Purity of immobilized HaloTag-P{BAL-His

For immobilization directly from crude cell extracts, the purity
of immobilized HaloTag-PfBAL-His was analyzed after washing,
Therefore, the carrier was incubated in lysis buffer of the Gene]ET
Plasmid Miniprep Kit (ThermoFisher Scientific) at 20°C for 15 min.
This lysis buffer contains SDS and NaOH. Treatment with SDS dena-
tures all bound proteins, thus removing non-specifically bound
proteins and additionally leading to an exposure of the ester bonds
connecting the HaloTag with the carrier, NaOH results in saponi-
fication of this ester bond to release covalently bound HaloTag
fusions. After this treatment, the samples were centrifuged and the
supernatant was analyzed by SDS-PAGE.

3.5. Anaiytics

Protein concentrations of free and immobilized proteins were
determined with the BC Assay Protein Quantitation Kit (Interchim)
according to the manufactureris instructions with slight adapta-
tions. Assays were performed with 25 1 of the respective sample
and 200 w1 of BC assay reagentina 1.5 ml microreaction tube, After
incubation at 37 °C for 30 min and 1200 rpm in a ThermoMixer”
(Eppendorf), the samples were shortly centrifuged to pellet the
immobilizates and 150 .l of the supernatant was transferred into
a 96 well microtiter plate. The absorption of this solution was mea-
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sured at 562 nm using a TECAN Infinite® M200 reader and protein
concentrations were determined using BSA as a standard.

Activity of HaloTag-PfBAL-His was determined by HPLC on a
Chiralpak IE column using an Agilent 1260 Infinity Quarternary LC
system (Agilent Technologies) equipped with a 1260 Diode Array
Detector. Toluene was used as an internal standard detected at
215nm. For the analysis of (R)-benzoin formation, the column was
operated with a mobile phase of 50% v/v acetonitrile and 50% v/v
pure water at a flow of 1 ml/min and 20°C. Benzaldehyde and ben-
zoin were detected at 250 nm with approximate retention times of
5.2minand 7.3 min, respectively. For the carboligation of acetalde-
hyde and benzaldehyde towards (R)-HPP, the column was operated
with a mobile phase of 35% v{v acetonitrile and 65% v{v pure water
ata flowof 1 mlfmin and 20°C. (R)-HPP, (S)-HPP, benzaldehyde and
(R)-benzoin were detected at 250 nm with approximate retention
times of 6.3 min, 6.8 min, 8.3 min and 18.1 min, respectively.

3.6. Activity assays and stability tests

Storage stability was analyzed by storing immobilized HaloTag-
PfBAL-His at 4°C in BAL buffer over several months. Samples
were taken at different time points and the residual activity was
measured. For this purpose, 0.001 mg/ml of immobilized enzyme
was incubated with 50 mM benzaldehyde in 500wl BAL buffer
containing 10% v/v DMSO at 25°C and 1200rpm (ThermoMixer,
Eppendorf). Benzoin formation was detected by HPLC as described
above. One unit (U) of activity is defined as the amount of enzyme
which catalyzes the formation of 1 pumol benzoin per minute under
these conditions.

Process stability of immobilized HaloTag-PfBAL-His was deter-
mined by following the carboligation of benzaldehyde and
acetaldehyde to (R)-HPP (Fig. 2). For this purpose, 120 pg of immo-
bilized enzyme (immobilized on 1mg of HaloLink resin) were
mixed with 10 mM benzaldehyde and 60 mM acetaldehyde in BAL
buffer containing 10% (v/v) DMSO in a total volume of 1.2ml.
Reaction was performed at 25°C and 1200 rpm in a ThermoMixer
(Eppendorf) until no further increase in product formation was
observed (40-250 min), which was measured by HPLC as described
above. After the reaction was completed, aldehydes were removed
by intense washing (5 times) with 1 ml BAL buffer containing 0.5%
v{v Triton X-100 and the immobilized enzyme was stored at4°Cin
BAL buffer until the next reaction cycle was started. In total, immo-
bilized HaloTag-PfBAL-His was reused for seven repetitive batches
performed over ten days.
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Primer sequences:

Primer A: gcgaaagcggecgcgGCGATGATTACAGGCGGC
Primer B: ccgtaccaatttctgcCATGGTATATCTCCTTC

DNA sequence of halotag-pfbal-his

Sequence encoding for the HaloTag"™": green; spacer: red, P/BAL: blue

ATGGCAGAAATTGGTACGGGATTTCCGTTTGACCCGCATTATGTGGAGGTTCTGGGTGAACGCATGCACTACGT
GGATGTTGGTCCGCGCGATGGCACACCGGTGCTGTTTCTGCATGGTAATCCGACCTCCAGCTATGTTTGGCGCA
ACATTATTCCGCATGTCGCCCCAACGCATCGCTGTATTGCCCCAGATCTCATTGGCATGGGCAAAAGCGACAAA
CCGGATTTGGGCTACTTCTTCGACGATCACGTACGGTTTATGGACGCCTTTATCGAGGCTCTGGGACTCGAGGA
AGTAGTGCTGGTTATTCATGACTGGGGCTCTGCATTAGGCTTTCACTGGGCTAAACGGAACCCAGAACGCGTCA
AGGGGATTGCCTTCATGGAGTTCATCCGTCCGATTCCGACCTGGGATGAATGGCCCGAATTTGCCCGTGAAACC
TTTCAGGCGTTTCGTACCACGGATGTTGGCCGTAAGCTCATCATCGACCAAAACGTGTTCATTGAGGGCACTCT
TCCCATGGGAGTAGTGCGTCCTTTAACCGAAGTCGAGATGGACCACTATCGCGAACCCTTCCTGAATCCGGTTG
ATCGCGAACCGCTGTGGCGCTTCCCGAATGAGCTGCCTATTGCTGGTGAACCGGCGAATATCGTGGCACTTGTG
GAAGAATACATGGATTGGCTGCATCAGAGTCCAGTCCCTAAGCTGTTGTTTTGGGGTACACCTGGCGTGTTGAT
TCCGCCTGCAGAAGCTGCTCGCTTAGCGAAAAGCTTGCCCAACTGCAAAGCGGTCGATATTGGGCCAGGTCTG
AACCTGTTACAGGAGGATAACCCGGATCTGATCGGGAGTGAAATCGCGCGTTGGCTGTCAACTCTGGAAATCT
CGGGTCTTGCAGAAGCAGCGGCCAAAGAAGCTGCGGCCAAAGAGGCAGCCGCGAAAGAAGCAGCGGCGAAA
GCGGCCGCGGCGATGATTACAGGCGGCGAACTGGTTGTTCGCACCCTAATAAAGGCTGGGGTCGAACATCTGT
TCGGCCTGCACGGCGCGCATATCGATACGATTTTTCAAGCCTGTCTCGATCATGATGTGCCGATCATCGACACC
CGCCATGAGGCCGCCGCAGGGCATGCGGCCGAGGGCTATGCCCGCGCTGGCGCCAAGCTGGGCGTGGCGCTG
GTCACGGCGGGCGGGGGATTTACCAATGCGGTCACGCCCATTGCCAACGCTTGGCTGGATCGCACGCCGGTGC
TCTTCCTCACCGGATCGGGCGCGCTGCGTGATGATGAAACCAACACGTTGCAGGCGGGGATTGATCAGGTCGC
GATGGCGGCGCCCATTACCAAATGGGCGCATCGGGTGATGGCAACCGAGCATATCCCACGGCTGGTGATGCAG
GCGATCCGCGCCGCGTTGAGCGCGCCACGCGGGCCGGTGTTGCTGGATCTGCCGTGGGATATTCTGATGAACC
AGATTGATGAGGATAGCGTCATTATCCCCGATCTGGTCTTGTCCGCGCATGGGGCCAGACCCGACCCTGCCGAT
CTGGATCAGGCTCTCGCGCTTTTGCGCAAGGCGGAGCGGCCGGTCATCGTGCTCGGCTCAGAAGCCTCGCGGA
CAGCGCGCAAGACGGCGCTTAGCGCCTTCGTGGCGGCGACTGGCGTGCCGGTGTTTGCCGATTATGAAGGGCT
AAGCATGCTCTCGGGGCTGCCCGATGCTATGCGGGGCGGGCTGGTGCAAAACCTCTATTCTTTTGCCAAAGCCG
ATGCCGCGCCAGATCTCGTGCTGATGCTGGGGGCGCGCTTTGGCCTTAACACCGGGCATGGATCTGGGCAGTT
GATCCCCCATAGCGCGCAGGTCATTCAGGTCGACCCTGATGCCTGCGAGCTGGGACGCCTGCAGGGCATCGCT
CTGGGCATTGTGGCCGATGTGGGTGGGACCATCGAGGCTTTGGCGCAGGCCACCGCGCAAGATGCGGCTTGGC
CGGATCGCGGCGACTGGTGCGCCAAAGTGACGGATCTGGCGCAAGAGCGCTATGCCAGCATCGCTGCGAAATC
GAGCAGCGAGCATGCGCTCCACCCCTTTCACGCCTCGCAGGTCATTGCCAAACACGTCGATGCAGGGGTGACG
GTGGTAGCGGATGGTGCGCTGACCTATCTCTGGCTGTCCGAAGTGATGAGCCGCGTGAAACCCGGCGGTTTTCT
CTGCCACGGCTATCTAGGCTCGATGGGCGTGGGCTTCGGCACGGCGCTGGGCGCGCAAGTGGCCGATCTTGAA
GCAGGCCGCCGCACGATCCTTGTGACCGGCGATGGCTCGGTGGGCTATAGCATCGGTGAATTTGATACGCTGG
TGCGCAAACAATTGCCGCTGATCGTCATCATCATGAACAACCAAAGCTGGGGGGCGACATTGCATTTCCAGCA
ATTGGCCGTCGGCCCCAATCGCGTGACGGGCACCCGTTTGGAAAATGGCTCCTATCACGGGGTGGCCGCCGCC
TTTGGCGCGGATGGCTATCATGTCGACAGTGTGGAGAGCTTTTCTGCGGCTCTGGCCCAAGCGCTCGCCCATAA
TCGCCCCGCCTGCATCAATGTCGCGGTCGCGCTCGATCCGATCCCGCCCGAAGAACTCATTCTGATCGGCATGG
ACCCCTTCGCACTCGAGCACCACCACCACCACCACTGA

Amino acid sequence of HaloTag-PfBAL-His
HaloTag™: green; spacer: red, P/BAL: blue

MAEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRCIAPDLIGM
GKSDKPDLGYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFMEFIRPIPTW
DEWPEFARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPLTEVEMDHYREPFLNPVDREPLWRFPN
ELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIGPGLNLLQE
DNPDLIGSEIARWLSTLEISGLAEAAAKEAAAKEAAAKEAAAKAAAAMITGGELVVRTLIKAGVEHLFG
LHGAHIDTIFQACLDHDVPIIDTRHEAAAGHAAEGYARAGAKLGVALVTAGGGFTNAVTPIANAWLDR
TPVLFLTGSGALRDDETNTLQAGIDQVAMAAPITKWAHRVMATEHIPRLVMQAIRAALSAPRGPVLLD
LPWDILMNQIDEDSVIIPDLVLSAHGARPDPADLDQALALLRKAERPVIVLGSEASRTARKTALSAFVAA
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TGVPVFADYEGLSMLSGLPDAMRGGLVQNLYSFAKADAAPDLVLMLGARFGLNTGHGSGQLIPHSAQ
VIQVDPDACELGRLQGIALGIVADVGGTIEALAQATAQDAAWPDRGDWCAKVTDLAQERYASIAAKSS
SEHALHPFHASQVIAKHVDAGVTVVADGALTYLWLSEVMSRVKPGGFLCHGYLGSMGVGFGTALGA
QVADLEAGRRTILVTGDGSVGYSIGEFDTLVRKQLPLIVIIMNNQSWGATLHFQQLAVGPNRVTGTRLE
NGSYHGVAAAFGADGYHVDSVESFSAALAQALAHNRPACINVAVALDPIPPEELILIGMDPFALEHHHH
HH

Construction of expression plasmid

The amino acid sequence of the HaloTag and the linker sequence A(EAAAK),AAA was converted
into an optimized DNA sequence by the GENEius software (eurofins genomics). The corresponding
DNA sequence was synthesized as linear fragments and directly used for ligation with the linearized
pET28a plasmid backbone already containing the gene encoding PfBAL-His. Linearization was
performed by PCR using Phusion” High-Fidelity DNA Polymerase (NEB) according to the
manufacturer’s instructions and with primers A and B. These contained specific overhangs
complementary to the ends of the linear fragments encoding for the HaloTag and the linker sequence
A(EAAAK),AAA to enable ligation of both DNA fragments by using the Gibson Assembly” Cloning

Kit (NEB) according to the manufacturer’s instructions.

Cell cultivation and chromatographic purification

E. coli BL21 (DE3) cells were transformed with the expression plasmid pET28a-halotag-pfBAL-his.
Heterologous production of HaloTag-P/BAL-His was performed in LB media by inducing enzyme
production with 0.1 mM IPTG at the end of exponential growth phase. Cells were then harvested after
further incubation for 24 h at 20 °C and stored at -20 °C. Purification of HaloTag-P/BAL-His was
performed by means of immobilized metal ion chromatography. First, cells were disrupted by
sonification using a Branson Sonifier equipped with a 5 mm microtip. Sonification was performed for
10 min with a pulse time of 2 sec and an amplitude of 60 % followed by 8 sec without pulse. After
centrifugation at 15000 x g for 30 min, the crude cell extract was applied to the Ni-NTA column
(Qiagen; bed volume, 20 ml), which was previously equilibrated with potassium phosphate buffer (50
mM, pH=7.0) containing 2.5 mM MgSQO,, 0.15 mM ThDP and 300 mM sodium chloride. Weakly
bound enzymes were washed from the column with 10 mM imidazole and elution of HaloTag-P/BAL-
His was performed with 250 mM of imidazole. Imidazole and NaCl were removed in a desalting step
on a G25 Sephadex column (GE Healthcare; bed volume, 1L) using potassium phosphate buffer (10
mM, pH 7.0). Afterwards, elution fractions containing HaloTag-PfBAL-His were lyophilized and
stored at -20 °C.
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2.2 HaloTag-BmTA

Results presented in this chapter are part of a cooperation with the group of Dorte Rother at IBG-1:
Biotechnology. As final studies have to be performed by the cooperation partner, the respective
manuscript could not be finalized until this thesis was submitted. Thus, this chapter comprises a
manuscript draft focusing on the results obtained by Johannes Dobber. Where necessary for an

understanding, the results of others were included, which was indicated respectively.

Context:

This chapter describes how HaloTag' " fusion enzymes can contribute to enable an efficient two-step
enzymatic cascade, which was established in the working group of Dorte Rother (specific
contributions see below). In this cascade, PpBFD and BmTA were combined for the production of a
chiral 1,2-amino-alcohol. The main task was the immobilization of BmTA and the optimization of
reaction conditions to apply immobilized HaloTag-BmTA for reductive amination. Immobilization of

the PpBFD was optimized earlier and is described in chapter 2.4.

In general, results focus on the usefulness of the HaloTag™ immobilization concept to combine
enzymes for multi-step synthesis approaches in simple batch reaction systems. Individual reaction
steps are easily separated through immobilization to circumvent negative interferences of the reaction

conditions with each other.

Contributions:

The enzymatic cascade towards corresponding amino alcohols was investigated and established by K.
Mack', V. Erdmann' and U. Mackfeld'. Immobilization of involved enzymes and optimization of the
established cascade was performed by J. Débber® and K. Mack. T. Gerlach® assisted in construction of
the expression plasmid to produce HaloTag-BmTA and R. Agular Rocha' helped to identify optimal
conditions for recycling of BmTA. The present manuscript was written by J. Débber, V. Erdmann, K.

Mack, M. Pohl® and D. Rother'.

' Group of Dérte Rother, IBG-1: Biotechnology, Forschungszentrum Jiilich, Germany
* Group of Martina Pohl, IBG-1: Biotechnology, Forschungszentrum Jiilich, Germany
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2.2.1 Introduction

Biocatalysis is an interesting alternative to chemical synthesis due to its outstanding selectivity
providing access to optically pure compounds. Amines and amino alcohols are valuable chiral building
blocks for more complex molecules or directly reveal pharmaceutical activity such as the
sympathomimetics cathine or metaraminol (Breuer et al., 2004; Hohne et al.,, 2008; Hohne and
Bornscheuer, 2009; Sehl et al., 2014; Simon et al., 2014). They can be produced via transaminases
catalyzing the reductive amination of respective carbonyl substrates (Malik et al., 2012).

Transaminases exhibit a broad substrate scope for many different aliphatic or aromatic substrates
(Both et al., 2016; Calvelage et al., 2017; Koszelewski et al., 2008; Park et al., 2012). In general, the
active site of transaminases consists of a large and a small binding pocket as demonstrated in Figure
2.2-1. Usually, their large binding pocket accepts small as well as bulky substituents. Besides, large
substituents of the substrate don't fit into the small binding pocket of the active site, which is for most

enzymes restricted to methyl and ethyl groups (Kohls et al., 2014; Savile et al., 2010).

LBP LBP
OH \ssp OH SBP
__NH* __NH*
OH OH
P; ’ X P; | X
— —
N N
H+ H+
External aldimine of PLP External aldimine of PLP and
and norpseudoephedrine 1-amino-1-phenylpropane-2-ol

Figure 2.2-1: Active site requirements for the transaminase-catalyzed production of nor(pseudo)ephedrine and 1-
amino-1-phenylpropane-2-ol (APP). Generally, active sites in transaminases consist of a small and large binding pocket for
the binding of different substituents (SBP, LBP). Reductive amination of 2-hydroxy-1-phenylpropanone to produce APP
(right) requires a more flexible SBP in comparison to reductive amination of phenylacetylcarbinol to produce
nor(pseudo)ephedrine (left) as indicated in form of respective PLP-bound intermediates. The figure is based on Héhne and
Bornscheuer, 2009.

Therefore, the biocatalytical production of amines with bulky side chains is restricted. For example, no
biocatalyst is available for the synthesis of 1-amino-1-phenylpropane-2-ol (APP) from 2-hydroxy-1-
phenyl-1-propanone (HPP). While its regioisomer and pharmaceutically active drug nor(pseudo)-
ephedrine was already accessible via amination of the less stereochemically demanding 1-hydroxy-1-
phenylpropan-2-one (phenylacetylcarbinol) (Sehl et al., 2013; Sehl et al., 2014), the carbonyl group in
HPP is located between the phenyl ring and the hydroxyethyl group, which requires a much larger

binding pocket as demonstrated in Figure 2.2-1. Recently, a search for suitable transaminases was
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performed to identify appropriate candidates for the production of APP isomers'. For this purpose,
wild-type enzymes were screened, which are more flexible in their active site and tolerate even larger
substituents in their small binding pocket (Koszelewski et al., 2008; Koszelewski et al., 2010a;
Koszelewski et al., 2010b; Simon et al., 2014). Among these, the transaminase of Bacillus megaterium
(BmTA, see 1.5.3) enabled access to (1R,2S)-APP by a combination with a previous C-C-bond
forming step using the benzoylformate decarboxylase from Pseudomonas putida (PpBFD, see 1.5.1)
in a two-step enzymatic cascade. As demonstrated in Figure 2.2-2, PpBFD catalyzes the carboligation
of benzaldehyde and acetaldehyde yielding (S)-HPP (Iding et al., 2000). Then, BmTA is applied to

perform a reductive amination towards (1R,25)-APP using isopropylamine as an amine donor.

PpBFD BmTA
+ /\\.
Q\yo ° /_\‘
NH, 0
benzaldehyde acetaldehyde (S)-HPP (1R,25)-APP

IPA acetone

Figure 2.2-2: Two-step enzymatic cascade towards (1R,25)-APP. In the first step, PpBFD catalyzes the carboligation of
benzaldehyde and acetaldehyde towards (S)-HPP, which is converted in the second step into (1R,2S)-APP by BmTA using
isopropylamine (IPA) as an amine donor.

Such cascades generally offer the great advantage to circumvent waste-generating and tedious
intermediate product purification steps but require compatible reaction conditions for all involved
biocatalysts (see 1.2.2) (Groger and Hummel, 2014; Schrittwieser et al., 2018). However, lowered
cascade efficiencies due to incompatible conditions of the individual reaction steps are often observed
and demand efficient strategies to overcome such issues (Rulli et al., 2013; Schmidt et al., 2017).
Among these, enzyme immobilization represents an appropriate solutions since an insoluble
biocatalyst is formed, thereby allowing easy separation of single reaction steps to increase the
efficiency of the cascade (Klermund et al., 2017; Schrittwieser et al., 2018). In addition, enzyme
immobilization further enables reuse of the biocatalyst and contributes to a greater operational stability
(DiCosimo et al., 2013; Sheldon and van Pelt, 2013). A general problem for immobilization methods
is the establishment of strong binding forces between biocatalyst and carrier without disturbing its
catalytic activity (Cao, 2006b). Recently, we introduced the HaloTag™ immobilization concept for

biocatalytic applications and demonstrated the fast and covalent immobilization of different enzymes

" A biocatalytic cascade towards three different APP isomers was established by K. Mack, V. Erdmann, U.
Mackfeld and D. Rother (unpublished results). Respective results are shortly summarized here to understand the
necessity for the optimization of this cascade using immobilized enzymes. The results presented in this chapter
focus on the employment of immobilized HaloTag"" fusion enzymes for the production of (1R,25)-APP.
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under mild conditions accompanied with high residual activity (Dobber et al., 2018b; Dobber and
Pohl, 2017). In this concept, the HaloTag™ is fused to one terminus of the enzyme and mediates the
covalent binding to carriers exposing specific chloroalkane residues (Encell et al., 2012). As a
consequence, immobilization can be performed directly from crude cell extracts and thereby
additionally offers purification and immobilization in one step.

Consequently, the HaloTag™ immobilization approach was selected to optimize the cascade towards
the production of (1R,2S5)-APP. HaloTag-PpBFD and HaloTag-BmTA fusion enzymes were
constructed to enable fast and covalent immobilization and established immobilizates were used for

efficient (R,S)-APP synthesis with biocatalyst recycling.

2.2.2 Methods

Construction of expression plasmids and production of enzymes

For HaloTag'" fusion enzymes, cloning strategy, production of fusion enzymes and preparation of
crude cell extracts were performed as described previously but with minor adjustments (Dobber et al.,
2018b; Dobber and Pohl, 2017). Briefly summarized, expression plasmids were constructed via the
Gibson Assembly® Cloning Kit (NEB, Frankfurt, Germany). DNA encoding for both enzymes
(PpBFD L476Q and BmTA) was amplified by PCR using primers with specific overhangs as
published elsewhere (Ddbber et al., 2018b). In a next step, these fragments were mixed with the
plasmid backbone (pET22b) containing already the information for the HaloTag™ and a ligation was
performed. Further detailed information about all sequences is given in 2.2.4.

Fusion enzymes were then produced in £. coli BL21 (DE3) in LB medium at 20 °C upon induction
with 0.1 mM IPTG. Afterwards, cells were harvested and lysed by sonification. For sonification, cells
containing HaloTag-PpBFD fusion enzymes were resuspended in 50 mM potassium phosphate buffer,
pH 7, supplemented with 0.1 mM ThDP and 2.5 mM MgSOQ,. Cells containing HaloTag-BmTA fusion
enzymes were resuspended in 10 mM Tris buffer, pH 7.5, 0.1 mM PLP. After centrifugation, the
supernatant of lysed cells was frozen at -20 °C and lyophilized.

For the production of the non-immobilized His-tagged enzymes, construction of expression plasmids,
heterologous production in E. coli as well as chromatographic purification via immobilized metal ion
affinity chromatography are described elsewhere (Erdmann, 2018; Gocke et al., 2008; Lingen et al.,
2002).

Immobilization of HaloTag™ fusion enzymes, purity, and protein determination

Immobilization of fusion enzymes and subsequent determination of the purity and the amount of

bound proteins were performed as described elsewhere with minor adjustments (Ddbber et al., 2018b;
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Dobber and Pohl, 2017). In brief, lyophilized crude cell extracts were solubilized in respective buffers.
For immobilization of HaloTag-BmTA, 175 mg of lyophilized crude cell extract was dissolved in 1 ml
Tris-buffer (50 mM, pH 7.5, 0.1 mM PLP). HaloLink™ Resin (Promega, USA) was then equilibrated
with the same buffer supplemented with 0.1 vol% Triton X-100 and 200 pl of crude cell extract
solution were mixed with 50 pl of resin. Immobilization was performed at 1200 rpm in a
ThermoMixer® (Eppendorf, Hamburg, Germany) at 25 °C for 1h. Afterwards, the resin was washed
with 100 mM HEPES buffer, pH 8, supplemented with 0.1 mM PLP and 0.1 vol% Triton X-100.
Immobilization of HaloTag-PpBFD was performed similarly but 40 mg of crude cell extract were
dissolved in 1 ml HEPES buffer (100 mM, pH 8 1 mM ThDP, 2.5 mM MgSO,) and resin
equilibration as well as washing were performed with the same buffer supplemented with 0.1 vol %
Triton X-100. Bound fusion enzymes were then released by saponification of the ester bond
connecting HaloTag'" and HaloLink'™ Resin due to incubation in SDS and NaOH. The amount of
bound proteins was determined with the BC Assay Protein Quantitation Kit (Interchim, France) as

recently described (Débber and Pohl, 2017).

Activity test

To analyze the activtiy of free and immobilized BmTA, the conversion of pyruvate to alanine using o-
methylbenzylamine as an amino donor was used as a model reaction. For this purpose, 2.5 mM a-
methylbenzylamine, 5 mM pyruvic acid, 0.1 mM PLP, 100 mM HEPES, pH 8, 0.1 vol% Triton X-100
and 20 — 50 pg enzyme were mixed in a quartz cuvette in a total volume of 3 ml. The solution was
stirred by a small magnetic stirrer bar during the measurement in the photometer at 25 °C and
production of acetophenone was followed at 300 nm. One Unit (U) of specific activity is defined as
the amount of enzyme in mg which catalyzes the formation of 1 umol alanine per minute under the
described conditions. To compare the activity of both enzyme variants with different molecular
weight, the activity was related to one pmol of enzyme. The molecular weight of one subunit was used

for respective calculations (53 kDa).

Analytics

Detection of benzaldehyde and (S)-HPP to follow the carboligation step was performed as described in
(Dobber et al., 2018b). The conversion of (S)-HPP towards (1R,2S)-APP was analyzed by HPLC
(Agilent 1260 Infinity Quarternary LC system equipped with a 1260 Diode ArrayDetector) on a
LiChrospher® 100 RP-18 (5um) column (Merck, Darmstadt, Germany) using deionized water and
acetonitrile (ACN) as solvents, which were supplemented with 0.1 % diethylamine and 0.075 %
trifluoroacetic acid. To separate respective compounds, the following protocol was performed:

injection volume 10 pl; pumping speed 0.75 ml/min; 25 °C; 25 min; 0 — 3 min, 80 % water/20 %
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ACN; 3 — 6 min, 65 % water/35 % ACN; 6 — 11 min, 65 % water/35 % ACN; 11 — 11.5 min, 80 %
water, 20 % ACN; 11.5 — 13 min, 80 % water/20 % ACN; 13 — 14 min, 40 % water/60 % ACN; 14 —
17 min, 40 % water/60 % ACN; 17 — 18 min, 80 % water/20 % ACN. Retention times were 4.3 min
for anti-APP, 5.2 min for syn-APP, 11.6 min for HPP and 14.7 min for benzaldehyde. All components
were detected at 210 nm and 2-methylbenzaldehyde was used as an internal standard (12 ul/L,
retention time 20 min). Samples from biotransformations were diluted in 50 % water/50 % ACN and

then applied to the HPLC.

The absolute configuration of APP stereoisomers was analyzed by SFC using two columns (Chirapak
AD-H and Chiralpak IA column, Daicel, Japan) in tandem. An isocratic method was developed using
85 % supercritical CO;, and 15 % methanol under addition of 1 % DEA in the mobile phase. The
flowrate was set to 0.75 mL/min at 30 °C and an injection volume of 5 uL was used. The method was
run for 45 min. Compounds were detected at 220 nm and retention times were as follows: 15.6 min
(15,25)-APP, 16.9 min (1R,2R)-APP, 19.2 min (1R,25)-APP, 20.1 min (1S,2R)-APP. Samples were
prepared as follows: 50 pL of the reaction mixture was frozen in liquid nitrogene to stop the reaction.
The samples were dried in an Eppendorf Concentrator (Eppendorf, Hamburg, Germany) at 30°C. The
dried sample was resuspended in 100 pL methanol (containing 0.1 mg/mL of the internal standard 3,5-
dimethoxy-benzaldehyde). The sample was centrifuged for 1 min in an Eppendorf 5424 centrifuge
(Eppendorf, Hamburg, Germany) at 20,000 x g and then analyzed immediately.

Two-step enzymatic cascade towards (1R,2S)-APP using free enzymes

Carboligation was performed in 2 ml glass vials in a total volume of 1 ml at 30 °C and 750 rpm in a
ThermoMixer® (Eppendorf, Hamburg, Germany). 1.75 mg/ml purified PpBFD variant L461A was
used to produce (S)-HPP starting from 30 mM benzaldehyde, 60 mM acetaldehyde in 100 mM
HEPES, pH 8, 0.1 mM ThDP and 2.5 mM MgSO,. After 90 min of incubation, the reaction mixture
was heated to 60 °C for 30 min to inactivate the PpBFD variant and to remove excess acetaldehyde.
Then, purified BmTA, isopropylamine and PLP were added to a final concentration of 3.5 mg/ml, 100
mM and 0.1 mM, respectively. Again, the reactions were performed in 2 ml glass vials at 30 °C and
750 rpm but with open lid to enable evaporation of acetone and in a volume of 1.25 ml. After 48 h, the

reaction was stopped.

Two-step enzymatic cascade towards (1R,2S)-APP using immobilized enzymes

Carboligation was performed in 2 ml glass vials in a total volume of 1 ml at 25 °C and 1000 rpm in a
ThermoMixer® (Eppendorf, Hamburg, Germany). 0.5 mg/ml immobilized HaloTag-PpBFD L476Q
was used to produce (S)-HPP starting from 30 mM benzaldehyde, 90 mM acetaldehyde in 100 mM
HEPES, pH 8, I mM ThDP, 2.5 mM MgSQO, and 0.1 vol% Triton X-100. After 90 min of incubation,
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the reaction was stopped, the supernatant was removed and the carrier was washed three times with 1
ml of fresh buffer. Then, it was either reused for the next carboligation step or stored at 4 °C for
further use (three batches were performed per day). The supernatant of each carboligation step was
heated to 60 °C for 30 min in a glass vial to remove excess acetaldehyde and 700 pl were transferred
to a second 2 ml glass vial containing 4 mg immobilized HaloTag-BmTA. Reductive amination was
performed in a total volume of 1 ml at 30 °C, 750 rpm. PLP and isopropylamine were added to a final
concentration of 100 mM and 0.1 mM, respectively. Reactions were performed without a lid to allow
acetone evaporation. Every 24 h the reaction vial was weighed and water was added until the original
weight at t, was reached to keep the volume constant. After 72 h of incubation the reaction was
stopped by sedimentation of the carrier, the supernatant was removed and the carrier was washed three
times with 1 ml of buffer (100 mM HEPES, pH 8§, 0.1 mM PLP, 0.1 vol% Triton X-100). Then,
immobilizates were either reused for the next reaction or stored at 4 °C for further use (one batch was

performed per week).

2.2.3 Results and discussion

Two-step enzymatic cascade towards (I1R,2S)-APP using free enzymes

The two-step cascade towards (1R,2S5)-APP was established by K. Mack, V. Erdmann and U.
Mackfeld. Briefly summarized, PpBFD catalyzed the carboligation of benzaldehyde and acetaldehyde
yielding (S)-HPP with almost full conversion and an ee > 96 % in less than one hour. Acetaldehyde
was applied in excess to shift the carboligation to the product site. Afterwards, PpBFD was inactivated
by heating to 60 °C and BmTA was added to perform the second reaction step towards (1R,2S5)-APP.
As the activity of the BmTA was rather low, incubation for 48 h was necessary to achieve a conversion
of around 93 % and an ic’ higher than 90 %.

The implementation of the enzymatic cascade towards (1R,2S5)-APP as shown above was accompanied
by several problems. The production of APP was drastically diminished during the second cascade
step in the presence of catalytically active PpBFD. Since BmTA is more active towards benzaldehyde
compared to (S)-HPP, residual amounts of benzaldehyde from the first reaction step were converted
into benzylamine. As a consequence, the reaction equilibrium was shifted and the PpBFD catalyzed
the cleavage of (S)-HPP, which finally led to the accumulation of benzylamine and drastically
diminished the formation of (1R,2S)-APP. In addition, BmTA was rapidly inhibited by low
concentrations of acetaldehyde, which had to be removed efficiently after the first cascade step. Due to
the low boiling point of acetaldehyde, heating of the open reaction vessel to 60 °C was applied to
concomitantly remove acetaldehyde and inactivate the soluble PpBFD. However, this procedure
resulted in a low productivity for the PpBFD since active enzyme is wasted. Also the second cascade

step showed low productivity, since BmTA had to be applied in high concentration (3.5 mg/ml) for a

"ic (isomer content) is defined as the fraction of the target isomer in a mixture of multiple stereoisomers.
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long reaction time (48 h) to achieve high conversion. Therefore, strategies to reuse the enzymes of
both steps had to be found. Besides, the cascade was performed with purified enzymes, which required
tedious and time-consuming chromatographic purification. Thus, faster strategies to achieve high
enzyme purity are needed. Both goals could be achieved using the respective HaloTag'™ fusion
enzymes. The HaloTag"™ immobilization approach was used to allow (i) easy and fast removal of
PpBFD after the first cascade step, (if) subsequent thermal acetaldehyde removal without enzyme
inactivation, (iii) circumvention of tedious enzyme purification steps since the HaloTag™ mediates
covalent immobilization directly from crude cell extracts, and (iv) enhanced catalyst productivities due

to efficient reuse.

Enzyme immobilization and characterization of immobilizates

The HaloTag™ was N-terminally fused to the PpBFD as well as the BmTA both involved in the
production of (1R,2S)-APP. HaloTag-PpBFD fusion enzymes have previously been investigated and
the resulting immobilizates revealed a high purity as well as a high residual activity of around 65 % in
comparison to free PpBFD (Dobber et al., 2018b). However, transaminases have not yet been
immobilized by this technique. After successful genetic fusion of the HaloTag™ to the N-terminus of
BmTA, we first analyzed the heterologous production of respective fusion enzymes since fusion of a

tag might lead to the formation of undesired inclusion bodies (Krauss et al., 2017).
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Figure 2.2-3: Production and immobilization of HaloTag-BmTA. Immobilization was performed directly from crude cell
extracts on HaloLink™ Resin (Promega). A: SDS-PAGE; M: PageRuler Plus Prestained Protein Ladder (Thermo Scientific);
CE: crude cell extract after production of HaloTag-BmTA in E. coli BL21 (DE3); I: proteins released from the HaloLink™
Resin by saponification. B: Activity of free BmTA without HaloTag™ and immobilized HaloTag-BmTA; initial rate
activities [U/umol enzyme] were determined for amination of pyruvate to alanine using a-methylbenzylamine as an amine
donor; error bars represent the variance of three activity measurements from the same sample.
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As depicted in Figure 2.2-3, HaloTag-BmTA fusion enzymes were successfully produced in E. coli
BL21 (DE3) cells and an intense protein band close to the 80 kDa standard, which corresponds to one
monomer of the fusion enzyme, indicates good production yields. In addition, a high purity was
achieved after immobilization underlining that protein purification was efficiently performed without
employing tedious chromatographic purification steps. The additional protein band appearing above
the 30 kDa standard (see Figure 2.2-3A) might be caused by truncated HaloTag™ fusion enzymes.
Since the HaloTag™ (34 kDa) was fused to the N-terminus and is consequently expressed first,
truncated fusion enzymes could contain a functional HaloTag™, which allows binding to the
HaloLink™ Resin (see 3.3.2). Further characterization of formed HaloTag-BmTA fusion enzymes
concerned the activity of established immobilizates in comparison to the free enzyme without
HaloTag™. As shown in Figure 2.2-3, a high activity of around 75 % was achieved, which is the
highest activity obtained so far for all selected model enzymes (see Figure 3.4-1). In general,
immobilization often results in reduced catalytic activity due to rigidification, mass-transfer limitations
or negative influences of the carrier (Liese and Hilterhaus, 2013). This effect is even more pronounced
for conventional covalent immobilization approaches, which are based on the randomized binding of
amino acid side chains to respective supports. These approaches offer no site control and may thus
result in a huge loss of activity if for example essential catalytic residues are modified (Mateo et al.,
2007a). Therefore, the HaloTag-based approach represents a good strategy to immobilize BmTA
with high purity, high binding stability and high residual activity.

120 4 T
1 /%\ %,_.,____,_,_f———f-*‘k —**40\ .
1004 & Y LT 3
= 80
2
=
=60
Q
]
)
2
= 404
2
—a— free BmTA
20 -0~ immobilized HaloTag-BmTA
0 -
T T T T T T T T T T T T T T T T 1
0 2 E 6 8 10 12 14 16
time [d]

Figure 2.2-4: Stability of immobilized and free BmTA at 30 °C. Free BmTA as well as immobilized HaloTag-BmTA were
incubated at 30 °C in 100 mM HEPES buffer, pH 8, containing 0.1 mM PLP. Reaction tubes were shaken at 1200 rpm in a
ThermoMixer® (Eppendorf, Hamburg, Germany) and samples were continuously taken at the indicated points in time to
measure residual activity. Initial rate activities were determined for the formation of alanine starting from pyruvate and using
a-methylbenzylamine as an amino donor. Measured activities were related to the initial activity when starting the experiment.
Error bars represent the variance of two activity measurements from the same sample.
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Since the second cascade step with free enzymes required long reaction times (48 h) due to the low
activity of the BmTA towards (S)-HPP (see above), high enzyme stability is required to enable
recycling. Therefore, free BmTA as well as immobilized HaloTag-BmTA were incubated at 30 °C and
samples were continuously taken to measure the residual activity over time. As depicted in Figure
2.2-4, BmTA revealed a high stability over two weeks and almost no activity was lost. Furthermore, no
difference between free BmTA and immobilized HaloTag-BmTA was found, indicating that the
enzyme properties were not essentially altered by immobilization and that efficient recycling could be

possible.

Two-step enzymatic cascade towards (IR,2S)-APP using immobilized enzymes

In a next step, the two-step enzymatic cascade was investigated using immobilized HaloTag-PpBFD
and HaloTag-BmTA in repetitive batch experiments to produce (1R,2S5)-APP. Conditions guaranteeing
high PpBFD stability were already optimized previously (Dobber et al., 2018b) and consequently,
immobilized HaloTag-PpBFD was efficiently recycled with no activity loss over at least 13 batches as
demonstrated in Figure 2.2-5. In each cycle, almost full conversion and a high ee > 96 % were
achieved for the formation of (S)-HPP. After each carboligation batch, the immobilized biocatalyst
was easily separated from the reaction media by centrifugation and acetaldehyde removal was
subsequently performed at 60 °C. Afterwards, the reaction solution was transferred to the immobilized
HaloTag-BmTA and PLP as well as isopropylamine were added for the 2" cascade step. As
demonstrated in Figure 2.2-6, high conversion of (S)-HPP towards (1R,25)-APP was achieved with
immobilized HaloTag-BmTA. The ic of the formed (1R,25)-APP was higher than 90 % indicating that
the reaction was performed with the same conversion and stereoselectivity as observed for free
enzymes. However, lower conversions were observed in the following batches and consequently, the
experiment was stopped after four cycles. Probably, residual amounts of acetaldehyde resulting from
the first carboligation step, isopropylamine or (S)-HPP are responsible for slow inactivation since
incubation in only buffer does not lead to a reduced activity within weeks (see Figure 2.2-4).
Nevertheless, immobilized HaloTag-BmTA revealed a good stability and a half-life of around 288 h
since each batch required incubation for at least 3 days to obtain high conversion of (S)-HPP. Since the
immobilizates were also stored in between, the immobilized biocatalyst showed activity over several
weeks.

To conclude, enzyme immobilization with the HaloTag"™-based approach simplified the whole
cascade set-up and utilized catalytic activity more efficiently. In the next steps, the considerable low
activity of the BmTA towards (S)-HPP should be targeted by for example protein engineering
methods. Although reuse of the BmTA through immobilization enabled longer use of this enzyme,
high enzyme loadings and long incubation times markedly reduced the productivity of the second

cascade step and optimization is required in this case.
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Figure 2.2-5: Recycling of HaloTag-PpBFD for the production of (S)-HPP. 500 pg of immobilized HaloTag-PpBFD
were used for the carboligation of benzaldehyde (30 mM) and acetaldehyde (90 mM). Reactions were performed in 1 ml at
25 °C and in the presence of 100 mM HEPES, pH 8, 0.1 vol% Triton-X 100, 1 mM ThDP as well as 2.5 mM MgSO,. Each
cycle lasted 90 min and the carrier was washed 3x with 1 ml fresh buffer between each cycle. 3 cycles were performed per
day and the carrier was stored over the night at 4 °C. Experiments were performed in triplicate and the average conversion
per cycle is given in the diagram.
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Figure 2.2-6: Recycling of HaloTag-BmTA for the production of (1R,2S)-APP. Reactions were performed in 1 ml at 30
°C employing 4 mg of immobilized HaloTag-BmTA, 700 pl of (S)-HPP solution after carboligation and acetaldehyde
removal (see above), 100 mM isopropylamine, 0.1 mM PLP, 100 mM HEPES, pH 8, 0.1 vol% Triton-X 100. Each cycle
lasted 72 h and the immobilizate was washed 3x with 1 ml buffer between each cycle. Experiments were performed in
triplicate and the average conversion per cycle is given in the diagram.
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2.2.4 Supporting information

DNA and protein sequences

a) HaloTag-PpBFD L476Q

Sequences are published elsewhere (Dobber et al., 2018b).

b) HaloTag-BmTA

DNA sequence encoding for the HaloTag™: green; spacer: red, BmTA: blue

atgaaacatcaccatcaccatcacgcagaaattggtacgggatttccgtttgacccgceattatgtggaggttctgggtgaacgcatgcactacgtggatgttggteccgegegatggeaca
ccggtgctgtttetgcatggtaatccgacctccagetatgtttggegeaacattattcegeatgtecgecccaacgeategetgtattgecccagatctcattggeatgggeaaaagegaca
aaccggatttggectacttcttcgacgatcacgtacggtttatggacgcctttatcgaggcetctgggactcgaggaagtagtgctggttattcatgactgggoctetgcattaggctttcact
gggctaaacggaacccagaacgcgtcaaggggattgecttcatggagttcatccgtecgattccgacctgggatgaatggeccgaatttgeccgtgaaacctttcaggegtttcgtace
acggatgttggccgtaagctcatcatcgaccaaaacgtgttcattgagggcactcettcccatgggagtagtgcgtectttaaccgaagtcgagatggaccactatcgegaacccttectg
aatccggttgatcgegaaccgcetgtggegettcccgaatgagetgectattgetggtgaaccggegaatatcgtggcacttgtggaagaatacatggattggctgeatcagagtecagt
ccctaagctgttgttttggggtacacctggegtgttgattcegectgecagaagetgctegcettagegaaaagettgeccaactgeaaageggtegatattgggccaggtetgaacctgtta
caggaggataacccggatctgatcgggagtgaaatcgegegttggetgtcaactctggaaatctegggtcttgecagaageageggccaaagaagetgcggccaaagaggeagecg
cgaaagaagcagcggcgaaageggecgegagectgaccgtgeagaaaattaattgggaacaggtgaaagaatgggatcgeaaatatctgatgegtacctttagcacccagaatga
atatcagccggttccgattgaaagcaccgaaggcgattatctgattatgecggatggcacccgtetgetggatttttttaatcagetgtattgegttaatctgggecagaaaaaccagaaag
tgaacgcagcaattaaagaagcactggatcgttacggttttgtgtggeatacctatgccaccgattataaagcaaaagecgcaaaaattattattgaagatattctgggegatgaagattg
gectggtaaagttcgttttgttagcaccggtagegaageagttgaaaccgcactgaatattgecacgtetgtataccaatcgteegetggttgttacccgtgaacatgattatcatggttggac
cggtggtgcagcaaccgttacccgtetgegtagetatcgtageggtetggttggtoaaaatagegaaagcetttagegcacagattccgggtageagetataatagegeagttctgatgg
caccgagcccgaatatgtttcaggattccgatggtaatctgetgaaagatgaaaatggtgaactgetgtecgttaaatataccegtegeatgattgaaaattatggtcecggaacaggttge
agcagttattaccgaagttagccagggtgcaggtagegcaatgectecgtatgaatatattccgeagattcgtaaaatgaccaaagaactgggtgtictgtggattaatgatgaagtgctg
accggttttggtcgtaccggtaaatggtttggctatcageattatggtgttcagecggatattattaccatgggtaaaggtctgagcagecageagectgectgeaggtgeagttetggttag
caaagaaatcgcagcctttatggataaacatcgttgggaaagegttagecacctatgcaggtcatccggttgcaatggcageagtttgtgcaaatctggaagtgatgatggaagaaaatttt
gtggaacaggccaaagatageggtgaatatatccgtagcaaactggaactgctgcaggaaaaacataaaageattggeaattttgatggttatggectgetgtggattgttgatattgtea
atgccaaaaccaaaaccccgtatgttaaactggatcgcaattttacccatggeatgaatccgaatcagattccgacccagattatcatgaaaaaagecectggaaaaaggtgttctgattgg
tggtgttatgccgaataccatgegtattggtgcaagectgaatgttagecgtggegatattgataaagceaatggatgeactggattatgecctggattatctggaaageggtgaatggeag
taa

Protein sequence for the HaloTag ™ green; spacer: red, BmTA: blue

MKHHHHHHAEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRC
IAPDLIGMGKSDKPDLGYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFM
EFIRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPLTEVEMDHYREPFLNPVDR
EPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIG
PGLNLLQEDNPDLIGSEIARWLSTLEISGLAEAAAKEAAAKEAAAKEAAAKAAASLTVQKINWEQVKE
WDRKYLMRTFSTQNEYQPVPIESTEGDYLIMPDGTRLLDFFNQLYCVNLGQKNQKVNAAIKEALDRYG
FVWDTYATDYKAKAAKIIEDILGDEDWPGKVRFVSTGSEAVETALNIARLYTNRPLVVTREHDYHGW
TGGAATVTRLRSYRSGLVGENSESFSAQIPGSSYNSAVLMAPSPNMFQDSDGNLLKDENGELLSVKYTR
RMIENYGPEQVAAVITEVSQGAGSAMPPYEYIPQIRKMTKELGVLWINDEVLTGFGRTGKWFGYQHYG
VQPDITMGKGLSSSSLPAGAVLVSKEIAAFMDKHRWESVSTYAGHPVAMAAVCANLEVMMEENFVE
QAKDSGEYIRSKLELLQEKHKSIGNFDGYGLLWIVDIVNAKTKTPYVKLDRNFTHGMNPNQIPTQIIMK
KALEKGVLIGGVMPNTMRIGASLNVSRGDIDKAMDALDYALDYLESGEWQ
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23 HaloTag-LhADH

Results presented in this chapter were published as:

Rapid, selective and stable HaloTag-LhADH immobilization directly from crude cell extract for

the continuous biocatalytic production of chiral alcohols and epoxides.

J. Débber, M. Pohl, S. V. Ley and B. Musio

Reaction Chemistry and Engineering
2018, volume 3, issue 1, pages 8§ — 12

DOI: 10.1039/C7RE00173H

Context:

In this publication, immobilized HaloTag-LbADH was used for the continuous production of chiral
alcohols and for the establishment of a continuous two-step chemo-enzymatic cascade leading to a
chiral epoxide. Protocols were established for the easy loading of plug-flow reactors in flow prior to
the intended reaction. Therefore, this publication proves the fast establishment of biocatalytic flow
modules with the HaloTag' " strategy. Enzyme compartments can be prepared easily for further
modular combination with subsequent reaction steps that are detrimental for catalytic activity, which

guarantees optimal efficiency for each individual reaction.

Contributions:

J. Dobber and B. Musio planned and performed the experiments. J. Ddbber constructed and produced
LHADH fusion enzymes, optimized the immobilization conditions, characterized immobilizates in
different solvent systems in batch and initially screened for optimal conditions in flow for different
ketones. The solvent system was further optimized by B. Musio and reactions to produce chiral
alcohols and epoxides were performed by B. Musio as well. S. V. Ley and M. Pohl conceptually

planned and supervised the project. All authors wrote the manuscript.
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A strategy for biocatalyst immobilization in flow directly from the
crude cell extract is described. The efficiency and the stability of
the immobilized enzyme were demonstrated during the
asymmetric reduction of a range of ketones. The cascade two-
step chemo-enzymatic preparation of chiral epoxides was possible
through the initial ketone bioreduction to an intermediate halo-
hydrin followed by its intramolecular cyclization.

The use of biocatalytic methods in continuous processes for
more sustainable chemistry applications has been growing
over the last few years." The benefits arising from the
continuous biotransformations are clear in terms of re-
usability of non-toxic catalysts, high selectivity, mild and ac-
curately controlled reaction conditions, reduction of protec-
tion-deprotection steps and easy scale-up through improved
downstream processing.” However, the implementation of
continuous biocatalytic processes demands a high operational
stability of enzymes, which is still an existing concern espe-
cially in the presence of conventional media such as organic
solvents.” Furthermore, the availability and stability of en-
zymes can be limiting.

Enzyme immobilization technologies, which lead to the
formation of an insoluble biocatalyst, in some cases can aid
efficient recycling and an enhanced operational stability. Ide-
ally, enzyme immobilization should proceed rapidly to main-
tain enzyme activity and result in a biocatalyst formulation
that does not leach. Additionally, the ideal arrangement
would be cheap to produce and would avoid excessive waste.”

Particularly interesting for flow applications is the pros-
pect of preparing plug-flow reactors containing the desired
immobilized biocatalyst using simple procedures,

Recently, we reported on an innovative immobilization
strategy based on the commercially available HaloTag™ tech-
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Rapid, selective and stable HaloTag-LbADH
immobilization directly from crude cell extract for
the continuous biocatalytic production of chiral
alcohols and epoxides+t

J. Débber,™ M. Pohl,? . V. Ley ®° and B. Musio &*®

nology (Promega).” The HaloTag™ is a modified
dehalogenase enzyme from Rhodococcus speciess' that can be
genetically fused to an enzyme to effect rapid binding from a
crude cell extract. This fusion tag recognizes terminal chloro-
alkane substituents exposed on the surface of the HaloLink™
resin and affords a stable covalent ester bond via a self-
terminating mechanism thereby immobilizing the target en-
zyme (Fig. 1). We applied this concept successfully for the
one-step purification and immobilization of the benzalde-
hyde lyase from Pseudomonas fluorescence (PBAL) and could
prove its usefulness for the efficient recycling of PfBAL in re-
petitive batch reactions.”

Here we extend the HaloTag™ method to a continuous
biocatalytic production process involving the alcohol dehy-
drogenase from Lactebacillus brevis (LbADH).” LDADH is a
complex biocatalyst system consisting of four subunits
forming a tetramer to achieve the active conformation. The
non-covalently bound cofactor NADPH is also essential for ca-
talysis and must be recycled efficiently to make the corre-
sponding biotransformations economically viable. For the
LbADH, different strategies for cofactor regeneration have

[o]

.)LN/\/O\/\G/\/\/\/C' + 0
A o

HaloLink™ Resin HaloTag-LbADH

o]
NSO g O
K )

HaloLink™ -HaloTag-LbADH

Fig. 1 Schematic overview of the HaloTag-LbADH enzyme
immobilization on the HaloLink™ resin. The HaloLink™ resin consists
of Sepharose beads and is visualized as green spheres. The HaloTag™
was genetically fused to the LbADH and recognizes the terminal
chloroalkane ligands to establish a covalent ester bond thereby
immaobilizing the biocatalyst.
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been developed, including enzyme engineering or substrate-
coupled approaches.®

In this study we demonstrate an easy and rapid prepara-
tion of a packed-bed flow reactor by immobilizing the fusion
enzyme directly from the crude cell extracts from the respec-
tive recombinant E. coli production host immediately prior to
conducting the biotransformation. Furthermore, we evaluate
the performance of the immobilized biocatalyst for the con-
tinuous asymmetric reduction of a range of ketones to the
corresponding chiral alcohols. Finally, we demonstrate the
high operational stability of the new immobilized HaloTag-
LBADH and its use in organic solvents for possible multi-step
transformations.

In the first stage, the HaloTag™ was genetically fused to
the N-terminus of the LBADH resulting in the fusion enzyme
HaloTag-LBADH. After successful production of this fusion
enzyme in E. coli BL21 (DE3) cells, we verified its activity as a
biocatalyst in comparison to the non-immobilized, untagged
LbADH. Thus, HaloTag-LbADH was immobilized in batch to
the HaloLink™ resin directly from the crude cell extract by
incubation for 1 h at 25 °C (see ESIt for more details). The
activity was analyzed following the reduction of benzaldehyde
to benzyl alcohol in an aqueous buffer (Fig, 2, conditions A).
The immobilized HaloTag-LbADH exhibited a residual activity
of 35% by comparison to the reference. A similar reduced ac-
tivity of an immobilized biocatalyst with respect to the free
reference system is a common outcome and can be explained
by different reasons. First, the physical confinement of the
enzyme on the support can lead to a reduced flexibility, thus
affecting the activity. Additionally, the immobilization and
the high local concentration of an enzyme on a support may
cause mass-transfer limitations in comparison to soluble sys-
tems. Importantly, in the case of complex tetrameric enzymes

180 4

160 - ;
[ free LbADH

T 140 [ immobilized HaloTag-LbADH
& 120
c

@

S 1004
g
5]
z

= 509
g

© 404

A buffer

B: 2-propanol  C: 2-propanol + THF

Fig. 2 Activity of immobilized HaloTag-LbADH in different solvent
systems compared to the free, untagged LbADH. Initial rate activities
were analyzed by HPLC following the reduction of benzaldehyde (20
mM) to benzyl alcohol in a total volume of 1 ml at 25 °C. Conditions A:
NADPH {20 mM), KPi 50 mM (pH 7.0), MgCl,-H,O (1 mM); conditions B:
NADPH (0.5 mM), 2-propanol (10 vol%), KPi 50 mM {pH 7.0), MgCl,
‘H,O {1 mM); conditions C: NADPH (0.5 mM), 2-propanol (10 vol%),
THF (10 vol%), KPi 50 mM (pH 7.0), MgCl>-H>O (1 mM). Error bars rep-
resent the variance of three activity measurements from the same
sample.
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carrying four individual HaloTags, such as HaloTag-LbADH,
steric hindrance of the active site, may be an issue. In this
case the size per subunit of the enzyme was more than dou-
bled by the HaloTag-fusion from 252 amino acids (26.76
KDa) for the native enzyme to 581 amino acids (63.58 KDa)
for the HaloTag-LhADH fusion enzyme. By contrast, the previ-
ously immobilized tetrameric HaloTag-PfBAL fusion enzyme®
revealed a residual activity of 65% indicating that the influ-
ence of the tag cannot be predicted and seems to depend on
the relative sizes and overall conformation of the particular
fusion partners. Then, we investigated the influence of the
sacrificial co-substrate 2-propanol on the activity of the free
LbADH and the immobilized HaloTag-LhADH (Fig. 2, condi-
tions B). 2-Propanol is generally used for the substrate-
coupled cofactor regeneration, being oxidized to acetone by
LbBADH thereby reducing NADP™ to NADPH.** Both enzyme
variants were less active in the presence of 2-propanol (10
vol%). However, the activity of the free, untagged LhADH was
reduced by 75%, while the immobilized HaloTag-LhADH vari-
ant lost only half of its activity. This observation indicates
that the immobilized HaloTag-LhADH was relatively more sta-
ble against the detrimental effects of 2-propanol and that im-
mobilization of the enzyme led to the formation of a more ro-
bust catalyst. We also compared the activity of the free,
untagged LhADH with the activity of the immobilized Halo-
Tag-LbADH in a buffer/THF/2-propanol system (Fig. 2, condi-
tions C).

The activity of the free LBADH as well as of the
immobilized HaloTag-LbADH decreased further in the pres-
ence of THF. However, no difference in activity between both
the free and the immobilized enzyme was observed although
the difference in the buffered system was shown to be about
65% (Fig. 2, conditions A).

As a next step, the preparation of a packed-bed reactor
was investigated. Thus, an Omnifit® column (30 MM x
50 MM) was filled with HaloLink™ resin (360 mg wet
weight) and connected to an Asia Syringe Pump (Syrris,
Royston, United Kingdom) to drive the flow streams. The
column was then loaded with a solution of crude cell ex-
tract containing the HaloTag-LhADH fusion enzyme. The
efflux was re-circulated and its UV absorption (282 nm)
was continuously monitored in-line by a UV/Vis detector
(Flow-UVTM, Unigsis Ltd) provided with a high pressure
flow cell and a 220-1050 nm Xenon pulsing lamp
(Fig. 3a). The solid packed bed appeared to be saturated
with HaloTag-LhADH after 216 min of continuous re-
circulation of the crude cell extract solution as was indi-
cated by a constant UV absorbance (Fig., 3b, solid line).
Then, the reactor was washed to elute all the non-
specifically bound proteins until the absorbance of the ef-
flux reached the baseline (Fig. 3b, dashed line), Finally,
the resin was removed from the column to evaluate the
immobilization and to determine the purity of the bound
enzyme. Thus, the ester bond connecting the HaloTag™
with the HaloLink™ resin was saponified by treatment
with sodium dodecyl sulfate (SDS) and NaOH and a

React. Chem. Eng., 2018,3,8-12 | 9
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Fig. 3 a) Set-up for the immobilization of the HaloTag-LbADH directly
from the crude cell extracts with in-line UV analysis at 282 nm (Field
Progammable Gate Array, FPGA; Printed Circuit Board, PCB). b} In-line
monitoring during the immodbilization step (solid line) during the un-
bound proteins elution step (dashed line). c) SDS-PAGE analysis of

HaloTag-LbADH before (CE) and after immobilization (l). M:
PageRuler™ Plus Prestained Ladder (ThermoFisher Scientific,
Germany).

sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) analysis was performed.

The HaloTag-LbADH was efficiently immobilized with a
very high purity since almost no contamination was observed
on the HaloLink™ resin and the protein band corresponding
to one monomer of the HaloTag-LhADH (63 kDa per mono-
mer) predominated markedly (Fig. 3c).

The total amount of protein (4 mg) present on 360 mg wet
resin was determined by using the bicinchoninic acid (BCA)
assay.

Once the feasibility of preparing a biocatalytic packed-
bed bioreactor directly from the crude cell extracts was dem-
onstrated, its efficiency in catalyzing the asymmetric reduc-
tion of a range of ketones was explored particularly in terms
of reaction conditions and stability of the bioreactor. First,
we aimed to find the appropriate 2-propancl concentration
necessary for optimal cofactor regeneration, thereby en-
abling highest conversion and maximal enzyme activity and
stability. Thus, the reduction of acetophenone 1a to (R)-
phenylethanol 2a was first studied in batch mode. As the
2-propanol concentration influences the thermodynamic
equilibrium of the reaction, usually an excess is necessary to
reach a high conversion. However, a high 2-propanol con-
centration may affect the enzyme activity as well as stability.
We observed a decreased activity of the immobilized Halo-
Tag-LbADH with increasing concentrations of 2-propanol,
though the biocatalyst remained remarkably active even in
presence of 2-isopropanol 90 vol% (Fig. S1 in ESIY). Aiming
at understanding the effect of 2-propanol on the stability of
the immobilized HaloTag-LBADH, repetitive reactions were

10 | React Chem. Eng., 2018, 3, 8-12
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performed by examining the same batch of immobilized
biocatalyst in the presence of different concentrations of
2-propanol ranging between 10 vol% and 90 vol%. In gen-
eral, the enzyme was highly stable under all the test condi-
tions. No loss of activity between the repetitive reactions
was observed for reactions with 2-propanol 10-25 vol%, and
only a slight decrease after the fourth cycle was observed for
reactions performed with higher concentrations up to 90
vol% (Fig. $2-S6 in ESIf). With this evidence in hand, we
moved on to study the reduction of acetophenone 1a in flow
using the prepared HaloTag-LbADH packed-bed reactor. The
corresponding (R)-phenylethanol 2a could be obtained with
95% conversion when a solution of acetophenone (50 mM)
and NADPH (0.5 mM) in a mixture of Kpi 50 mM (90 vol%)
and 2-propanol (10 vol%) was passed continuously through
the packed-bed reactor (flow rate 30 pl min™). Higher sub-
strate concentrations (50-100 mM) and faster flow rates (up
to 100 pl min™) were also tested, but the reaction occurred
in all cases with lower conversion. More importantly, this re-
action was continued over several days and stopped after
138 h, with no loss in activity (see ESIt for experimental
details).

To enable the reduction of other ketones, which were less
soluble in the buffer/2-propanol solvent system, the addition
of conventional co-solvents was considered. Methyl tert-butyl
ether (MTBE), dimethyl sulfoxide (DMSO), acetonitrile (ACN),
dimethylformamide (DMF) and tetrahydrofuran (THF) were
evaluated for the reduction of 4'-bromoacetophenone 1b as a
test case. It was found that the formation of a biphasic or
emulsion solvent system was not favorable for the reaction.
Among the solvents screened, only THF (30 vol%) gave en-
couraging results giving access to the corresponding (R)-4-
bromophenylethanol 2b with high yield (94%) and excellent
ee (>99%). When a lower THF concentration was added to
the reaction mixture, the substrate and the product were par-
tially trapped within the packed bed, as demonstrated by UV
absorption of the efflux and by the low mass recovery after
the reaction work-up. Next, starting from a range of prochiral
ketones, we demonstrated the generality of this synthetic
strategy for the preparation of a number of chiral alcohols
(Fig. 4). The immobilized HaloTag-LhADH system exhibited a
good catalytic activity towards a range of substrates, includ-
ing substituted aromatic ketones (1a-1I), an aliphatic ketone
(1m, the ee of 2m was determined by HPLC analysis of the
corresponding benzoate derivative), a p-ketoester (1n) and an
alkynyl ketone (10).

The obtained results are in excellent agreement with the
reported data describing the dependence of the relative activ-
ity of LbADH on the steric and electronic effects due to the
substrate nature and on the thermodynamic stability of the
products.” The activity of the bioreactor remained constant
under these reaction conditions, as demonstrated by the
continuous  production of (R}{-)2n starting from
benzylacetoacetate 1n, with a total amount of pure com-
pound equated to 420 mg (2.16 mmol) produced over 24 h.
After a washing step with buffer, the biocatalytic solid bed
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Fig. 4 Asymmetric reduction of ketones by using the immobilized
HaloTag-LbADH in flow. Reaction conditions: ketones la-1o (50 mM),
NADPH (0.5 mM), 2-propancl (10 vol%), THF (30 vol%), KPi 50 mM (pH
7.0), MgCl, H;0 (1 mM), flow rate (30 pnl min ). Isolated yields after pu-
rification. The ee were determined by GC or HPLC as described in the
experimental procedure.

demonstrated to be still active and efficient for another
reaction.

Finally, we explored the feasibility of an enantioselective
two-step chemo-enzymatic synthesis of the chiral epoxide (5)-
5, using the bio-reduction to form the intermediate halo-
hydrin 2h, which was immediately cyclized in a glass micro-
reactor under basic conditions (pH 13, Fig. 5). The corre-
sponding (S)-2-phenyloxirane 5 could be obtained in a short
time (35 minutes) with high conversion (98%) and excellent

e (98%). This experiment demonstrated the advantages of
the flow-plug technology in multi-step processes, allowing a
quick change of the reaction conditions and an efficient com-
partmentalization of the synthetic steps.

OH
0 =y [mal Z
NaOH
Br o HaloTag-LbADH 3
) &)'im
[ BRI |
1h 30 plfmin 3 mm x50 mm 30 pl/min
219 min
iml
13 16 min

A
(8
o, <—
98%
ee 98%
Fig. 5 Two-step chemo-enzymatic synthesis of {5)-2-phenyloxirane 5.
Pump A loading the packed-bed reactor containing immobilized Halo-
Tag-LbADH: flow rate 30 ul min’, ketone 1h (50 mM), NADPH (0.5
mM), 2-propanol (10 vol%), THF (30 vol%), KPi 50 mM (pH 7.0), MgCl;
‘H,O {1 mM). Pump B loading the glass microreactor (2 inputs, 1 ml):
flow rate 30 pl min L NaOH (1 mM, pH 13). Conversion determined by
*H-NMR
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In conclusion, we have designed a new methodology for
the fast preparation of cartridges containing a stable, cova-
lently immobilized enzyme, starting directly from the erude
cell extracts without any need of previous enzyme chromato-
graphic purification step. The resulting packed bed bioreac-
tor was then used for the continuous enantioselective produc-
tion of chiral alcohols with the re-use of the catalyst. The
application of this bioreactor to multi-step processes was
demonstrated during the two-step chemo-enzymatic transfor-
mation of 2-bromoacetophenone into (S)-2-phenyloxirane,
with benefits resulting from improved downstream process-
ing. The relative ease of construction of the bioreactor and
its robustness, even in the presence of THF as co-solvent,
opens up wider opportunities for synthesis.
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S1. General

All reagents and solvents were obtained from commercial sources and used without further
purification. Flash column chromatography was performed using high-purity grade silica gel (Merck
grade 9385) with a pore size 60 A and 230-400 mesh particle size under air pressure. Analytical thin
layer chromatography (TLC) was performed using silica gel 60 F254 pre-coated glass backed plates
and visualized by ultraviolet radiation (254 nm) and/or potassium permanganate solution as
appropriate. 1H NMR spectra were recorded on a 600 MHz Avance 600 BBI Spectrometer as
indicated. Chemical shifts are reported in ppm with the resonance resulting from incomplete
deuteration of the solvent as the internal standard (CDCI3: 7.26 ppm). 13C NMR spectra were
recorded on the same spectrometer with complete proton decoupling. Chemical shifts are reported in
ppm with the solvent resonance as the internal standard (13CDCI3: 77.16 ppm, t). 19F NMR spectra
were recorded on a 376 MHz Avance III HD Spectrometer with complete proton decoupling.
Chemical shifts are reported in ppm with CFCI3 as the external standard (CFCI13: 0.00 ppm). Specific
optical rotation was recorded on a Perkin-Elmer Model 343 digital polarimeter, using a Na/Hal lamp
set at 589 nm and with a path length of 100 mm. [a]p values were measured using spectroscopy grade
solvent at the specified concentration (in g/100 mL) and temperature. If not otherwise stated, chiral
HPLC analysis was conducted on an Agilent 1100 Series Chromatography system using mixtures of
hexane/2-propanol as eluent on Chiralpak OD-H, Chiral ART SA or Chiral ART SB columns. Chiral
GC analysis was conducted on anAgilent Technologies 6890N system equipped with a B-cyclodextrin
column (CP-Chiralsil-Dex CB 25 m, 0.25 mm) and an FID detector.

S2. Construction of expression plasmid, cell cultivation and preparation of lyophilized crude cell

extracts

The construction of the expression plasmid pET22b-Aalotag-lbadh was performed with the Gibson
Assembly ® Cloning Kit (NEB). The DNA sequence encoding for the HaloTag and the linker for the
connection to the LHADH was synthesized as linear fragments (Eurofins Genomics, Ebersberg,
Germany). Specific overhangs for the integration of this sequence into pET22b which was opened by
restriction digestion with Ndel were introduced by PCR (Primer 1, 2; see S11). After successful
ligation, the DNA sequence encoding for the LhADH was amplified and again, specific overhangs
were introduced by PCR for the integration into pET22b-halotag (Primer 3, 4; see S11). pET22b-
halotag was linearized by PCR, too (Primer 5, 6; see S11), and ligation was performed according to

the instructions given by NEB.

E.coli BL21 (DE3) cells were transformed with pET22b-Ahalotag-lbadh and production of the resulting
fusion enzyme was performed in LB medium at 20 °C. For cell disruption, cells were resuspended in

50 mM potassium phosphate buffer, pH 7.0, containing 1 mM MgCl,. A detailed protocol about the
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cell cultivation and disruption is described in Débber & Pohl 2017." The resulting crude cell extract
was frozen at -20 °C and lyophilized (Alpha 1-4 LD plus, Christ, Osterode am Harz, Germany). The

lyophilized crude cell extract was stored at -20 °C for further use.

Cloning, cell cultivation and chromatographic purification of the untagged LAADH are described

elsewhere.’

S3 General batch procedure for the immobilization of HaloTag-LbADH on the HaloLink ™ resin

Immobilization in batch was performed on HaloLink™ Resin (Promega, Madison, WI, USA).
Lyophilized crude cell extract (25mg/ml) was dissolved in 50 mM potassium phosphate buffer, pH
7.0, containing 1 mM MgCl,x6H,0 and 0.5 vol% Triton X-100. 200 ul of the HaloLink™ slurry were
transferred into a 1.5 ml microreaction tube (Eppendorf, Hamburg, Germany). The resin was washed
three times with 1 ml of the mentioned phosphate buffer (see above) and finally suspended in 100 pl
buffer. Immobilization was started by adding 100 pl of the crude cell extract solution (25 mg/ml, see
above) and the mixture was incubated for 1h at 25 °C and 1200 rpm in a ThermoMixer® (Eppendorf,
Hamburg, Germany). Afterwards, the resin was washed three times with 1 ml phosphate buffer (see

above) and immobilizates were directly used or stored at 4 °C.

S4. Determination of protein concentration and activity assay

Protein concentrations of free and immobilized proteins were determined with the BC Assay Protein

Quantitation Kit (Interchim, Montlugon, France)) as described elsewhere.'

For the characterization of the immobilizates in comparison to the untagged, free LbADH, the activity
was determined by following the conversion of benzaldehyde to benzyl alcohol. Assays were
performed with 20 mM benzaldehyde in a total volume of lml containing 50 mM potassium
phosphate, pH 7.0, and 1 mM MgCl,x6H,O at 25 °C as well as 1200 rpm in a ThermoMixer®
(Eppendorf). 100 pg of immobilized HaloTag-LAADH and 20 pg of free, untagged LHADH,
respectively, were used for one assay. NADPH was added either equimolar with respect to
benzaldehyde or was used in a concentration of 0.5 mM together with 10 % (v/v) 2-propanol when
cosubstrate based cofactor regeneration was applied. Benzaldehyde and benzyl alcohol were detected
by HPLC on a Chiralpak IE column using an Agilent 1260 Infinity Quarternary LC system (Agilent
Technologies, Santa Clara, CA, USA) equipped with a 1260 Diode Array Detector. The column was
operated with a mobile phase consisting of 50 % (v/v) acetonitrile and 50 % (v/v) deionized ultra-pure

water with an isocratic flow of 1 ml/min at 20 °C. Benzaldehyde was detected at 250 nm with an

' J. DSbber and M. Pohl, J. Biotechnol., 2017, 241, 170-174
? L. Kulishova, PhD Thesis, Heinrich-Heine University Diisseldorf, 2010

61



Results

approximate retention time of 5.2 min and benzyl alcohol was detected at 215 nm with a retention time
of 3.9 min. Toluene was used as an internal standard and was detected at 215 nm with a retention time
of 6.3 min. One Unit (U) of specific activity is defined as the amount of enzyme in mg which

catalyzes the formation of 1 pmol benzyl alcohol per minute under the described conditions.

S5. General procedure for the HaloTag-LODADH catalyzed reduction of acetophenone la in
repetitive batch in the presence of different 2-propanol concentrations

To analyze the activity and stability of immobilized HaloTag-LAADH in the presence of 2-propanol, a
repetitive batch was performed. Reactions were performed in 1.5 ml microreaction tubes (Eppendorf,
Hamburg, Germany) in a total volume of 1 ml. Reaction tubes were shaken at 1200 rpm and 25 °C in a
ThermoMixer® (Eppendorf). Reactions were performed with 30 mM acetophenone la, 0.5 mg
immobilized HaloTag-LAADH, 0.5 mM NADPH, 50 mM potassium phosphate, pH 7.0, 1 mM
MgCl,x6H,0 and different 2-propanol concentrations (10 vol%, 25 vol%, 50 vol%, 75 vol%, 90 v1%).
The reaction solution was incubated for 5 h a day. Then, the reaction was stopped by centrifugation
and the supernatant was removed from the immobilized HaloTag-LOADH. Afterwards, immobilized
HaloTag-LbADH was washed three times with 1 ml buffer (50 mM potassium phosphate, pH 7.0, 1
mM MgCl,x6H,0, 0.5 vol% Triton X-100) and stored at 4 °C until the next cycle was started the next
day. Acetophenone la and phenylethanol 2a were detected by HPLC on a Chiralpak IE column using
an Agilent 1260 Infinity Quarternary LC system (Agilent Technologies, Santa Clara, CA, USA)
equipped with a 1260 Diode Array Detector. The column was operated with a mobile phase consisting
of 50 % (v/v) acetonitrile and 50 % (v/v) deionized ultra-pure water with an isocratic flow of 1 ml/min
at 20 °C. Acetophenone was detected at 250 nm with an approximate retention time of 5.4 min and
phenylethanol was detected at 215 nm with a retention time of 4.1 min. Toluene was used as an

internal standard and was detected at 215 nm with a retention time of 6.3 min.
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Fig. S1. Effect of 2-propanol on the activity of HaloTag-LbADH. Assay: acetophenone (30 mM), 2-propanol (10 — 90 vol%),
NADPH (0.5 mM), Triton X-100 (0.5 vol%), KPi 50 mM (pH 7.0), MgCI2-H20 (1 mM). Acetophenone and 1-phenylethanol
were detected by HPLC.
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Fig. S2. Repetitive conversion of acetophenone in batch by immobilized HaloTag-LAADH in the presence of 10 vol% 2-
propanol. Four consecutive cycles were performed over 4 days and storage in between at 4 °C. Reaction: 0.5 mg/ml
immobilized HaloTag-LbADH, 30 mM acetophenone, 10 vol% 2-propanol, 0.5 mM NADPH, 0.5 vol% Triton X-100, 50

mM KPi buffer, pH 7.0, 1 mM MgCl,x6H,0, V = Iml, T =25 °C. Acetophenone 1a and phenylethanol 2a were detected by
HPLC.
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Fig. S3. Repetitive conversion of acetophenone in batch by immobilized HaloTag-LOADH in the presence of 25 vol% 2-
propanol (see Figure S2).
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Fig. S4. Repetitive conversion of acetophenone in batch by immobilized HaloTag-LAADH in the presence of 50 vol% 2-
propanol (see Figure S2).
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Fig. SS. Repetitive conversion of acetophenone in batch by immobilized HaloTag-LOADH in the presence of 75 vol% 2-

propanol (see Figure S2).
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Fig. S6. Repetitive conversion of acetophenone in batch by immobilized HaloTag-LbADH in the presence of 90 vol% 2-

propanol (see Figure S2).

S6. General procedure for the immobilization of HaloTag-LbADH on the HaloLink™ resin in

flow

A glass Omnifit® column (Kinesis, Benchmark microbore column 3 MM / 50 MM 2 X F) was loaded

with wet HaloLink resin (360 mg), allowing particles sedimentation. The reactor was connected to

the pump (Syrris Asia Syringe Pumps, equipped with Asia Blue Syringes of 500 ul / 1 ml)' by PTFE

tubing and end fittings. The resin was washed with Kpi 50 mM pH 7 for 1h (flow rate 30 pl/min).

Then, a solution (5 ml) of the cell crude extract (250 mg) in Kpi (50 mM, pH 7) containing

! http://syrris.com/flow-products/asia-modules/asia-syringe-pump
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MgCl,x6H,0 (1.0 mM) was pumped continuously through the packed bed. The efflux was monitored
in real-time by a UV/Vis detector (Flow-UVTM, Unigsis Ltd)."

S7. General procedure for the HaloTag-LbADH catalyzed reduction of ketones 1a-1p in flow

A solution of the ketone (50 mM), MgCl,x6H,O (1.0 mM) and NADPH (0.5 mM) in Kpi (60% V/V,
50 mM, pH 7), 2-propanol (10% V/V) and THF (30% V/V) was pumped (flow rate 30 pl/min) through
the HaloTag-LbADH packed bed reactor, prepared according to the procedure in section S6. The
efflux was monitored in real-time by a UV/Vis detector. The collected solution was extracted with

pentane and the organic phase was dried over MgSO, and concentrated in vacuo. The crude was

purified as described for each compound.

To analyze the long-term stability of the HaloTag-LbADH, the conversion of acetophenone 1a in flow
in the presence of 2-propanol was investigated. Acetophenone 1a and phenylethanol 2a were detected

by HPLC as described in S5.
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Figure S7: Long-term stability of HaloTag-LbADH. A packed-bed reactor (5 cm Omnifit® column, V = 350 pl) containing 4

mg HaloTag-LhADH immobilized on 360 mg of wet HaloLinkTM Resin was prepared and the conversion of acetophenone
into phenylethanol was investigated.

S8. General procedure for the preparation of (S)-2-phenyloxirane by a two-step chemoenzymatic
transformation in flow

A solution of the ketone 1h (50 mM), MgCIl,x6H,0 (1.0 mM) and NADPH (0.5 mM) in Kpi (60%
V/V, 50 mM, pH 7), 2-propanol (10% V/V) and THF (30% V/V) was pumped (flow rate 30 pl/min)
through the HaloTag-LbADH packed bed reactor, prepared according to the procedure in section S6.
The efflux was mixed with a second stream containing an aqueous solution of NaOH (1 mM, flow rate

30 pl/min). The resulting mixture was passed through a 2-inputs glass microreactor (1.0 ml). The

! http://www.uniqgsis.com/paProductsDetail.aspx?ID=Flow-UV
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collected solution was extracted with pentane and the organic phase was dried over MgSO, and

concentrated in vacuo. The crude was analyzed by '"H-NMR and chiral GC.

S9. General procedure for the preparation of the racemic compounds (£)-2a-p and (%)-5.

Compounds (+)-2a, (£)-2b, (x)-2¢, ()-2d, (¥)-2e, (¥)-2f, (¥)-2k, (¥)-2], (¥)-2m, (£)-20 and (¥)-5
were obtained from commercial sources and used without further purification as reference for GC and
HPLC analyses. Compounds (£)-2g,' (£)-2h,”> (£)-2i,’ (£)-2j,” and (£)-2n° were prepared according to

the reported procedure.

S10. Spectral characterization of compounds 2a-2p and 5

(R)-(+)-1-Phenylethanol, 2a. Isolated by flash cromatography (hexane/AcOEt 80/20), 90% yield. The
optical purity of 2a was assessed by GC analysis, using the following method: initial temperature 40
°C holded for 13 min, ramp 15 °C/min to 180 °C holded for 10 min, post run 180 °C for 1 min. (R)-
isomer, tz 19.910 min; (S)-isomer, tz 20.037 min., >99% ee. [oc]20589= +49.3 (¢ = 0.82 g/100ml,
CHCI;). The configuration was assigned by comparison with the commercial available (R)-(+)-1-

phenylethanol. The NMR spectra are in accordance with the reported data.’

1DZ B, (GINAGMEZIEMD)

AreaX Symmetry

n__ Time #Area Height Width
[ T 13303 3087 | 1834 | ooz 43460 | 0312
2 [ 2003 3103 | 1926 | 00289 50540 | 0342 |

" K. Yahata, M. Minami, Y. Yoshikawa, K. Watanabe and H. Fujioka, Chem. Pharm. Bull. (Tokyo)., 2013, 61,
1298-307.

? G. Hostetler, D. Dunn, B. A. McKenna, K. Kopec and S. Chatterjee, Bioorganic Med. Chem. Lett., 2014, 24,
2094-2097.

*W. Li, X. Sun, L. Zhou and G. Hou, J. Org. Chem., 2009, 74, 1397-1399.
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(R)-(+)-1-(4-Bromophenyl)ethanol, 2b. Isolated by cromatography (hexane/AcOEt 80/20), 94%
yield. The optical purity of 2b was assessed by GC analysis, using the following method: initial
temperature 40 °C holded for 13 min, ramp 15 °C/min to 180 °C holded for 10 min, post run 180 °C
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for 1 min. t; 22.376 min; t, 22.501 min., >99% ee. [(x]20589= +28 (¢ = 0.5 g/100ml, CHCI;). The NMR

spectra are in accordance with the reported data.'
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(R)-(+)-1-(4-Chlorophenyl)ethanol, 2c. Isolated by chromatography (hexane/AcOEt 80/20), 94%
yield. The optical purity of 2¢ (ee > 99%) was assessed by GC analysis, using the following method:
initial temperature 40 °C holded for 13 min, ramp 15 °C/min to 180 °C holded for 10 min, post run
180 °C for 1 min. t; 21.650 min; t, 21.797 min., >99% ee. [at]”’sso= +48 (c = 0.715 g/100ml, CHCl,).

The NMR spectra are in accordance with the reported data.'
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(R)-(+)-1-(4-Methoxyphenyl)ethanol, 2d. Isolated by chromatography (hexane/AcOEt 80/20), 23%
yield. The optical purity of 2d was assessed by GC analysis, using the following method: initial
temperature 40 °C holded for 13 min, ramp 15 °C/min to 180 °C holded for 10 min, post run 180 °C
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for 1 min. t; 21.650 min; t, 21.73 min., >99% ee. [oc]2°539= +28.5 (¢ = 1.76 g/100ml, CHCIl;). The

NMR spectra are in accordance with the reported data.’
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(R)-(+)-1-(Naphthalene-2-yl)ethanol, 2e. Isolated by chromatography (hexane/AcOEt 80/20), 95%
yield. The optical purity of 2e (ee > 99%) was assessed by GC analysis, using the following method:
initial temperature 40 °C holded for 13 min, ramp 15 °C/min to 180 °C holded for 10 min, post run
180 °C for 1 min. t; 24.534 min; t, 24.657 min., >99% ee. [o]*’sso= +40 (c = 0.3 g/100ml, CHCl;). The

NMR spectra are in accordance with the reported data.'
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(R)-(+)-1-(Tol-4-yl)ethanol, 2f. Isolated by chromatography (hexane/AcOEt 80/20), 70% yield. The

optical purity of 2g was assessed by GC analysis, using the following method: initial temperature 40

°C holded for 13 min, ramp 15 °C/min to 180 °C holded for 10 min, post run 180 °C for 1 min. t;
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20.42 min; t, 20.583 min., 99% ee. [oc]20589= +54.4 (c = 0.69 g/100ml, CHCI;). The NMR spectra are

in accordance with the reported data.'
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(R)-(+)-4-(1-Hydroxyethyl)benzaldehyde, 2g. Isolated by chromatography (hexane/AcOEt 80/20),
97% yield. The optical purity of 2g (ee > 99%) was assessed by GC analysis, using the following
method: initial temperature 40 °C holded for 13 min, ramp 15 °C/min to 180 °C holded for 10 min,
post run 180 °C for 1 min. t; 21.063 min; t, 23.24 min., >99% ee. [a]20539: +40 (c = 0.3 g/100ml,
CHCl;). The NMR spectra are in accordance with the reported data.'

102 5. (@ WAPa0E003 07

'K. Yahata, M. Minami, Y. Yoshikawa, K. Watanabe and H. Fujioka, Chem. Pharm. Bull. (Tokyo)., 2013, 61,
1298-307.
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(8)-(+)-2-Bromo-1-phenylethanol, 2h. Isolated by chromatography (hexane/AcOEt 80/20), 98%

yield. The optical purity of 2h was assessed by GC analysis, using the following method: initial

temperature 40 °C holded for 13 min, ramp 15 °C/min to 180 °C holded for 10 min, post run 180 °C
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for 1 min. t; 22.530 min; t, 22.602 min., >99% ee. [oc]2°539= +49.4 (c = 1.1 g/100ml, CHCI;).

NMR spectra are in accordance with the reported data.'

The

FIDZ B, (SINAGMEZD_1.D)
pa ]

Height Width ___Area% _Symmetry

T 51.8 [ o.oear 60664 0.347
[ 515 [ ooss 43346 | 035

2 i

FIDZ B, (BINAWGMEZ5_2F D)

©

Q

[a}

(@]
O ONOVOWLWLT T TN MmN o~ nmTmmuouninm
nOMNNnn6n6n 600 @090 © QYN0 NN
NNNNNNNNNNNDN <+ T MmMnmmMmMmmmenm

2.76

600 MHz, CDCI3

2285 8%33 B8 0
¢ F T oo LR EE]
N N Y
Pl
T T T T T T T T T T T T T T T
5.02 5.00 4.98 4.96 4.94 4.92 490 4.88 4.86 4.84 3.65 3.60 3.55 3.50 3.45
f1 (ppm) f1 (ppm)
1
_J | l
e
oy iy 28
o o oo
n — - o
T T T T T T T T T T T T T T T T
8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

4.0
f1 (ppm)
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(8)-(+)-2-Bromo-1-[4-trifluoromethyl)phenyl]ethanol, = 2i.  Isolated by  chromatography
(hexane/AcOEt 80/20), 91% yield. The optical purity of 2i was assessed by GC analysis, using the
following method: initial temperature 40 °C holded for 13 min, ramp 15 °C/min to 180 °C holded for
10 min, post run 180 °C for 1 min. t; 23.065 min; t, 23.226 min., >99% ee. [a]20589= +355 (=04
g/100ml, CHCl5). The NMR spectra are in accordance with the reported data.'
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'A. G. Hortmann, D. A. Robertson and B. K. Gillard, J. Org. Chem, 1979, 87, 322-324.
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(8)-(+)-2-Fluoro-1-phenylethanol, 2j. Isolated by chromatography (hexane/AcOEt 80/20), 99%
yield. The optical purity of 2j was assessed by GC analysis, using the following method: initial
temperature 40 °C holded for 13 min, ramp 15 °C/min to 180 °C holded for 10 min, post run 180 °C
for 1 min. t; 20.706 min; t, 20.815 min., >99% ee. [oc]2°589= +16.1 (c = 0.75 g/100ml, CHCl;). The

NMR spectra are in accordance with the reported data.'
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'G. Stavber, M. Zupan, M. Jereb and S. Stavber, Org. Lett., 2004, 6, 4973—6.
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(R)-(+)-2,2,2-Trifluoro-1-[4-trifluoromethyl)phenyl]ethanol, 2k. Isolated by cromatography
(hexane/AcOEt 80/20), 60% yield. The optical purity of 2k was assessed by GC analysis, using the
following method: initial temperature 40 °C holded for 13 min, ramp 15 °C/min to 180 °C holded for
10 min, post run 180 °C for 1 min. t; 20.770 min; t, 20.841 min., >99% ee. [a]20589= +17.8 (c=1.2
g/100ml, CHCl5). The NMR spectra are in accordance with the reported data.'
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'H. Zhao, B. Qin, X. Liu and X. Feng, Tetrahedron, 2007, 63, 6822—6826.
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(S)-(-)-1-Phenylethane-1,2-diol, 2l. Isolated by chromatography (hexane/AcOEt 80/20), 40% yield.
The optical purity of 21 was assessed by HPLC analysis, using a Chiral ART SC column, hexane/2-2-
propanol 95/5, flow rate 1.0 ml/min. t; 20.115 min; t, 21.322 min., >99% ee. [a]ss= +65.5 (c = 0.6
g/100ml, CHCIl;). The configuration was assigned by comparison with the commercial available (R)-(-

)-1-phenylethane-1,2-diol. The NMR spectra are in accordance with the reported data.'

'S. Haubenreisser, T. H. Woste, C. Martinez, K. Ishihara and K. Muifiiz, Angew. Chemie - Int. Ed., 2016, 55,
413-417.
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(R)-(+)-1-(1-Adamanthyl)ethanol, 2m. PS-Tosyl hydrazine (2.39 mmol/g, 0.6 g) was added to a
mixture of the reaction crude (obtained according to the general procedure described in S5) and AcOH
(5%) in THF (2 mL). This mixture was stirred for 30min, then filtered and washed with MeOH (8
mL). The compound 2m was obtained with 71 % yields. The % ee of the benzoate derivative, prepared
according to the reported procedure, was determined by HPLC analysis, using a ChiralART SA
column, hexane/2-2-propanol 97/3, flow rate 0.5 ml/min. t; 8.144 min; t, 8.673 min., 79% ee. [a]20589=

+1.25 (¢ = 0.98 g/100ml, CHCl;). The NMR spectra of 2m are in accordance with the reported data.'

'H.N. Hoang, Y. Nagashima, S. Mori, H. Kagechika and T. Matsuda, Tetrahedron, 2017, 73, 2984-2989.
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(R)-(-)-Benzyl-3-hydroxybutanoate, 2n. Isolated by cromatography (hexane/AcOEt 80/20), 97%
yield. The optical purity of 2n was assessed by HPLC, using a Chiralpak OD-H column, hexane/2-
propanol 98/2, flow rate 0.5 ml/min. t; 50.918 min; t, 73.901 min, >99% ee. [a]2°589= -30 (¢ =0.84
¢/100ml, CHCI5). The NMR spectra are in accordance with the reported data.'

'T. Shiomi, T. Adachi, K. Toribatake, L. Zhou and H. Nishiyama, Chem. Commun., 2009, 5987-5989.
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(R)-(+)-Phenylbut-3-yn-2-ol, 20. Isolated by chromatography (hexane/AcOEt 80/20), 99% yield. The
optical purity of 20 was assessed by HPLC, using a Chiral ART SB column, hexane/2-2-propanol 95/5,
flow rate 0.5 ml/min. t; 19.469 min; t, 42.1 min., >99% ee. [oc]2°539= +32.4 (¢ = 0.9 g/100ml, CHCI;).

The NMR spectra are in accordance with the reported data.'

'S. Eagon, C. Delieto, W. J. McDonald, D. Haddenham, J. Saavedra, J. Kim and B. Singaram, J. Org. Chem.,
2010, 75, 7717-7725.
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(5)-2-Phenyloxirane, 5. Conversion as determined by GC and 'H-NMR, 98% yield. The optical purity
of 5 was assessed by GC analysis, using the following method: initial temperature 40 °C hold for 4
min., ramp 15 °C/min to 180 °C hold for 10 min, post run 180 °C for 1 min. (R)-isomer, t 7.694 min;
(S)-isomer, tz 8.109 min., 98% ee. The configuration was assigned by comparison with the
commercial available (R)-(+)-2-phenyloxirane. The NMR spectra are in accordance with the reported

data.!

'W. Li, X. Sun, L. Zhou and G. Hou, J. Org. Chem., 2009, 74, 1397—-1399.
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S11. DNA and protein sequences

Primer sequences

Primer 1: tttaagaaggagatatacat ATGAAACATCACCATCACCATCACGCAGAAATTGGTACG
Primer 2: tttattcagcagacgataCGCGGCCGCTTTCGCCGC

Primer 3: cagcggcgaaageggecgcgATGTCTAACCGTTTGGATG

Primer 4: getttgttagcagecggatcCTATTGAGCAGTGTAGCC

Primer 5: GATCCGGCTGCTAACAAAG

Primer 6: CGCGGCCGCTTTCGCCGC

DNA sequence of halotag-lbadh

sequence encoding for the HaloTag™™: green; spacer: red, LbADH: blue

ATGAAACATCACCATCACCATCACGCAGAAATTGGTACGGGATTTCCGTTTGACCCGCATTATGTG
GAGGTTCTGGGTGAACGCATGCACTACGTGGATGTTGGTCCGCGCGATGGCACACCGGTGCTGTTT
CTGCATGGTAATCCGACCTCCAGCTATGTTTGGCGCAACATTATTCCGCATGTCGCCCCAACGCATC
GCTGTATTGCCCCAGATCTCATTGGCATGGGCAAAAGCGACAAACCGGATTTGGGCTACTTCTTCG
ACGATCACGTACGGTTTATGGACGCCTTTATCGAGGCTCTGGGACTCGAGGAAGTAGTGCTGGTTA
TTCATGACTGGGGCTCTGCATTAGGCTTTCACTGGGCTAAACGGAACCCAGAACGCGTCAAGGGGA
TTGCCTTCATGGAGTTCATCCGTCCGATTCCGACCTGGGATGAATGGCCCGAATTTGCCCGTGAAAC
CTTTCAGGCGTTTCGTACCACGGATGTTGGCCGTAAGCTCATCATCGACCAAAACGTGTTCATTGAG
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GGCACTCTTCCCATGGGAGTAGTGCGTCCTTTAACCGAAGTCGAGATGGACCACTATCGCGAACCC
TTCCTGAATCCGGTTGATCGCGAACCGCTGTGGCGCTTCCCGAATGAGCTGCCTATTGCTGGTGAAC
CGGCGAATATCGTGGCACTTGTGGAAGAATACATGGATTGGCTGCATCAGAGTCCAGTCCCTAAGC
TGTTGTTTTGGGGTACACCTGGCGTGTTGATTCCGCCTGCAGAAGCTGCTCGCTTAGCGAAAAGCTT
GCCCAACTGCAAAGCGGTCGATATTGGGCCAGGTCTGAACCTGTTACAGGAGGATAACCCGGATCT
GATCGGGAGTGAAATCGCGCGTTGGCTGTCAACTCTGGAAATCTCGGGTCTTGCAGAAGCAGCGGC
CAAAGAAGCTGCGGCCAAAGAGGCAGCCGCGAAAGAAGCAGCGGCGAAAGCGGCCGCGATGTCT
AACCGTTTGGATGGTAAGGTAGCAATCATTACAGGTGGTACGTTGGGTATCGGTTTAGCTATCGCC
ACGAAGTTCGTTGAAGAAGGGGCTAAGGTCATGATTACCGGCCGGCACAGCGATGTTGGTGAAAA
AGCAGCTAAGAGTGTCGGCACTCCTGATCAGATTCAATTTTTCCAACATGATTCTTCCGATGAAGA
CGGCTGGACGAAATTATTCGATGCAACGGAAAAAGCCTTTGGCCCAGTTTCTACATTAGTTAATAA
CGCTGGGATCGCGGTTAACAAGAGTGTCGAAGAAACCACGACTGCTGAATGGCGTAAATTATTAG
CCGTCAACCTTGATGGTGTCTTCTTCGGTACCCGATTAGGGATTCAACGGATGAAGAACAAAGGCT
TAGGGGCTTCCATCATCAACATGTCTTCGATCGAAGGCTTTGTGGGTGATCCTAGCTTAGGGGCTTA
CAACGCATCTAAAGGGGCCGTACGGATTATGTCCAAGTCAGCTGCCTTAGATTGTGCCCTAAAGGA
CTACGATGTTCGGGTAAACACTGTTCACCCTGGCTACATCAAGACACCATTGGTTGATGACCTACC
AGGGGCCGAAGAAGCGATGTCACAACGGACCAAGACGCCAATGGGCCATATCGGTGAACCTAACG
ATATTGCCTACATCTGTGTTTACTTGGCTTCTAACGAATCTAAATTTGCAACGGGTTCTGAATTCGT
AGTTGACGGTGGCTACACTGCTCAATAG

Amino acid sequence of HaloTag-LAADH

sequence for the HaloTag™": green; spacer: red, LhbADH: blue

MKHHHHHHAEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRC
IAPDLIGMGKSDKPDLGYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFM
EFIRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPLTEVEMDHYREPFLNPVDR
EPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIG
PGLNLLQEDNPDLIGSEIARWLSTLEISGLAEAAAKEAAAKEAAAKEAAAKAAAMSNRLDGKVAIITGG
TLGIGLAIATKFVEEGAKVMITGRHSDVGEKAAKSVGTPDQIQFFQHDSSDEDGWTKLFDATEKAFGPV
STLVNNAGIAVNKSVEETTTAEWRKLLAVNLDGVFFGTRLGIQRMKNKGLGASIINMSSIEGFVGDPSL
GAYNASKGAVRIMSKSAALDCALKDYDVRVNTVHPGYIKTPLVDDLPGAEEAMSQRTKTPMGHIGEP
NDIAYICVYLASNESKFATGSEFVVDGGYTAQ
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24 HaloTag-PpBFD in a flow cascade with HaloTag-LAADH

Results presented in this chapter were published as:

Closing the gap for efficient immobilization of biocatalysts in continuous processes:

HaloTag™ fusion enzymes for a continuous enzymatic cascade towards a vicinal chiral diol

J. Dobber, T. Gerlach, H. Offermann, D. Rother and M. Pohl

Green Chemistry
2018, volume 20, issue 2, pages 544 — 552

DOI: 10.1039/C7GC03225K

Context:

This chapter focuses on the immobilization of a HaloTag-PpBFD variant for the implementation in a
two-step continuous cascade with the previously established HaloTag-LAADH-module. The
production of a vicinal chiral diol was targeted by employing consecutive plug-flow reactors, which
contained respective biocatalysts. Here, specifically toxicity of benzaldehyde towards the PpBFD
variant, different pH-optima, cross-reactivities of the LbADH with the aldehyde substrates employed
in the carboligation step as well as great differences in the catalytic activity of both enzymes had to be
managed. The results further prove the usefulness of the HaloTag™ immobilization approach to
achieve fast modularization of single reaction steps within reaction sequences and to enhance

efficiency of such cascades.

Contributions:

J. Dobber planned and performed the experiments. T. Gerlach helped to identify optimal carboligation
conditions by testing different benzaldehyde and acetaldehyde ratios in batch. H. Offermann helped
with the hollow fiber module for acetaldehyde removal and with integration of the pH-stat. D. Rother
gave valuable input on the cascade set-up. M. Pohl conceptually planned and supervised the project. J.

Dobber and M. Pohl wrote the manuscript.
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Compartmentalization of biocatalysts is an effective tool to integrate biocatalytic steps in continuous
(chemo)enzymatic cascades. Therefore, efficient covalent immobilization techniques are of utmost
importance, which enable a fast and selective immobilization of the enzyme directly from crude cell
extracts. Here we demonstrate that the HaloTag™ mediates the covalent immobilization of such fusion
enzymes in only a few minutes contact time with the respective modified carrier in a packed-bed reactor,
thereby enabling enzyme immobilization directly in the flow setup. In this study, we evaluated this
concept for a continuous enzymatic cascade towards a chiral vicinal diol by combining a variant of the
benzoylformate decarboxylase from Pseudomonas putida (PpBFD) and the alcohol dehydrogenase from
Lactobacillus brevis (LbADH). Limitations in PoBFD stability were overcome by optimization of buffer salt,
cofactor concentration and choice of a different substrate. For optimal LbADH activity, excess acet-
aldehyde was removed in-line. This optimization lead to a high operational stability of the individual
cascade steps up to several weeks and resulting in the efficient stereoselective production of (15,25)-1-

Received 28th Cctober 2017,
Accepted 22nd December 2017

DOI: 10.1039/c79c03225k phenylpropane-1,2-diol with high conversion up to 99%, high stereoselectivities (ee/ic) up to 96% and

rscli/greenchem

1 Introduction

In the last two decades, continuous processes were developed
as an advanced modular concept for the multistep synthesis of
chemical compounds. The high level of safety, the possibility
for automation, and profound process reliability has made
continuous processes appealing not only for industry.
Furthermore, continuous flow chemistry has compelling
advantages over traditional batch reactions especially in the
field of multistep synthesis, where a high degree of process
control is required to prevent undesired formation of by-
produets."* With the help of flow concepts, reactants can pre-
cisely be introduced into the system at the required time and
place  and intermediate product work-up becomes
unnecessary.

In a certain way, multistep synthesis in flow mimics basic
biological principles since metabolic pathways rely on com-
partmentalization of biocatalysts and a constant flux of metab-
olites between them.” Nowadays, the implementation of such

IBG-1: Biotechnology, Forschungszenirum Jilich GmbH, D-52425 Jilich, Germany.
E-mail: ma.pohl@fz-juelich.de; Fax: +49-2461-613870; Tel: +49-02461-614388
fElectronic  supplementary information (ESI} available. See DOI: 10.1039/
€7gc03225k

544 | Green Chemn., 2018, 20, 544-552

space—time yields up to 1850 gL 1d t

enzymatic cascades for the production of valuable compounds
and especially the artificial combination of different biocata-
lysts have become a key concept in the field of biocatalysis."
However, only few examples of artificial enzymatic cascade
reactions have been conducted in a continuous mode™® and
the majority of reports describes continuous single-step enzy-
matic transformations.™” !

Despite enzymatic single-step or cascade reactions, the
effective retention of the active biocatalyst in a defined com-
partment is decisive and represents the major bottleneck for
the broad implementation of biocatalysis in continuous pro-
cesses. The simplest approach would be the retention of whole
recombinant cells carrying the desired biocatalyst."”* However,
the natural cell membrane constitutes an additional diffusion
barrier that could hamper the passage of certain substrates
and products. Furthermore, undesired by-products can be
formed through other catalytic activities present in the host
cell. In contrast, the immobilization of pure enzymes often
requires expensive and time-consuming chromatographic puri-
fication steps. Afterwards, the purified enzyme can be immobi-
lized in different ways including binding to a carrier, cross-
linking, and entrapment.” Here, covalent immobilization
strategies are preferred over non-covalent interactions since a
more stable immobilization with reduced enzyme leaching is

This journal is © The Royal Society of Chemistry 2018
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achieved. However, covalent immobilization concepts are often
based on for example randomized cross-linking approaches
including cross-linking agents such as glutaraldehyde'" or
epoxy-activated resins.'®'® Therefore, strategies using a tar-
geted immobilization concept are to be preferred, since they
enable a homogeneous spatial orientation of the enzyme on
the carrier and a minimal influence on its activity through a
maximal distance between immobilization site and active site.

One targeted approach is the application of an epoxy-modi-
fied resin, carrying additional metal ion-chelator groups for
the selective binding of a His-tagged enzyme from crude cell
extracts followed by subsequent covalent immobilization via
the epoxy groups.'” Such concepts were recently successfully
investigated for continuous flow applications but the covalent
immobilization step required up to 24 h incubation time at
low temperature (4 °C).°

In comparison, the commercially available HaloTag™
system (Promega) represents a promising alternative for the
one-step purification and immobilization of enzymes directly
from crude cell extracts. The HaloTag™ is a variant of the
haloalkane dehalogenase from Rhodococcus spec. and gener-
ates a covalent ester bond to matrices carrying a terminal
chloroalkane residue (Scheme 1)."* Recently, we have demon-
strated the usefulness of this fusion tag for biocatalysis using
the thiamine diphosphate (ThDP)-dependent enzyme benz-
aldehyde lyase from Pseudomonas fTuorescens (P/BAL) as an
example, We could demonstrate the fast immobilization
directly from crude cell extracts within minutes at room temp-
erature and the usefulness of this concept for the efficient re-
eycling of the immobilized biocatalyst.'® The fast immobiliz-
ation subsequently motivated us to use the technology for a
direct loading of a plug-flow reactor in flow immediately prior
to the desired reaction. This was just recently demonstrated
using a HaloTag fusion of Lactobacillus brevis alcohol dehydro-
genase (LBADH'?) in flow for the reduction of a broad range of
aromatic ketones to the corresponding secondary alcohols.
Regeneration of the expensive redoxcofactor NADPH was suc-
cessfully realized using 2-propanol as a cosubstrate which is
oxidized to acetone by the LhADH thereby recycling the redox-

cofactor through reduction of NADP™ 2%

1. genetic fusion
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Here we demonstrate coupling of the recently optimized
LBADH module to a biocatalytic carboligation step in flow,
thereby emphasizing the modular concept. In the first step, a
variant of the thiamine diphosphate (ThDP)-dependent ben-
zoylformate decarboxylase from Pseudomonas putida (PpBFD
lA?ﬁQ)“‘u with enhanced carboligase activity as well as
improved stereoselectivity compared to the wild-type enzyme
was used to produce the intermediate produet (5)-2-hydroxy-1-
phenylpropane-1-one ((§}-HPP), which was subsequently
reduced to (15,25)-1-phenylpropane-1,2-diol ((S5,5)}-PPD) using
the LbADH (see Scheme 2). A similar reaction cascade using
wildtype PpBFD and LBADH has earlier been described using
sequential batch reactions.*** Besides, the respective 2-step
cascade was successfully realized in batch using both enzymes
as whole cell biocatalysts.*®

In this study, we point out the immobilization of both
enzymes directly from crude cell extract on HaloLink™ Resin
in plug-flow reactors followed by the optimization of the 2-step
flow cascade using reaction engineering to enhance the stabi-
lity of the PpBFD variant in flow, to increase the product con-
centration, and to cope with cross-reactivity of the LhADH with
excess acetaldehyde from the first carboligation step. The opti-
mized cascade resulted in the formation of the target product
(15,25)-1-phenylpropane-1,2-diol (S,5-PPD) with high stereo-
selectivity and high space-time yields.

2 Results and discussion
2.1 Production and characterization of fusion enzymes

The HaloTag™ was genetically fused to the N-terminus of
both enzymes resulting in the fusion enzymes HaloTag-PpBFD
1476Q and HaloTag-LhbADH. The N-termini were chosen based
on the crystal structures in both cases as an appropriate fusion
site, because such constructs offered a maximal distance
between active site and the immobilization site. To test poten-
tial negative effects of the HaloTag™, first experiments con-
cerned the recombinant enzyme production in E. coli BL21
(DE3). As was already recently described for the tetrameric
HaloTag-PfBAL*® and HaloTag-LhADH,”" also the production

2. immobilization

ORON - R+ O ey |
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Scheme 1 The HaloTag™ concept for immobilization of enzymes. The DNA encoding for the HaloTag is fused to the DNA encoding the target
enzyme. In this study, we additionally used a spacer consisting of a helix forming peptide sequence to separate the HaloTag from the enzyme. The
resulting fusion enzyme is produced in E. coli cells and immobilization is directly performed from E. coli crude cell extracts. Immobilization was per-
formed on commercially available HaloLink™ Resin (Promega) which consists of a sepharose carrier (indicated in black) exposing chloroalkane resi-
dues (indicated in green). Such chloroalkane residues are specifically recognized by the HaloTag and a covalent bond is established for immobiliz-
ation of fusion enzymes.
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Scheme 2 Enzymatic 2-step cascade for the continuous production of (S,S)-PPD. In the first step, catalyzed by immobilized HaloTag-PpBFD
L476Q, benzoylformate is decarboxylated to benzaldehyde and carbon dioxide. The resulting benzaldehyde is then further converted to (S)-HPP by
a carboligation in the presence of excess acetaldehyde. Afterwards, residual acetaldehyde is removed by membrane-supported stripping using a
hollow fiber module and the pH is automatically adjusted to pH 7.0 with a pH-Stat. In the second step catalyzed by immobilized HaloTag-LbADH,
(S)-HPP is reduced to (5,5)-PPD under consumption of NADPH, which is produced from the cheaper oxidized cofactor NADP* using 10 vol% 2-pro-
panol as a cosubstrate for cofactor regeneration. See Fig. 52 in the ESI¥ for more information on the setup.

of the tetrameric HaloTag-PpBFD L476Q) was not negatively
influenced by the fusion despite the high molecular weight of
the HaloTag (33 kDa), which is demonstrated by the intense
protein bands in samples of the crude cell extracts using SDS
PAGE analysis (Fig. 1). This observation is in line with previous
reports showing that the HaloTag does generally not negatively
influence the production of fusion proteins.” Rather its bene-
ficial effect on the recombinant production and the solubility
of the fusion partner have been reported.”

[kpal] MCEIl CEI
190 W
115 W~ - M
80 '
70 ' .-
50 W ¥
30
25 'n —
15
=
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Fig. 1 Production of HaloTag fusion enzymes and purity after immobil-
ization in flow from crude cell extracts. A: HaloTag-PpBFD L476Q
(93 kDa per monomer); B: HaloTag-LbADH (63 kDa per monomer)
{modified from ref. 34); M. PageRuler™ plus prestained protein standard
(thermo scientific); CE: crude cell extract after production of HaloTag
fusion enzymes in E. coli BL21 (DE3); |. shows the respective protein
fraction immobilized in flow on 10 mg of wet HaloLink'™ resin after clea-
vage of the covalently bound enzyme through saponification {see
experimental 4.2).
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Afterwards, both fusion enzymes were immobilized on
HaloLink™ Resin in batch to compare the initial rate activities
of the immobilizates and the free reference enzymes without
tag (Fig. 2). For HaloTag-PpBFD 1476Q a residual activity of
65% was found. This is in line with earlier results obtained for
the similar ThDP-dependent enzyme HaloTag-PfBAL (60%)*°
but significantly higher compared to the residual activity of
Halolag-LPADH (35%).* In general, an activity loss after
immobilization is often observed probably due to the reduced
degree of flexibility caused by the fixation to a solid support.
Therewith inactivation observed we the HaloTag™ is in the
same other covalent immobilization

range as for

methods.**?? ! In the present case, the tetrameric quaternary

structure of the enzymes has to be considered as well.

PpBFD L476Q LbADH

0
wio HaloTag immobilized wlo HaloTag

with HaloTag

immabilized
with HaloTag
Fig. 2 Activity of immobilized HaloTag fusion enzymes. Initial rate
activities (given in Kea [sec ) of immobilized fusion enzymes were
compared to the activity of the non-immobilized reference enzyme
without HaloTag. A: HaloTag-PpBFD L476Q: the decarboxylation of
benzoylformate was measured (see section 4.3). B: HaloTag-LbADH: the
reduction of henzaldehyde was followed (see section 4.3) (data was pre-
viously determined®®). Error bars represent the variance of three activity
measurements from the same sample.
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Consequently, each tetramer carries four individual Halolags,
which may cause a steric hindrance accompanied with a loss
of activity. Since P/BAL and PpBFD share the same size (ca.
60 kDa per subunit) and quaternary structure, the HaloTag™
making up more than onc third of the total size of these
fusion enzymes, obviously influences the residual activity after
immobilization of BfBAL and the PpBFD variant similarly.
Besides, the subunits of LAADH are with 30 kDa only half of
the size and here the HaloTag"™ makes up more than one half
of the size of the fusion enzyme. Thus, the influence of the tag
seems to depend on the overall structure of the fusion enzyme
as well as the relative sizes of both fusion partners. However,
in both cases active fusion enzymes were obtained, demon-
strating the generic concept of the HaloTag strategy.

2.2 Immobilization in flow

Due to the high affinity of the HaloTag™ (o terminal chloro-
alkane groups as for example exposed on the HaloLink™
Resin,®® we aimed for the direct immobilization of both
enzymes in flow as was already previously shown.*® For this
purpose, HaloLink™ Resin was filled into two Omnifit®
columns for the preparation of a biocatalytic packed-bed
reactor (PBR). Then, the crude cell extracts containing the
respective HaloTag'™ fusion enzyme were pumped through the
respective reactor with a residence time of about 11 min (see
section 4.2). After washing, the resin was analyzed to evaluate
the purity as well as the amount of bound fusion enzyme on
the carrier. As shown in Fig. 1, the immobilizates (I) contained
predominantly the target enzymes with only minimal impuri-
ties. For both enzyme immobilizates the same contaminating
protein band (ca. 30 kDa) was found, which fits well to the size
of the HaloTag (33 kDa). Since the tag was fused N-terminally
to both enzymes, the formation of truncated fusion enzymes
during the recombinant production may explain this result.

In total, 4 mg of HaloTag-PpBFD L476Q and 4 mg of
HaloTag-LAADH bound to 360 mg of wet HaloLink™ Resin
inside the reactor, indicating the successful one-step purifi-
cation and covalent immobilization in flow directly from crude
cell extracts. Although the same enzyme mass (4 mg) was
immobilized in both columns, 1.4-times more HaloTag-LhADH
was bound on a molar basis due to the differences in the mole-
cular weight as discussed above. Probably, the size of the
fusion enzyme influences the total enzyme loading since
neighboring chloroalkane ligands exposed on the carrier
surface may be sterically blocked by big fusion enzymes.

Tag-based immobilization appreaches for continuous reac-
tion setups were just recently also evaluated by other groups.™”
For example, Peschke et al. evaluated a set of different orthog-
onal tags and successfully implemented a continuous enzy-
matic cascade consisting of different oxidoreductases in a
microfluidic device, Therefore, the authors immobilized the
enzymes on magnetic beads prior to loading the microfluidic
reactor with the beads.” In this study with HaloTag fusion
enzymes we developed this concept further, demonstrating the
fast immobilization of different enzymes inside packed-bed
reactors directly from crude cell extracts. The same protocol
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for immobilization can be applied for different enzymes
without further need for optimization and without complex
equipment.

2.3 The first cascade step towards ($)-HPP

The first cascade step includes the stereoselective carboliga-
tion of benzaldehyde and acetaldehyde towards (S)-2-hydroxy-
1-phenylpropane-1-one ((S)-HPP) catalyzed by the HaloTag-
PpBFD L476Q (see Scheme 2). The reaction was conducted in
aqueous buffer {see section 4.5), where the solubility of benz-
aldehyde is limited to around 40 mM. In preliminary experi-
ments, we determined that at least a three-fold excess of acel-
aldehyde (120 mM) is needed to obtain maximal activity and a
high conversion to (S§}-HPP (data not shown). As demonstrated
in Fig. 3, the first continuous carboligation step gave 99% con-
version in the first 24 h, before the conversion dropped drasti-
cally. In a first hypothesis, we assumed an inactivating effect
of both aldehydes on the activity of the PpBFD variant.
Howevet, preliminary results pointed towards a much higher
impact of benzaldehyde in comparison to acetaldehyde (data
not shown), To reduce the benzaldehyde concentration ingide
the PBR, benzoylformate was used as an alternative substrate,
which is in situ decarboxylated to benzaldehyde by the same
enzyme.”! Consequently, the benzaldehyde concentration
inside the reactor would be constantly low since arising
benzaldehyde would directly be converted to {S)-HPP. However,
as demonstrated in Fig. 3, the stability of the enzyme increased
only slightly by this approach, indicating negative influences
of further factors. The next hypothesis concerned the applied
PpBFD-variant, which was identified from two different screen-
ings of a random mutagenesis library."*** One was targeted
towards the better acceptance of ortfio-substituted benzal-
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Fig. 3 Stability of immobilized HaloTag-PpBFD L476Q in continuous
processes. The continuous carboligation starting from benzaldehyde or
benzoylformate (40 mm), respectively, and acetaldehycde {120 mm)
towards (S)-HPP was analyzed in the presence of different buffering
compounds (potassium phosphate and triethanclamine (TEA), each
50 mM. pH 7.0). The corresponding substrate solution was passed with a
residence time of 11 min through a 5 cm Omnifit® column containing
4 mg of immobilized HaloTag-PpBFD L476Q0
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dehydes for the production of (§)-2-HPP derivatives™ and the
second was performed to increase the carboligase activity of
wild type (wt) PpBFD towards (5)-2-HPP.** From both sereen-
ings, variant L476Q was one of the best hits, revealing also a
significant higher stercosclectivity of 96% for the mixed carbo-
ligation of benzaldehyde and acetaldehyde compared to the wt
enzyme (83% ee’>*?). However, up to now this improved
PpBIiD-variant was not applied in further carboligation
studies. Thus, stability studies under reaction conditions were
missing. Position 476 is part of a loop close to the ThDp-
binding site. It was assumed that the higher carboligase
activity of this variant originated from a higher flexibility of
this loop induced through the mutation L476Q. However, the
same effect could also impair the ThDP-binding.”'

For wtPpBFD the loss of cofactor in cofactor-free phosphate
buffer was earlier shown to reduce the enzyme half-life from
36 days to 3 days in the absence of aldehyde substrates, which
further impair the stability.** Under these conditions the
L476Q-variant exhibited a half-life of only 150 min.*" Since the
cofactor ThDP is bound noncovalently in the active site vig the
diphosphate group, we hypothesized that the use of phosphate
buffer might destabilize the binding of ThDP additicnally
through a competitive effect caused by the phosphate buffer.
Therefore, the phosphate buffer was exchanged against tri-
ethanolamine (TEA) buffer. As shown in Iig. 3, this and the
use of benzoylformate had a strong stabilizing effect while the
combination of benzaldehyde and triethanolamine buffer did
not enhance the stability markedly. With the optimal combi-
nation of benzoylformate and triethanclamine buffer, continu-
ous production with a conversion higher than 99% and an ce
>96% was possible for up to 4 days.

In a next step, the substrate concentration was increased to
100 mM benzoylformate and 300 mM acetaldehyde, which was
possible due to the considerably better solubility of benzoylfor-
mate in aqueous solutions compared to benzaldehyde. As a
result, the continuous production of [§}-HPP dropped again
after 24 h, which is shown in Fig. 4. Most probably, the
increased amount of benzoylformate led to higher concen-
trations of benzaldehyde, which consequently inactivated the
PpBID variant faster. To stabilize the enzyme, the ThDP con-
centration in the buffer was increased from 0.15 mM to 1 mM
since the stability of ThDP-binding seemed to be crucial for
the L476Q-variant. As demonstrated in Fig. 4, this modifi-
cation led Lo a signilicant stabilization of the PpBFD variant
cnabling finally the continuous production of (S)-HPP (>96%
ce) with almost full conversion for 3 davs starting from
100 mM benzoylformate and 300 mM acetaldehyde, which
resulted in an excellent space-time yield of 1850 g L™ d* and
an enzyme specific productivity of 488 gpraauce gm,ym{l (see
Table 1). In comparison, Iding et al studied the continuous
production of (§}-HPP with purified wtPpBFD in an enzyme
membrane reactor and achieved a space-time yield of 34.2
g L7" d7' starting from 10 mM benzaldehyde and 500 mM
acetaldehyde.”” With our optimized set-up involving the
immobilized PpBFD variant L476Q and the PBR, we achieved a
50 times higher space-time yield and a 10-times higher
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Fig. 4 Effect of ThDP on the stability of immobilized HaloTag-PpBFD
L476Q in continuous processes. The continuous carboligation of ben-
zoylformate (100 mM) and acetaldehyde (300 mM) was analyzed in the
presence of different ThDP concentrations. The corresponding substrate
solution was passed with a residence time of 11 min through a 5 cm
Omnifit® column centaining 4 mg of immobilized HaloTag-PpBFD
L476Q.

produet concentration (100 mM) with only a three-fold excess
of acetaldehyde.

2.4 Combining both cascade steps

In the second cascade step, (S)-HPP was stercosclectively
reduced to (15,2S)1-phenylpropan-1,2-diol ((S,S)-PPD) cata-
lyzed by immobilized HaloTag-LhbADH under consumption of
NADPH. Due to the three-fold excess of acetaldehyde in the
first cascade step, acetaldehyde (200 mM) was still present at
the efflux of the first column. Since LAADH prefers acet-
aldehyde over (S)-HPP,*" acetaldehyde must be removed after
the first cascade step to avoid a reduction of the LBADH activity
with respect to the desired diol formation (see Fig. S1 in ESL).
Therefore a hollow fiber module was directly connected to the
efflux of the first reactor to perform a membrane supported
stripping of acetaldehyde by a reversed nitrogen flow. Thereby
the right balance of pressure between the liquid and the gas
phase was crucial for the efficient removal of acetaldehyde. By
applying a backpressurc of 0.3 bar (o the liquid phase, we
could efficiently prevent nitrogen from entering the liquid
solution and vice versa.

In addition, we observed an alkaline pH shift from pH 7.0
to pH 8.5 after the first cascade step due to the decarboxylation
of benzoylformate. However, a pH of 7.0 is required to ensure
maximal activity of the LbADH.® Therefore, the efflux from the
hollow fiber module was fed into a reservoir connected to a
pH-stat to keep the pH at 7.0.

Via a T-piece the (S)-HPP solution from the reservoir was
mixed in an equal ratio with a solution containing the redox
cofactor NADP' and the cosubstrate 2-propanol. 2-Propanol is
oxidized to acetone by the LAADH thereby regenerating the
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Table 1 Summary of both cascade steps for the continuous production of (5,5]-PPD. ic (isomer content) is defined as the fraction of a diastereomer

in a mixture of multiple stereoisomers

Product Space-time Enzyme specific
Conversion Stereoselectivity concentration yield Operational productivity TTN of NADPH
Unit [%] [%)] [mM] [gL'd]  stabilit [d]  [Zproduct Zenzyme ] [M0lmaaver MOlosaceor ']
1% step >99 cc »96 100 1850 3 488 —
2™ step =97 ic >967 50 38 >14 »48 100

“Total distribution of all PPD stereoisomers: (S,5)-PPD: 96.3%; (S,R)-PPD: 2.4%,; (R,R)-PPD: 1.2%; (R,S)-PPD: 0.1%.

cofactor NADPH. Due to this concept, the direct use of
NADPH is not required and the much cheaper oxidized cofac-
tor NADP™ can be used instead, which reduces the overall
process costs,

2.5 The whole cascade towards (S,5)-PPD

The LhADH activity towards the reduction of (S)-HPP is
much lower compared to the first cascade step.”"™
Therefore, we had to adjust the amount of enzyme present
in the PBR as well as the residence time for the second
cascade step. Furthermore, a high conversion of (§)-HPP
requires an excess of the cosubstrate 2-propanol to shift
the equilibrium towards product formation.>® As a first
start, 10 vol% 2-propanol was used corresponding to a
25-fold excess over the substrate (S)-HPP. Then, the resi-
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Fig. 5 Continuous producticn of {5.5)-PPD. The cascade for the pro-
duction of (5,5)-PPD was performed as explained in Scheme 2. The
intermediate product (§)-HPP was preduced first with immobilized
PpBFD L476Q starting from 100 mM benzoylformate and 300 mM acet-
aldehyde (buffer: 50 mM TEA, 1 mM ThDP, 2.5 mM MgSQ., Fig. 4).
Afterwards, acetaldehyde was removed with a hollow fiber module and
the pH was automatically adjusted in a reservoir. 2-Propanol and NADP*
were introduced via a T-piece to result in a substrate solution consisting
of 50 mM (5)-HPP, 0.5 mM NADP', 10% (w/v} 2-propancl, 50 mM TEA,
pH 7.0, 25 mM MgSQ,, 1 mM ThDP for the second cascade step. This
solution was pumped through a 20 cm Omnifit® column containing
16 mg of immobilized HaloTag-LbADH. A residence time of 4.5 h was
applied
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dence time as well as the enzyme amount was optimized. By
applying a column-length of 20 e¢m containing 16 mg
immobilized HaloTag-LAADH and a residence time of 4.5 h
a conversion of (S}-HPP >97% to (S,S)-PPD was obtained
(Fig. 5). After 3 days, the first cascade step was stopped due
to the inactivation of the immobilized FPpBFD L476Q (see
above) but the second cascade step was still continued
because of the installed reservoir system. Fig. 5 further illus-
trates the continuous operation of the second cascade step
for 14 days with no loss of activity and an overall isomer
content {ic; definition see section 4.4) > 96% for the target
(S,5)-PPD diastereomer (see Table 1). This stresses the very
high stability of the immobilized HaloTag-LbADH. Overall, a
space-time yield of 38 g L™ d™%, a total wrnover number
(TTN) of NADPH of 100 molpaquet molygaceor - and an
enzyme specific productivity higher than 48 gpdue
Benzyme * was achieved. After these 14 days, the experiment
was stopped although the immobilized HaloTag-LbADH was
still fully active.

3 Conclusion

The HaloTag™ system represents a useful strategy for the
efficient iz situ immobilization of enzymes directly from crude
cell extracts. Due to the high affinity of this tag, immobili-
zation proceeds rapidly directly in flow inside the reactor prior
to the intended reaction. Consequently, no additional process
step or equipment is needed, which simplifies the implemen-
tation of continuous biocatalytic production processes effec-
tively. Furthermore, the operation of the performed reactions
up Lo several weeks reveals the stable covalent binding of the
fusion engzymes and the successful compartmentalization.
still, remaining bottlenecks are enzyme stability in case of the
PpBID L476Q most probably due to aldehyde-induced inacti-
vation and weak ThDP binding as well as low activity in case of
the LHBADH towards the substrate (S}-HPP. Nevertheless, a high
space-time yield of 1850 g L ' d " with an operational stability
of 3 days and an enzyme specific productivity of 488 2yrdue
gc,mm{1 was achieved for the first cascade step whereas the
second cascade step was operated with a space-time yield of
38 g L' d™' accompanied with an operational stability higher
than 14 d and an enzyme specific productivity higher than
48 Eproduct genzymeil-
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4  Experimental

4.1 Construction of expression plasmids, cell cultivation and
enzyme purification

The expression plasmids pET22b-halotag-ppbfd 1476Q and
pET22b-halotag-thadh were constructed with the Gibson
Assembly ® Cloning Kit (NEB, Frankfurt, Germany}. The DNA
sequence encoding for the HaloTag and the linker for the con-
nection to both fusion enzymes was synthesized as linear frag-
ments (Eurofins Genomics, Ebersberg, Germany}. Specific
overhangs for the integration of this sequence into pET22b
which was opened by restriction digestion with Ndel were
introduced by PCR {Primer A/B). After successful ligation, the
DNA sequences encoding for the PpBFD L476Q and LHADH
were amplified and again, specific overhangs were introduced
for the integration into pET22b-kalotag by PCR (Primer /D for
amplification of !badh, Primer E/F for amplification of
ppbfd 1476Q). pET22b-halotag was linearized by PCR, too
(Primer G/H) and ligation was performed according to instruc-
tions given in the manual of the Gibson Assembly® Cloning
Kit.

E. coli BL21 (DE3) cells were transformed with the vector
pET22b-halotag-ppBFD L476Q as well as pET22b-halotag-tbadh,
respectively, and production of the respective fusion enzyme
was performed in LB medium upon induction with IPTG at
20 °C. For cell disruption, HaloTag-FpBFD L476Q containing
cells were suspended in 50 mM potassium phosphate buffer,
pH 7.0, containing 2.5 mM MgSO, and ©¢.15 mM ThDP,
whereas for HaloTag-LhADH containing cells a buffer contain-
ing 50 mM potassium phosphate, pH 7.0, with 1 mM MgCl,
was used. A detailed protocol about the cell cultivation and
disruption is described elsewhere.”® The resulting crude cell
extract was frozen at —20 °C and lyophilized (Alpha 1-4 LD
plus, Christ, Osterode am Harz, Germany). The lyophilized
crude cell extract was stored at —20 °C for further use.

Cloning, cell cultivation, and chromatographic purification
of untagged LPADH*® and PpBFD L476Q" were performed as
described elsewhere.

4.2 Immobilization of HaloTag fusion enzymes

Immobilization was performed on HaloLink™ Resin
(Promega, Madison, WI, USA). For immobilization of HaloTag-
PpBFD 1476Q, lyophilized crude cell extract (40 mg ml™") was
dissolved in 50 mM potassium phosphate or triethanolamine
buffer, pH 7.0, containing 2.5 mM MgSO, and either 0.15 mM
or 1 mM ThDP, respectively. For immobilization of HaloTag-
LHADH, 25 mg m1~" were dissolved in 50 mM potassium phos-
phate buffer, pH 7.0, containing 1 mM MgCl,. For immobiliz-
ations in batch, 0.5% (v/v) Triton X-100 was added to the
buffer to prevent adhesion of the carrier to the plastic of
1.5 mL mieroreaction tubes. 200 pl of the HaloLink™ slurry
were transferred into a 1.5 ml microreaction tube (Eppendorf,
Hamburg, Germany) and washed three times with 1 ml of the
corresponding buffer {see above} depending on the immobi-
lized fusion enzyme. After the last washing step, the resin was
suspended in 100 pl of the corresponding buffer and 100 pl of
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the prepared crude cell extract solution (see above) was added.
This mixture was incubated for 1 h at 25 °C and 1200 rpm in a
ThermoMixer® (Eppendorf, Hamburg, Germany). The immo-
bilization was stopped by short centrifugation for a few
seconds in a benchtop minicentrifuge to pellet the HaloLink™
Resin. Afterwards, the resin was washed three times with 1 ml
of the corresponding buffer and the immobilizates were
directly used or stored at 4 *C.

For the immobilization in flow, HaloLink™ Resin was filled
into an Omnifit® Column (glass column, internal diameter
3 mm, length 5 cm (V = 0.35 ml} or 20 cm (V = 1.4 ml}, Diba,
Danbury, CT, USA} and beads were sedimented by applying
low pressure with a suction lifter for pipettes. The column was
connected to an Asia Syringe Pump (Syrris, Royston, United
Kingdom) and the resin was washed first with deionized water
to remove residual ethanol (HaloLink™ Resin is stored in 20
vol% ethanol) and afterwards equilibrated with five column
volumes of the corresponding buffer (see above). Depending
on the size of the column, 1 ml of the resulting crude cell
extract solution per cm of column length was used for immo-
bilization of the corresponding fusion enzyme. The immobiliz-
ation steps were performed with a flow rate of 30 pl min™" at
room temperature. Afterwards, the column was washed with
the corresponding buffer with 60 pl min™ until the UV-
absorption at 280 nm of the flow-through at the outlet of the
column reached zero. UV-absorption was measured off-line
(Uv1800 spectrophotometer, Shimadzu, Duisburg, Germany)
and the corresponding buffer was used as a control.

Enzyme purity after immobilization was checked by
SDS-PAGE as previously desecribed.® The method is based on
the saponification of the ester bond connecting the HaloTag
with the HaloLink™ Resin.

4.3 Determination of protein concentration and activity
assays

Protein concentrations of free and immobilized enzymes were
determined with the BC Assay Protein Quantitation Kit
(Interchim) as described elsewhere.>® To measure the amount
of enzymes immobilized in flow inside the plug-flow reactor,
the bed of the reactor was removed and the amount of protein
was determined with this assay.

For characterization of immobilized HaloTag-PpBFD 1476Q
compared to the non-immobilized reference enzyme without
HaloTag, the activity was determined by following the de-
carboxylation of benzoylformate to benzaldehyde. Assays were
performed with 50 mM benzoylformate in 50 mM potassium
phosphate buffer, pH 7.0, 2.5 mM MgSO,, 0.5 mM ThDP and
0.004 pg of enzyme in a total volume of 1 ml. The reaction
mixture was incubated at 20 °C and 1200 rpm in a
ThermoMixer® (Eppendorf, Hamburg, Germany) and samples
(20 pl each) were taken over 2.5 min. Benzoylformate and bene-
aldehyde were detected by HPLC (see below}. One Unit (U} of
specific activity is defined as the amount of enzyme in mg
which catalyzes the formation of 1 pmol benzaldehyde per
minute under the described conditions.

This journal is © The Royal Society of Chemiistry 2018

102



Results

Green Chemistry

For characterization of immobilized HaloTag-LbADH, the
activity was determined by following the reduction of bene-
aldehyde to benzyl alcohol. Assays were performed with
20 mM benzaldehyde in 50 mM potassium phosphate, pH 7.0,
1 mM MgCl, and 20 mM NADPH in a total volume of 1 ml.
The assay was incubated at 25 °C and 1200 rpm in a
ThermoMixer® (Eppendorf, Hamburg, Germany} and samples
(20 pl each) were taken over 15 min. 160 pg of immobilized
HaloTag-LbADH and 20 pg of free, untagged LHADH, respect-
ively, were used for one assay. Benzaldehyde and benzyl
alcohol were detected by HPLC (see below). One Unit (U} of
specific activity is defined as the amount of enzyme in mg
which catalyzes the formation of 1 pmol benzyl alcohol per
minute under the described conditions.

4.4 HPLC and GC analytics

HPLC analytics were performed on a Chiralpak IE column
using an Agilent 1260 Infinity Quarternary LC system (Agilent
Technologies, Santa Clara, CA, USA} equipped with a 1260
Diode Array Detector. Samples (20 pl) were diluted in aceto-
nitrile containing 100 pl L™ toluene as an internal standard.
For the detection of benzoylformate, benzaldehyde, and benzyl
alcohol, a mobile phase consisting of 50% (v/v} acetonitrile
and 50% (v/v) deionized water both containing 0.075% (v/v} tri-
fluoroacetic acid and 1% (w/v) diethylamine with a flow of
1 ml min™" at 20 °C was used. Benzoylformate and benz-
aldehyde were detected at 250 nm with retention times of
about 3.2 min and 5.2 min, respectively. Benzyl alcohol and
toluene were detected at 215 nm with retention times of about
3.9 min and 6.3 min, respectively.

To follow the cascade reaction, the column was operated
with an isocratic mobile phase consisting of 35% (v/v} aceto-
nitrile and 65% (v/v) deionized water and a flow rate of
1 ml min~" at 20 °C. (S}-HPP, (R}-HPP, and benzaldehyde were
detected at 250 nm with retention times of about 6.3 min,
6.7 min and 8.2 min whereas PPD stereoisomers and toluene
were detected at 215 nm with retention times of about 4.1 min
and 13.5 min, respectively, according to the respective
standards.

The presence of acetaldehyde was analyzed by GC (6890
Series GC system, Agilent Technologies, Santa Clara, CA, USA).
1 pl of an aqueous sample was injected onto a CP-Chirasil-
DEX CB column {Varian; 25 m x 0.25 mm x 0.25 mm} and
temperature was hold for 5 min at 80 °C. Detection was per-
formed with a flame ionization detector using hydrogen as a
carrier gas. The retention time of acetaldehyde was 1.5 min.

The absolute configuration of all four PPD stereoisomers
was assigned via GC analysis based on respective standards as
described elsewhere.”® The term ic describes the target isomer
content and is given as the percent fraction of the target
(8,SyPPD isomer (I;} in a mixture of all four possible PPD
isomers (I):

ie=(I/ > _T) x 100

This jourral is ® The Royal Society of Chemistry 2018
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4.5 Final cascade set-up

The substrate solution containing 100 mM benzoylformate
and 300 mM acetaldehyde in 50 mM triethanolamine, pH 7.0,
1 mM ThDP, and 2.5 mM MgSO, was pumped with 30
pl min™" (Micro HPLC pump, Thales Nano, Budapest,
Hungary) through an Omnifit® column (50 mm x 3 mmy; tg
11 min} containing 4 mg of HaloTag-PpBFD L476Q immobi-
lized in flow on HaloLink™ Resin (see above), applying a back
pressure of 2 bar. The efflux of this column was then passed
through a Celgard X50 Liqui-Cel® MiniModule® (3 M, St Paul,
USA) hollow fiber module where membrane-supported strip-
ping of acetaldehyde was performed with a nitrogen flow of 20
L, h™". Therefore, a back pressure of 0.3 bar was applied to the
hollow fiber module. Afterwards, the resulting solution was
pumped into a 100 ml reservoir connected to a pH-Stat
module including a 691 pH Meter, 665 Dosimat and a 614
Impulsomat (Metrohm, Herisau, Switzerland). The pH was
automatically adjusted to pH 7.0 using 2% (v} aqueous HCL
Then, a solution of 1 mM NADP" and 20% 2-propanol was
mixed with the solution from the reservoir via a T-piece by
applying a pumping speed for both solutions of 2.5 pl min™"
(Asia Syringe Pump, Syrris, Royston, United Kingdom). The
corresponding solution was consequently passed through an
Omnifit® column (200 mm x 3 mm; fz 4.5 h) containing
16 mg of HaloTag-LbADH previously immobilized in flow on
HaloLink™ Resin (see above} with a pumping speed of 5
pl min. A back pressure of 2 bar was applied to the column.
Furthermore, all steps were performed at room temperature.
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ILI halotag-ppbfd L476Q

ATGAAACATCACCATCACCATCACGCAGAAATTGGTACGGGATTTCCGTTTGACCCGCATTATGTG
GAGGTTCTGGGTGAACGCATGCACTACGTGGATGTTGGTCCGCGCGATGGCACACCGGTGCTGTTT
CTGCATGGTAATCCGACCTCCAGCTATGTTTGGCGCAACATTATTCCGCATGTCGCCCCAACGCATC
GCTGTATTGCCCCAGATCTCATTGGCATGGGCAAAAGCGACAAACCGGATTTGGGCTACTTCTTCG
ACGATCACGTACGGTTTATGGACGCCTTTATCGAGGCTCTGGGACTCGAGGAAGTAGTGCTGGTTA
TTCATGACTGGGGCTCTGCATTAGGCTTTCACTGGGCTAAACGGAACCCAGAACGCGTCAAGGGGA
TTGCCTTCATGGAGTTCATCCGTCCGATTCCGACCTGGGATGAATGGCCCGAATTTGCCCGTGAAAC
CTTTCAGGCGTTTCGTACCACGGATGTTGGCCGTAAGCTCATCATCGACCAAAACGTGTTCATTGAG
GGCACTCTTCCCATGGGAGTAGTGCGTCCTTTAACCGAAGTCGAGATGGACCACTATCGCGAACCC
TTCCTGAATCCGGTTGATCGCGAACCGCTGTGGCGCTTCCCGAATGAGCTGCCTATTGCTGGTGAAC
CGGCGAATATCGTGGCACTTGTGGAAGAATACATGGATTGGCTGCATCAGAGTCCAGTCCCTAAGC
TGTTGTTTTGGGGTACACCTGGCGTGTTGATTCCGCCTGCAGAAGCTGCTCGCTTAGCGAAAAGCTT
GCCCAACTGCAAAGCGGTCGATATTGGGCCAGGTCTGAACCTGTTACAGGAGGATAACCCGGATCT
GATCGGGAGTGAAATCGCGCGTTGGCTGTCAACTCTGGAAATCTCGGGTCTTGCAGAAGCAGCGGC
CAAAGAAGCTGCGGCCAAAGAGGCAGCCGCGAAAGAAGCAGCGGCGAAAGCGGCCGCGATGGCT
TCGGTACACGGCACCACATACGAACTCTTGCGACGTCAAGGCATCGATACGGTCTTCGGCAATCCT
GGCTCGAACGAGCTCCCGTTTTTGAAGGACTTTCCAGAGGACTTTCGATACATCCTGGCTTTGCAGG
AAGCGTGTGTGGTGGGCATTGCAGACGGCTATGCGCAAGCCAGTCGGAAGCCGGCTTTCATTAACC
TGCATTCTGCTGCTGGTACCGGCAATGCTATGGGTGCACTCAGTAACGCCTGGAACTCACATTCCCC
GCTGATCGTCACTGCCGGCCAGCAGACCAGGGCGATGATTGGCGTTGAAGCTCTGCTGACCAACGT
CGATGCCGCCAACCTGCCACGACCACTTGTCAAATGGAGCTACGAGCCCGCAAGCGCAGCAGAAG
TCCCTCATGCGATGAGCAGGGCTATCCATATGGCAAGCATGGCGCCACAAGGCCCTGTCTATCTTT
CGGTGCCATATGACGATTGGGATAAGGATGCTGATCCTCAGTCCCACCACCTTTTTGATCGCCATGT
CAGTTCATCAGTACGCCTGAACGACCAGGATCTCGATATTCTGGTGAAAGCTCTCAACAGCGCATC
CAACCCGGCGATCGTCCTGGGCCCGGACGTCGACGCAGCAAATGCGAACGCAGACTGCGTCATGTT
GGCCGAACGCCTCAAAGCTCCGGTTTGGGTTGCGCCATCCGCTCCACGCTGCCCATTCCCTACCCGT
CATCCTTGCTTCCGTGGATTGATGCCAGCTGGCATCGCAGCGATTTCTCAGCTGCTCGAAGGTCACG
ATGTGGTTTTGGTAATCGGCGCTCCAGTGTTCCGTTACCACCAATACGACCCAGGTCAATATCTCAA
ACCTGGCACGCGATTGATTTCGGTGACCTGCGACCCGCTCGAAGCTGCACGCGCGCCAATGGGCGA
TGCGATCGTGGCAGACATTGGTGCGATGGCTAGCGCTCTTGCCAACTTGGTTGAAGAGAGCAGCCG
CCAGCTCCCAACTGCAGCTCCGGAACCCGCGAAGGTTGACCAAGACGCTGGCCGACTTCACCCAGA
GACAGTGTTCGACACACTGAACGACATGGCCCCGGAGAATGCGATTTACCTGAACGAGTCGACTTC
AACGACCGCCCAAATGTGGCAGCGCCTGAACATGCGCAACCCTGGTAGCTACTACTTCTGTGCAGC
TGGCGGACTGGGCTTCGCCCTGCCTGCAGCAATTGGCGTTCAACTCGCAGAACCCGAGCGACAAGT
CATCGCCGTCATTGGCGACGGATCGGCGAACTACAGCATTAGTGCGTTGTGGACTGCAGCTCAGTA
CAACATCCCCACTATCTTCGTGATCATGAACAACGGCACCTACGGTGCGTTGCGATGGTTTGCCGG
CGTTCTCGAAGCAGAAAACGTTCCTGGGCAGGATGTGCCAGGGATCGACTTCCGCGCACTCGCCAA
GGGCTATGGTGTCCAAGCGCTGAAAGCCGACAACCTTGAGCAGCTCAAGGGTTCGCTACAAGAAG
CGCTTTCTGCCAAAGGCCCGGTACTTATCGAAGTAAGCACCGTAAGCCCGGTGAAGAGATCTTAA

ILIT halotag-Ibadh

ATGAAACATCACCATCACCATCACGCAGAAATTGGTACGGGATTTCCGTTTGACCCGCATTATGTG
GAGGTTCTGGGTGAACGCATGCACTACGTGGATGTTGGTCCGCGCGATGGCACACCGGTGCTGTTT
CTGCATGGTAATCCGACCTCCAGCTATGTTTGGCGCAACATTATTCCGCATGTCGCCCCAACGCATC
GCTGTATTGCCCCAGATCTCATTGGCATGGGCAAAAGCGACAAACCGGATTTGGGCTACTTCTTCG
ACGATCACGTACGGTTTATGGACGCCTTTATCGAGGCTCTGGGACTCGAGGAAGTAGTGCTGGTTA
TTCATGACTGGGGCTCTGCATTAGGCTTTCACTGGGCTAAACGGAACCCAGAACGCGTCAAGGGGA
TTGCCTTCATGGAGTTCATCCGTCCGATTCCGACCTGGGATGAATGGCCCGAATTTGCCCGTGAAAC
CTTTCAGGCGTTTCGTACCACGGATGTTGGCCGTAAGCTCATCATCGACCAAAACGTGTTCATTGAG
GGCACTCTTCCCATGGGAGTAGTGCGTCCTTTAACCGAAGTCGAGATGGACCACTATCGCGAACCC
TTCCTGAATCCGGTTGATCGCGAACCGCTGTGGCGCTTCCCGAATGAGCTGCCTATTGCTGGTGAAC
CGGCGAATATCGTGGCACTTGTGGAAGAATACATGGATTGGCTGCATCAGAGTCCAGTCCCTAAGC
TGTTGTTTTGGGGTACACCTGGCGTGTTGATTCCGCCTGCAGAAGCTGCTCGCTTAGCGAAAAGCTT
GCCCAACTGCAAAGCGGTCGATATTGGGCCAGGTCTGAACCTGTTACAGGAGGATAACCCGGATCT
GATCGGGAGTGAAATCGCGCGTTGGCTGTCAACTCTGGAAATCTCGGGTCTTGCAGAAGCAGCGGC
CAAAGAAGCTGCGGCCAAAGAGGCAGCCGCGAAAGAAGCAGCGGCGAAAGCGGCCGCGATGTCT
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AACCGTTTGGATGGTAAGGTAGCAATCATTACAGGTGGTACGTTGGGTATCGGTTTAGCTATCGCC
ACGAAGTTCGTTGAAGAAGGGGCTAAGGTCATGATTACCGGCCGGCACAGCGATGTTGGTGAAAA
AGCAGCTAAGAGTGTCGGCACTCCTGATCAGATTCAATTTTTCCAACATGATTCTTCCGATGAAGA
CGGCTGGACGAAATTATTCGATGCAACGGAAAAAGCCTTTGGCCCAGTTTCTACATTAGTTAATAA
CGCTGGGATCGCGGTTAACAAGAGTGTCGAAGAAACCACGACTGCTGAATGGCGTAAATTATTAG
CCGTCAACCTTGATGGTGTCTTCTTCGGTACCCGATTAGGGATTCAACGGATGAAGAACAAAGGCT
TAGGGGCTTCCATCATCAACATGTCTTCGATCGAAGGCTTTGTGGGTGATCCTAGCTTAGGGGCTTA
CAACGCATCTAAAGGGGCCGTACGGATTATGTCCAAGTCAGCTGCCTTAGATTGTGCCCTAAAGGA
CTACGATGTTCGGGTAAACACTGTTCACCCTGGCTACATCAAGACACCATTGGTTGATGACCTACC
AGGGGCCGAAGAAGCGATGTCACAACGGACCAAGACGCCAATGGGCCATATCGGTGAACCTAACG
ATATTGCCTACATCTGTGTTTACTTGGCTTCTAACGAATCTAAATTTGCAACGGGTTCTGAATTCGT
AGTTGACGGTGGCTACACTGCTCAATAG

III Protein sequences

e green: sequence of the HaloTag™
e red: sequence of the helical linker

e blue: sequence of the corresponding enzyme

II1.I HaloTag-PpBFD L476Q

MKHHHHHHAEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRC
IAPDLIGMGKSDKPDLGYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFM
EFIRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPLTEVEMDHYREPFLNPVDR
EPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIG
PGLNLLQEDNPDLIGSEIARWLSTLEISGLAEAAAKEAAAKEAAAKEAAAKAAAMASVHGTTYELLRR
QGIDTVFGNPGSNELPFLKDFPEDFRYILALQEACVVGIADGYAQASRKPAFINLHSAAGTGNAMGALS
NAWNSHSPLIVTAGQQTRAMIGVEALLTNVDAANLPRPLVKWSYEPASAAEVPHAMSRAIHMASMAP
QGPVYLSVPYDDWDKDADPQSHHLFDRHVSSSVRLNDQDLDILVKALNSASNPAIVLGPDVDAANAN
ADCVMLAERLKAPVWVAPSAPRCPFPTRHPCFRGLMPAGIAAISQLLEGHDVVLVIGAPVFRYHQYDP
GQYLKPGTRLISVTCDPLEAARAPMGDAIVADIGAMASALANLVEESSRQLPTAAPEPAKVDQDAGRL
HPETVFDTLNDMAPENAIYLNESTSTTAQMWQRLNMRNPGSYYFCAAGGLGFALPAAIGVQLAEPERQ
VIAVIGDGSANYSISALWTAAQYNIPTIFVIMNNGTYGALRWFAGVLEAENVPGQDVPGIDFRALAKGY
GVQALKADNLEQLKGSLQEALSAKGPVLIEVSTVSPVKRS

I1.II HaloTag-LOADH

MKHHHHHHAEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRC
IAPDLIGMGKSDKPDLGYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFM
EFIRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPLTEVEMDHYREPFLNPVDR
EPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIG
PGLNLLQEDNPDLIGSEIARWLSTLEISGLAEAAAKEAAAKEAAAKEAAAKAAAMSNRLDGKVAIITGG
TLGIGLAIATKFVEEGAKVMITGRHSDVGEKAAKSVGTPDQIQFFQHDSSDEDGWTKLFDATEKAFGPV
STLVNNAGIAVNKSVEETTTAEWRKLLAVNLDGVFFGTRLGIQRMKNKGLGASIINMSSIEGFVGDPSL
GAYNASKGAVRIMSKSAALDCALKDYDVRVNTVHPGYIKTPLVDDLPGAEEAMSQRTKTPMGHIGEP
NDIAYICVYLASNESKFATGSEFVVDGGYTAQ
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IV Effect of acetaldehyde on the production of (S,S)-PPD
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Figure S1: Production of (S,5)-PPD catalyzed by HaloTag-LbADH in the presence of acetaldehyde. The reduction of
(S)-HPP towards (S,S)-PPD was analyzed in batch using immobilized HaloTag-LAADH. (S)-HPP resulting from the
carboligation of benzoylformate and acetaldehyde was used either without removal of residual acetaldehyde or after removal
by membrane supported stripping. Assay: 20 mM (S)-HPP containing either 40 mM or no acetaldehyde, 10 % (v/v)
isopropanol, 0.5 mM NAPH, 50 mM TEA, 0.15 mM ThDP, 2.5 mM MgSO,, V =1 ml, 25 °C, 1200 rpm.

\% Photograph of flow setup
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Figure S2: Enzymatic 2-step cascade for the continuous production of (S,S)-PPD. In the first step catalyzed by
immobilized HaloTag-PpBFD L476Q, benzoylformate is decarboxylated towards benzaldehyde and carbon dioxide. The
resulting benzaldehyde is then further converted into (S)-HPP by a carboligation in the presence of excess acetaldehyde.
Afterwards, residual acetaldehyde is removed by membrane supported stripping using a hollow fiber module and the pH is
automatically adjusted to pH 7.0 with a pH-Stat. In the second step catalyzed by immobilized HaloTag-LbADH, (S)-HPP is
reduced to (S,S)-PPD under consumption of NADPH, which is produced from the cheaper oxidized cofactor NADP+ using
10 vol% 2-propanol as a cosubstrate for cofactor regeneration.
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2.5 HaloTag-EcDERA

Results presented in this chapter are part of a cooperation with the group of Thomas Classen at the
Institute of Bioorganic Chemistry, HHU Diisseldorf. As final studies have to be performed by the
cooperation partner the respective manuscript could not be finalized until this thesis was submitted.
Thus, this chapter comprises a manuscript draft focusing on the results obtained by Johannes Ddbber.
Where necessary for an understanding, the results of others were included, which was indicated

respectively.

Context:

Results in this chapter focus on the application of immobilized HaloTag-EcDERA in cooperation with
J. Bramski et al. (see below). In a first step, the design of this fusion enzyme was optimized to enable
maximal catalytic activity by investigating spacer sequences, which separate the HaloTag™ and the
EcDERA. In a second step, best variants were used for the easy preparation of plug-flow reactors to
achieve high control about EcDERA-catalyzed aldol reactions. Therefore, this study provides tools to
modulate catalytic activity of respective immobilizates. Furthermore, the continuous reaction system

allowed synthesis of products that are otherwise not accessible in batch.

Contributions:

J. Dobber', J. Bramski®, T. Gerlach' and D. Hahn' performed the experiments. J. Débber planned and
constructed different fusion enzyme designs and developed a suitable enzyme assay to analyze fusion
enzyme variants. D. Hahn assisted in the construction of fusion enzymes and T. Gerlach helped to
establish a suitable assay as well as to measure activity of immobilized variants. Protocols and
material for the immobilization of HaloTag-EcDERA in flow were provided by J. Dobber and
continuous reactions as well as purification of free EcDERA were performed by J. Bramski. T.

Classen’, J. Pietruszka” and M. Pohl' conceptually planned and supervised the project.

' Group of Martina Pohl, IBG-1: Biotechnology, Forschungszentrum Jiilich, Germany
* Group of Thomas Classen, Institute of Bioorganic Chemistry, Heinrich-Heine-Universitit Diisseldorf im
Forschungszentrum Jiilich, Germany
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2.5.1 Introduction

2-Deoxyribose-5-phosphate aldolase from E. coli (EcDERA) is a promising catalyst for the formation
of C-C bonds (Dean et al., 2007). It catalyzes the asymmetric aldol reaction of several aldehydes but
reveals highest activity when acetaldehyde is used as a donor molecule (Barbas et al., 1990; Chen et
al., 1992). A major drawback for the application of EcDERA is its irreversible inactivation in the
presence of higher acetaldehyde concentrations hampering the long-term use of this enzyme (Hoffee et
al., 1965). However, recent studies revealed that catalyst inactivation occurs via modification of an
essential active site lysine and can be overcome by mutation of a specific cysteine present at position
47 of the enzyme (Bramski et al., 2017; Dick et al., 2016).

Therefore, optimized EcDERA variants for further synthetic applications are now available but the
production of some compounds remains challenging. Especially, the access to mono aldol products is
in some cases difficult, since the EcDERA is able to directly catalyze the sequential addition of two
acetaldehyde molecules to one acceptor substrate (Gijsen and Wong, 1994). To achieve only mono
aldol products, a high reaction control, specifically of the contact time between enzymes and
substrates is crucial. Such a control is difficult to achieve in batch reactions. Instead, continuous
reaction concepts would allow a higher level of control, since residence times of substrates and
products inside the reactor can exactly be adjusted (Baxendale, 2013; Tamborini et al., 2018).
However, the use of biocatalysts in continuous reactions demands for efficient compartmentalization
concepts in the first place. To address this issue, enzyme immobilization can be a solution and
recently, the simple loading of plug-flow reactors in flow using HaloTag' fusion enzymes was
successfully demonstrated (Dobber et al.,, 2018a; Ddbber et al., 2018b). The HaloTagTM can be
genetically fused to the enzyme of interest and mediates the covalent binding to carriers exposing
chloroalkane residues directly from crude cell extracts in flow. On the contrary, fusion of an additional
tag may influence the catalytic activity of the enzyme and strategies have to be developed to allow
optimal performance after immobilization. In case of steric hindrance by the tag, an optimal
orientation of the HaloTag " and sufficient distance to the fused enzyme can enhance activity after
immobilization. Therefore, spacer sequences separating both fusion partners might be crucial. Several
reports underlined that linker rigidity as well as length influence interaction of fusion partners and can
be used to efficiently establish spatial distance from each other (Arai et al., 2001; Li et al., 2016).

In this study, EcDERA was immobilized via the HaloTag'™” and a continuous reaction system
allowing selective access of mono aldol compounds was developed. Since high enzyme stability is
necessary to implement continuous reactions for long-term use, a variant of this enzyme (EcDERA
C47M) with increased resistance against high acetaldehyde concentrations was selected. In a first step,
different HaloTag"™ fusion enzyme designs were analyzed to achieve optimal orientation of the fusion
partners to each other and to enable high catalytic activity of the immobilized enzyme. In a second
step, best variants were chosen for continuous reactions and to find appropriate reaction conditions

yielding solely mono aldol reaction products.

110



Results

2.5.2 Methods

Construction of expression plasmids and production of enzymes

The expression plasmid for the production of HaloTag-EcDERA containing the spacer sequence 20aa
— 4r was constructed as described previously by amplifying the DNA encoding for EcDERA C47M
and integrating it into pET22b, which already contained the DNA encoding for the HaloTag"" and the
corresponding spacer (Dobber et al., 2018b). The backbone of this expression plasmid was
subsequently used to integrate the oligonucleotide encoding the spacer sequences as listed in Table
2.5-1. A PCR was performed with primers A and B (see SI) to open the circular plasmid at the
position between both sequences encoding for the HaloTag " and the EcDERA, respectively, but
without amplifying the part encoding the spacer sequence. DNA sequences encoding for each spacer
were ordered as linear, single-stranded DNA primers (eurofinsgenomics, Miinchen, Germany) with
specific overhangs for the constructed plasmid backbone (see SI). Ligation was performed with the
NEBuilder® HiFi DNA Assembly Cloning Kit (NEB, Frankfurt, Germany) according to the
manufacturer’s instructions resulting in the construction of all expression plasmids. Further detailed
information about all sequences is given in the SI. Production of fusion enzymes and preparation of
lyophilized crude cell extracts was performed according to established protocols as mentioned
elsewhere but as buffer for sonification 10 mM TEA, pH 7 was used (D&bber and Pohl, 2017).

Construction of expression plasmids, production and chromatographic purification via anion exchange

chromatography of free EcDERA C47M was described previously (Dick, 2016).

Table 2.5-1: Spacer sequences used to separate HaloTag-EcDERA fusion enzymes.

spacer protein sequence

25aa— 5f A(GGGGS)sA
25 aa — 4flr A(EAAAK)(GGGGS),A
25aa—3f2r | A(EAAAK)(GGGGS),(EAAAK)(GGGGS)A
25aa — 2f3r A(EAAAK)(GGGGS),(EAAAK),A
25 aa— 1fdr A(EAAAK)(GGGGS)(EAAAK);A

25aa— 5t A(EAAAK)sA

20 aa— 4r A(EAAAK),A

30 aa — 6r A(EAAAK)A

35aa—7r A(EAAAK),A
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Immobilization of HaloTag-EcDERA fusion enzymes

Immobilization of fusion enzymes was performed directly from crude cell extracts on HaloLink™
Resin (Promega, USA). A crude cell extract solution consisting of 25 mg of lyophilized crude cell
extract per ml of buffer (100 mM TEA, pH 7.0) was prepared. For immobilization in batch,
HaloLink™ Resin was equilibrated with the same buffer (3x 1ml) supplemented with 0.1 vol% Triton
X-100 and 200 pl of crude cell extract solution were mixed with 50 pl of resin. After 1h of incubation
at 25 °C and 1200 rpm in a ThermoMixer® (Eppendorf, Hamburg, Germany), the resin was washed
three times with 1 ml of buffer supplemented with 0.1 vol% Triton x-100. For immobilization in flow,
5 ml of crude cell extract solution (see above) were pumped through a 5 cm Omnifit® glass column
containing HaloLink™ Resin as described previously (Débber et al., 2018a). The amount of bound

proteins was determined with the BC Assay Protein Quantitation Kit (Interchim, France).

Activity assay

The activity of free and immobilized EcDERA was analyzed by following the cleavage of 2-
deoxyribose-5-phosphate (DRP) into glyceraldehyde and acetaldehyde. To monitor this reaction,
alcohol dehydrogenase from S. cerevisiae (ScADH, Sigma Aldrich, Germany) was applied to catalyze
the reduction of acetaldehyde to ethanol under consumption of NADH. The decrease of NADH was
determined spectrophotometrically by following the absorption of NADH at 340 nm. In a 3 ml quartz
cuvette, DRP (0.4 mM), NADH (0.2 mM), ScADH (0.1 mg/ml) and EcDERA (either free or
immobilized HaloTag™ fusion enzyme, protein concentration: around 20 pg/ml) were mixed and
TEA buffer, pH 7.0, supplemented with 0.1 vol% Triton X-100 was used. The assay was performed in
a total volume of 3 ml at 25 °C for 90 sec. To keep immobilizates suspended, the assay mixture was
stirred by a magnetic stirrer. One Unit (U) of specific activity is defined as the amount of enzyme
(either free or bound on the HaloLink™ Resin) in mg which catalyzes the formation of 1 pmol

glyceradehyde per minute under the described conditions.

Reactions in flow

For reactions in flow, HaloTag-EcDERA (C47M, 25aa — 5r) was immobilized as described above in a
5 cm Omnifit® glass column. To prepare the reaction solution, a stock solution of acetaldehyde was
made using gastight Hamilton® syringes (Hamilton Company, USA) previously cooled on ice to be as
exact as possible. Then, hexanal and acetaldehyde were mixed in TEA buffer (100 mM, pH 7.0,
concentrations see Table 2.5-2) and connected to the column using a syringe pump (Legato 100, KD
Scientific, MA, USA). The column was tempered via a water bath and 25 °C were adjusted.
Concentrations of hexanal and acetaldehyde as well as pumping speed were varied to find optimal

conditions for 3-hydroxy-octanal production (see Table 2.5-2)
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Analytics

To follow the reaction, 500 pl of sample were taken and products were extracted three times with 1 ml
ethylacetate. After drying with MgSO,, samples were applied to GC (TRACE™ GC, Thermo
Scientific, Germany) using a FS-HYDRODEX -3P column (length/ID: 25 m/0.25 mm, Macherey-
Nagel, Diiren, Germany). The column was hold 5 min at 60 °C, then the column was heated 5 °C/min
until 200 °C were reached and again hold for 2 min. Retention times were as follows: hexanal, 6.6
min; 2-octenal: 16.7 min, 3-hydroxy-octanal, 22.6 min; 3,5-dihydroxy-decanal, 33.5 min.

Enantiomeric excess of 3-hydroxy-octanal enantiomers was determined according to Bisterfeld, 2016.

2.5.3 Results and Discussion

The synthesis of mono aldol products catalyzed by EcDERA was targeted in this study. As shown in
Figure 2.5-1, the production of (R)-3-hydroxy-octanal starting from hexanal and acetaldehyde was
selected as a model reaction. However, EcDERA directly catalyzes the sequential aldol addition
towards (R,R)-3,5-dihydroxy-decanal. Therefore, a high control about the contact time between

substrates and enzyme is crucial to solely produce the target compound (R)-3-hydroxy-octanal.

EcDERA EcDERA
o OH o OH OH
NN : : :
o~ L_‘ OW ;_‘ OWV\/\

hexanal ; (R)-3-hydroxy-octanal ; (R.R)-3,5-dihydroxy-decanal

X g

2-octenal

Figure 2.5-1: EcDERA-catalyzed aldol addition starting from hexanal and acetaldehyde. EcDERA catalyzes the
sequential aldol addition leading to (R)-3-hydroxy-octanal as an intermediate product and to the final bis-aldol compound
(R,R)-3,5-dihydroxy-octanal. 2-octenal arises as a by-product.

As a consequence, the construction of a continuous reaction system was aimed whereby EcDERA
should be immobilized in a plug-flow reactor to enable adjustment of the contact time between
substrates and enzyme, which only lead to the mono aldol product (R)-3-hydroxy-octanal. Since such
plug-flow reactors can easily be established with the HaloTag™-based immobilization approach

(Dobber et al., 2018a; Dobber et al., 2018b), the HaloTagTM was genetically fused to the N-terminus of
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EcDERA'. Initial investigations on the activity of immobilized HaloTag-EcDERA fusion enzymes
revealed a very low residual activity (data not shown) and consequently, we focused on strategies to
optimize catalytic activity of respective immobilizates. We hypothesized that low enzymatic activity
resulted from an unfavorable orientation of the HaloTag™ in respective fusion enzymes causing
negative interference on the activity of EcDERA. According to Li and coworkers, spacer sequences
have a great impact on the general interaction of single subunits in fusion enzymes and the length,
rigidity and flexibility of these sequences can influence the overall orientation of the individual
proteins to each other (Li et al., 2016). Based on this study, we selected two different spacer motifs: (i)
the rigid (r) helix forming motif EAAAK and (i7) the flexible (f) motif GGGGS. In a first approach,
these different motifs were combined with each other to yield spacer sequences of different rigidity
and flexibility. Each spacer sequence contained five motifs indicating that the spacer length was kept
constant at 25 amino acids (aa) but a different set of rigid and flexible motifs. As demonstrated in
Figure 2.5-2, this led in total to six different fusion enzyme constructs. The most flexible spacer
sequence 25 aa — 5f contained five repetitions of the flexible motif GGGGS which led to the spacer
sequence (GGGGS)s. In the remaining spacer sequences, rigidity was enhanced stepwise by exchange
of single flexible motifs against the rigid motif EAAAK until no flexible sequence was left in the last
spacer 25 aa- 5t ((EAAAK)s). Overall, highest activity was achieved for constructs containing only
rigid (5r) or flexible (5f) motifs while combination of the different motifs was less tolerated. In these
constructs with highest activity, residual activity ranged around 12.5 % in comparison to the free
EcDERA without HaloTag™ whereas spacer sequences with a mixed set of both motifs revealed a
residual activity down to 9 %. Therefore, we aimed to further optimize the catalytic activity of
respective immobilizates and targeted the distance between HaloTag'™ and EcDERA as a potential
factor contributing to reduced activity. Previous studies verified that distance between fusion partners
can be enhanced proportionally with increasing repetitions of the rigid motif EAAAK (Arai et al.,
2001). Consequently, we established several fusion enzyme constructs with different repetitions of the
selected rigid motif leading to overall spacer sizes between 20 and 35 amino acids (aa). As shown in
Figure 2.5-3, longer rigid spacer, like 30 aa — 6r, led to a clear increase in activity after immobilization
of HaloTag-EcDERA. However, this trend stops with even longer spacers of 30 aa and 35 aa where no
further increase of activity was observed. The residual activity in comparison to the untagged
EcDERA without HaloTag™ was thereby enhanced up to 15 %. In summary, these experiments
underline that a higher distance between the fusion partners is beneficial which indicates a potential
steric hindrance of the HaloTag™™ on the activity of EcDERA. In addition, further factors might be
involved in the activity reduction after immobilization, since activity could only be restored up to 15
% by this approach. Probably, factors such as the microenvironment established by the carrier or
reduced enzyme flexibility due to the fixation on a support might contribute as well (Liese and

Hilterhaus, 2013).

" A variant of EcDERA was used containing the mutation C47M to enable higher stability towards acetaldehyde.
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Figure 2.5-2: Effect of spacer rigidity and flexibility on the activity of immobilized HaloTag-EcDERA. The spacer
motifs EAAAK (rigid motif, r) and GGGGS (flexible motif, f) were combined with each other and integrated into HaloTag-
EcDERA fusion enzymes. Each spacer consisted of 5 motifs (different number of r or f) to give a total length of 25 amino
acids (aa). After immobilization, the activity of each construct was analyzed by following the conversion of 2-deoxyribose-5-
phospate into glyceraldehyde and acetaldehyde and compared to the activity of soluble EcDERA without HaloTag™
(activity of soluble EcDERA = 100 %). Detailed information about the spacer sequences is given in the experimental section.
Error bars represent the variance of three activity measurements from the same sample.
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Figure 2.5-3: Effect of spacer length on the activity of immobilized HaloTag-EcDERA. A different number of rigid
motifs (r) was inserted into HaloTag-EcDERA fusion enzymes yielding different lengths between 20 and 35 amino acids
(aa). After immobilization, the activity of each construct was analyzed by following the conversion of 2-deoxyribose-5-
phospate into glyceraldehyde and acetaldehyde and compared to the activity of soluble EcDERA without HaloTag™
(activity of soluble EcDERA = 100 %). Detailed information about the spacer sequences is given in the experimental section.
Error bars represent the variance of three activity measurements from the same sample.
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After optimization of the fusion enzyme design and partial restoring of catalytic activity, the
production of mono aldol compounds was focused. As mentioned above, EcDERA catalyzes the
sequential addition of two acetaldehyde molecules to various aldehyde acceptors. Therefore, the
synthesis of exclusively mono aldol products is challenging and requires a high control about the
contact time between substrates and enzyme. To achieve this, the HaloTag™ immobilization strategy
was employed for the fast and easy construction of plug-flow reactors as demonstrated previously
(Dobber et al., 2018a; Dobber et al., 2018b). A crude cell extract solution containing HaloTag-
EcDERA (C 47M, 25aa — 5r) fusion enzymes was simply pumped through a plug-flow reactor

previously filled with HaloLink™

Resin thereby covalently immobilizing HaloTag-EcDERA fusion
enzymes. Then, aldol formation was analyzed and synthesis of (R)-3-hydroxy-octanal starting from
hexanal and acetaldehyde served as a model reaction. In general, mono aldol production was
influenced by the residence time as well as the concentration and ratio of the substrates. As shown in
Table 2.5-2, best results were achieved so far by applying a residence time of 7 min. Under these
conditions, higher amounts of the target compound (R)-3-hydroxy-octanal were produced with an
excess of acetaldehyde whereas higher substrate concentrations additionally led to increased
production of the bis-aldol compound (R,R)-3,5-dihydroxy-decanal. In all cases, the ee of (R)-3-
hydroxy-octanal was > 90 %. These results suggest that flow conditions can be adjusted such that only
mono aldol product is produced. However, with increasing conversion above 50 % the probability for
bis-aldol formation increases. In such cases, especially enzymes at the end of the plug-flow reactor
would face a higher concentration of (R)-3-hydroxy-octanal in comparison to hexanal, which could
shift the reaction towards bis-aldol formation. Therefore, full conversion with exclusively mono aldol
products might be difficult to achieve although investigations are currently performed to further
optimize the described reaction. If full conversion cannot be reached, the overall strategy has to be
adapted. A solution could be the separation of the unreacted substrates hexanal and acetaldehyde from
the target mono aldol compound in flow. Then, (R)-3-hydroxy-octanal would constantly be removed
while substrates could be recycled and recirculated for a reentry into the plug-flow reactor. In such a
reaction concept, the formation of the bis-aldol compound 3,5-dihydroxy-decanal would be
detrimental and must be prevented to enable high purity of the mono aldol compound and low
contamination of the unreacted substrates intended for recycling. However, suitable strategies for in-
line separation of unreacted substrates from the reaction products have to be developed first. Second,
the naturally high reactivity and instability of the substrates hexanal and acetaldehyde could prevent
successful recycling. Therefore, additional investigations on these issues have to elucidate optimal

strategies for most efficient mono aldol synthesis.
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Table 2.5-2: Reaction optimization for the continuous production of (R)-3-hydroxy-octanal by immobilized HaloTag-
EcDERA. Aldol reaction of hexanal and acetaldehyde towards (R)-3-hydroxy-octanal (mono aldol product) was investigated
under different conditions using HaloTag-EcDERA (C47M, 25 aa — 5r). Side products formed during this reaction are listed

(double aldol product

3,5-dihydroxy-decanal; 2-octenal). Reactions were performed at the Institute of Bioorganic
Chemistry, HHU Diisseldorf, by Julia Bramski. Experiments were performed in duplicate.

reaction conditions results
residence mono aldol | double aldol
hexanal | acetaldehyde | hexanal 2-octenal
entry time product product
[mM] [mM] [Y0] [Yo]
[min] [Yo] [Yo]
#1 7 200 160 46 +0.01 48 + 0.05 5+0.004 1+0.001
#2 7 50 150 41 +£0.01 54 + 0.05 3+0.004 24+0.002
#3 7 200 600 22 +0.01 64 + 0.02 13+ 0.003 2 +0.002
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2.54 Supporting information

DNA and protein sequences

a) DNA sequences to allow integration of different spacer in HaloTag-EcDERA fusion enzymes

PCR primer to produce linear plasmid backbone:
Primer A: ATGACTGATCTGAAAGCAAGCAGCC
Primer B: ACCCGAGATTTCCAGAGTTG

Spacer ordered as linear fragment with overhangs (spacer, red; overhangs, blue and green)

25aa — 5f

aactctggaaatctegggtgeaggeggeggtgggagtggtggeggeggatcgggeggtggaggtagtggeggeggeggeageg
gtggtggtgoctcagetatgactgatctgaaageaag

25aa — 4flr

aactctggaaatctcgggtgeggaggeggeggceaaaaggtggtggeggeagtggeggeggtggtictggaggeggagggagteg
aggtggtooctccgecatgactgatctgaaagcaag

25aa — 3f2r

aactctggaaatctcgggtgcggaagecgecgcaaaaggaggtegtggaagtggcgotggcgggtetgaggctgeggcaaaagg
cggtggcgecteggecatgactgatctgaaageaag

25aa — 2f 3r

aactctggaaatctcgggtgctgaageagecgegaaaggeggtggeggtagtggtggtggaggctcagaggeggeageaaaagaa
gecggecgctaaagegatgactgatctgaaagcaag

25aa — 1f4r

aactctggaaatctcgggtgcagaagetgecggcaaaaggtggcggtggaagtgaageggcggccaaagaageageagegaaaga
agcggcagcaaaggcegatgactgatctgaaagcaag

25aa — 5r

aactctggaaatctcgggtgccgaageggeggecaaagaggecgeageaaaagaggeagetgecaaagaggeggeagegaaag
aagctgccgcetaaagcaatgactgatctgaaageaag

20aa — 6r

aactctggaaatctcgggtgccgaagetgecgecaaagaggetgcagegaaggaageggetgccaaagaggcageggcgaaaga
agccgceagcgaaagaageggeagecaaagegatgactgatctgaaagcaag
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20aa—T7r

aactctggaaatctcgggtgccgaagecageggegaaagaageggeagegaaagaggctgctgegaaggaageagecgecaaag
aggccgceagcecaaggaageggcetgcgaaagaagecgetgcgaaagceaatgactgatctgaaageaag

b) DNA sequence encoding for HaloTag-EcDERA C47M

The open reading frame encoding for HaloTag-EcDERA with spacer 20 aa — 4r is listed below.
Different colors indicate DNA fragments encoding for different fusion enzyme components:
HaloTag™, green; spacer 20aa — 4r, red; ECDERA C47M, blue. All other fusion enzyme construct
contained the same fragments encoding for the HaloTag™ and EcDERA C47M but different spacer

sequences as given above.

atgaaacatcaccatcaccatcacgcagaaattggtacgggatttccgtttgacccgceattatgtggaggtictgggtgaacgcatgcactacgtggat
gttggtccgegegatggeacaceggtgetgtttctgecatggtaatccgacctecagetatgtttggecgeaacattattccgeatgtecgecccaacgeat
cgctgtattgccccagatctcattggecatgggcaaaagecgacaaaccggatttgggctacttcttcgacgatcacgtacggtttatggacgectttate
gaggctctgggactcgaggaagtagtgctggttatticatgactggggctctgeattaggcetttcactgggetaaacggaacccagaacgegtcaagg
ggattgccttcatggagttcatccgtecgattccgacctgggatgaatggecegaatttgeeccgtgaaacctttcaggegtttcgtaccacggatgttg
gcecgtaagcetcatcatcgaccaaaacgtgttcattgagggceactettcccatgggagtagtgegtectttaaccgaagtcgagatggaccactatcge
gaacccttcctgaatecggttgatcgegaaccgetgtggegcetticeccgaatgagetgectattgetggtgaaccggegaatategtggcacttgtgga
agaatacatggattggctgcatcagagtccagtccctaagetgttgtittgggotacacctggegtgttgattccgectgecagaagetgctegcettage
gaaaagcttgcccaactgcaaageggtegatattggeccaggtetgaacctgttacaggaggataacceggatctgatcgggagtgaaatcgege
gttgactgtcaactctggaaatctcgggtettgcagaageageggccaaagaagetgcggecaaagaggeagecgcgaaagaageageggcga
aagcggccgcegatgactgatctgaaagcaageagectgegtgcactgaaattgatggacctgaccacectgaatgacgacgacaccgacgagaa
agtgatcgccctgtgtcatcaggccaaaactccggteggceaataccgecgetatcatgatctatectegetttatcccgattgetcgcaaaactctgaa
agagcagggcaccccggaaatccgtatcgetacggtaaccaacttcccacacggtaacgacgacatcgacatcgegetggcagaaaccegtgeg
gcaatcgcctacggtgctgatgaagttgacgttgtgticcecgtaccgegegetgatggecgggtaacgageaggttggttttgacctggtgaaagect
gtaaagaggcttgcgcggeagegaatgtactgetgaaagtgatcatcgaaaccggegaactgaaagacgaagegetgatccgtaaagegtetgaa
atctccatcaaagegggtgcggacttcatcaaaacctctaccggtaaagtggctgtgaacgecgacgecggaaagegegegeatcatgatggaagt
gatccgtgatatgggegtagaaaaaaccgttggtttcaaaccggegggeggegtgcegtactgeggaagatgegcagaaatatctcgecattgecaga
tgaactgttcggtgctgactgggcagatgcgegtcactaccgctttggegettccagectgetggecaagectgetgaaagegetgggtcacggega
cggtaagagcgcecagcagcetactaa

b) Protein sequence encoding for HaloTag-EcDERA C47M

The protein sequence of HaloTag-EcDERA C47M containing spacer 20aa — 4r is given below.
Different colors indicate different fusion enzyme components: HaloTag"™, green; spacer 20aa — 4r,
red; EcDERA C47M, blue. All other fusion enzyme constructs contained the same sequence of the
HaloTag™ and EcDERA C47M but different spacer sequences as given in Table 2.5-1.

MKHHHHHHAEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYVWRNIIPHVAPTHRC
IAPDLIGMGKSDKPDLGYFFDDHVRFMDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIAFM
EFIRPIPTWDEWPEFARETFQAFRTTDVGRKLIIDQNVFIEGTLPMGVVRPLTEVEMDHYREPFLNPVDR
EPLWRFPNELPIAGEPANIVALVEEYMDWLHQSPVPKLLFWGTPGVLIPPAEAARLAKSLPNCKAVDIG
PGLNLLQEDNPDLIGSEIARWLSTLEISGLAEAAAKEAAAKEAAAKEAAAKAAAMTDLKASSLRALKL
MDLTTLNDDDTDEKVIALCHQAKTPVGNTAAIMIYPRFIPIARKTLKEQGTPEIRIATVTNFPHGNDDIDI
ALAETRAATAYGADEVDVVFPYRALMAGNEQVGFDLVKACKEACAAANVLLKVIIETGELKDEALIRK
ASEISIKAGADFIKTSTGKVAVNATPESARIMMEVIRDMGVEKTVGFKPAGGVRTAEDAQKYLATADEL
FGADWADARHYRFGASSLLASLLKALGHGDGKSASSY
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3 General Discussion

In the following chapters, the results mentioned in section 2 will be comparatively discussed to
evaluate the HaloTag “'-based immobilization approach and tag-based immobilization strategies in
general. Where appropriate, unpublished results were added to further evaluate the usefulness of these

techniques for biocatalysis.

3.1 Overview of results

Chapter 2.1 describes a first proof of concept to achieve the one-step purification and immobilization
of biocatalysts with the HaloTag™ immobilization strategy. The PBAL was selected as a model
enzyme and the speed of immobilization, the obtained purity as well as the storage and operational
stability of produced immobilizates were investigated.

Chapter 2.2 reports on the optimization of a two-step enzymatic cascade for the production of chiral
1,2-amino alcohols by immobilizing the PpBFD and the BmTA. Experiments focused on the
separation of both reaction steps to allow consecutive batch reactions under optimal conditions for
each step. Furthermore, the recycling of both immobilized enzymes was targeted to enhance respective
productivities.

Chapter 2.3 is based on the transfer of the HaloTag'" immobilization concept from applications in
batch to continuous reaction systems. The easy construction of plug-flow reactors by immobilizing
HaloTag™ fusion enzymes in flow was investigated and the usefulness of established protocols was
evaluated for the continuous production of chiral alcohols employing immobilized HaloTag-LbADH.
Furthermore, the modularity of such flow modules was analyzed to establish a two-step chemo-
enzymatic reaction cascade towards a chiral epoxide.

In chapter 2.4, investigations on the modular combination of biocatalytic flow modules, which were
established using the HaloTag™ immobilization approach, were intensified and the development of a
continuous two-step enzymatic cascade towards chiral vicinal diols was targeted. Factors influencing
stability of immobilized enzymes (here PpBFD and LbADH) were analyzed and the flow concept was
used to guarantee optimal conditions for each step by removing or introducing compounds and
reactants, respectively, exactly at the time and place required.

Chapter 2.5 reports on further intensification of the HaloTag'™ immobilization strategy and describes
the development of tools to enhance the residual activity of immobilized enzymes. The EcDERA was
selected as a model enzyme and different spacer sequences connecting the HaloTag™ with the
aldolase were analyzed to find optimal orientation of both fusion partners to each other. In a second
step, immobilized aldolases were employed to access mono aldol products in a continuous reaction

system.
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3.2 Selected Model enzymes

As mentioned in the introduction, a huge variety of different immobilization methods has been
developed to address the specific requirements of individual biocatalysts. The potential of an
immobilization method can only be determined based on the evaluation of an appropriate set of
biocatalysts reflecting the diversity among enzymes with respect to structure, size and cofactors. As
shown in Table 3.2-1, the enzymes selected for this thesis differ in size, the number of subunits and
the requirement of cofactors. One of these cofactors (NADPH) must be actively regenerated, whereas
the regeneration of the other occurs during the respective catalytic cycle (see 1.5). The smallest
enzyme is EcDERA which has a subunit size of 28 kDa and occurs as monomer and dimers. In
comparison, the tetrameric P/BAL is more than four times bigger and is generally the largest selected

model enzyme.

Table 3.2-1: Model enzymes selected in this thesis for evaluation of tag-based immobilization strategies

enzyme source size per subunit | active structure cofactors
2-deoxyribose-5-
28 kDa )
phosphate aldolase E. coli monomer/dimer -
(260 aa)
(DERA)
alcohol NADP"/
27 kDa .
dehydrogenase L. brevis tetramer NADPH +H';
(250 aa) -
(ADH) Mg
o-transaminase 53 kDa
B. megaterium tetramer PLP
(TA) (470 aa)
benzoylformate
56 kDa -
decarboxylase P. putida tetramer ThDP; Mg
(530 aa)
(BFD)
benzaldehyde lyase 59 kDa -
P. fluorescens tetramer ThDP; Mg
(BAL) (560 aa)
33 One-step purification and immobilization

3.3.1 Production of fusion enzymes

The fusion of an additional peptide or protein can sometimes lead to the production of completely
insoluble recombinant enzymes, although the wild type enzyme without tag was soluble (Krauss et al.,

2017). Therefore, the success of tag-based immobilization strategies greatly depends on the effect of
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the respective tags on the soluble production of fusion enzymes in microbial hosts. As mentioned in
section 2 and as summarized in Figure 3.3-1, all HaloTag™ fusion enzymes were successfully
produced in a soluble form and high expression levels were achieved. Figure 3.3-1 shows an intense
protein band in respective SDS-PAGE pictures at the position corresponding to the size of one
monomer of each fusion enzyme. As can be deduced from the intensity of the signals for the

recombinant fusion enzymes, HaloTag-EcDERA, HaloTag-LbADH, and HaloTag-PpBFD showed the

highest titers.
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Dy ECDERA LbADH BmTA PBAL PpBFD
190 - - — —
115 - - - - [
CouL By WEOJW e
70 o -w -
- vt - @
50 - 9 .. -
-
= i
30 - ' ‘ - g i
25 = -
i
. -
15 - - - - —

Figure 3.3-1: Heterologous production of HaloTag™ fusion enzymes in E. coli. The HaloTag™ was fused to the N-
terminus of the selected model enzymes (EcDERA = desoxyribose-5-phosphate aldolase from E. coli, 64.5 kDa; LbADH =
alcohol dehydrogenase from L. brevis, 63.5 kDa; BmTa = o-transaminase from B. megaterium, 89.7 kDa; PfBAL =
benzaldehyde lyase from P. fluorescens, 95.7 kDa; PpBFD = benzoylformate decarboxylase from P. putida, 93.4 kDa). The
picture shows the soluble crude cell extract after cell lysis and centrifugation. PageRuler™ Plus Prestained Ladder
(ThermoFischer Scientific, Germany) was used as a protein marker.

Overall, the observation of good expression yields matches with previous reports, which highlight the
potential of the HaloTag™ to rather improve the soluble production of fusion enzymes in bacterial
expression systems (Ohana et al., 2009; Peterson and Kwon, 2013; Sun et al., 2015). In general, the
fusion of certain tags such as the maltose-binding protein (MBP) or the N-utilization substance (NusA)
are common strategies in molecular biology to induce the soluble production of insoluble proteins
(Costa et al., 2014). To assess the solubility enhancing effect of the HaloTag™ in comparison to these
commonly applied tags, a comparative study was performed by fusion of more than 20 human proteins
to the HaloTag™ as well as to further tags like MBP (Ohana et al., 2009). While MBP resulted in the
soluble production of around 50 % of the constructed fusion enzymes, the HaloTag™ induced
efficient production of more than 70 % of the investigated proteins indicating the great potential of the
HaloTag™ for such applications. Although the exact solubility-enhancing mechanism is yet unclear, a

chaperon-like activity or the attraction of chaperones are discussed. (Douette et al., 2005; Nallamsetty
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and Waugh, 2007). In case of the HaloTag'", the authors referred to a great intrinsic stability and a
reduced tendency to induce aggregation but exact explanations remain elusive (Ohana et al., 2009).
Therefore, the HaloTag™ can be considered as a suitable fusion partner with respect to the production
of corresponding fusion enzymes and may also enable improved production of biocatalysts with

insufficient expression yields in microbial host strains.

3.3.2 Immobilization of fusion enzymes

Binding on the HaloLink™ Resin

A great challenge in enzyme immobilization is the establishment of covalent bonds under conditions
that do not affect the enzyme’s activity and stability. Of utmost importance is the time required to
establish such bonds. For example, the covalent immobilization of enzymes via epoxy groups exposed
on carriers takes up to several days due to the low reactivity of such reactions (Mateo et al., 2007a).
During such a long incubation time, activity and stability of the enzyme may be negatively influenced.
Furthermore, the general conditions required for covalent bond formation may be unfavorable, too.
For example, functional groups present in enzymes or carriers and targeted for covalent bond
formation need in some cases extreme pH values to render these groups reactive. An example is the
binding of enzymes to glyoxyl-modified supports. (Mateo et al., 2013). Such supports expose
aldehyde groups and are used for the formation of Schiff bases with amino groups present in enzymes.
Therefore, an alkaline pH is required to activate the amino groups. In comparison, the immobilization
of HaloTag™ fusion enzymes is possible directly from a crude cell extract solution after cell lysis. As
exemplarily shown in chapter 2.1, all fusion enzymes studied in this thesis bound covalently within
minutes to the employed HaloLink™ Resin. This allows immobilization in a physiological
environment with optimal pH and temperature keeping potential stress factors for the biocatalyst at a
minimum. Despite the use of different cofactors like ThDP or PLP and various buffering compounds
of standard use in biochemistry such as phosphate ions, triethanolamine or Tris, a successful
immobilization on HaloLink™ Resin was always achieved within a few minutes of contact time (see
section 2). As mentioned in the introduction (see 1.4.2), this high affinity was also reported previously
and binding kinetics were characterized to range in the same order of magnitude as streptavidin and
biotin (HaloTag™: 2.7%10° M"'s”'; Streptavidin: 8.5*10° M's™) (Los et al., 2008). This additionally
allowed easy loading of packed-bed reactors in flow. Chapter 2.3 and 2.4 clearly indicate that such
reactors could be loaded by simply pumping a crude cell extract solution through the packed-bed in
the fully assembled reactor setup, which simplifies the immobilization even further. No additional
equipment or further process steps are needed to establish continuous reaction systems and

immobilization can be performed directly before the intended reaction. Besides, immobilization can
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potentially be automated with the help of suitable pumps which perform loading and washing steps
without the need for any external adjustments.

A further point for evaluation is the protein load achieved after immobilization. Therefore, a
comparative analysis of all achieved carrier loadings is shown in Table 3.3-1, based on the same

amount of lyophilized crude cell extract and HaloLink™™ Resin, respectively.

Table 3.3-1: Comparison of protein load achieved after immobilization of different HaloTag™ fusion enzymes. 5 mg
of lyophilized crude cell extract were added to 50 ul of HaloLink™ Resin in a total volume of 250 ul at 25 °C and 1200 rpm
in a Thermomixer. The protein load per ml of HaloLink™ Resin is given and was determined with the BCA assay. For
abbreviation of enzymes see Figure 3.3-1. Detailed information about the immobilization of all enzymes is given in section 2:
2.1: PABAL; 2.2: BmTA; 2.3: LhADH, 2.4: PpBFD, 2.5: EcDERA. Experiments were performed in duplicate.

HaloTag- HaloTag- HaloTag- HaloTag- HaloTag-
EcDERA LbADH BmTA PpBFD P/BAL

load [mg/ml] 5.1+0.05 13+£0.6 24=£0 6.8+0.3 2.7+0.06
) monomer/dimer tetramer tetramer tetramer tetramer
e 28 kDa 27 kDa 53 kDa 56 kDa 59 kDa

As shown in Table 3.3-1, the protein load varied in a range from 2.4 mg/ml observed for HaloTag-
BmTA to 13 mg/ml achieved for HaloTag-LAADH, which might be due to different factors. First of
all, the size of the enzyme can lead to different loads after immobilization since larger fusion enzymes
might potentially block neighboring chloroalkane binding ligands thereby reducing the overall protein
load. However, the size of the fusion enzyme cannot be the only reason to explain the observed
differences. LbADH forms a tetramer but the achieved protein load is almost three times higher in
comparison to the dimeric EcDERA with comparable subunit size. Furthermore, the molecular
weights of PpBFD and P/BAL are similar but the protein load obtained with PpBFD was two-times
higher. Therefore, additional effects must be considered. Besides size, the concentration of the
respective fusion enzyme in the crude cell extract is an important factor, too, and lower concentrations
of the fusion enzymes would consequently lead to lower protein loads, if the amount of resin and the
contact time are kept constant. As demonstrated in Figure 3.3-1, HaloTag-BmTA and HaloTag-PfBAL
revealed the lowest expression yields. This most probably explains why for these enzymes the lowest
protein loads were observed (Table 3.3-1). Nevertheless, the protein load achieved after
immobilization of HaloTag-EcDERA, which features the lowest molecular weight and a very high
expression yield, is lower than expected. Therefore, it can be assumed that the properties of the
enzyme fused to the HaloTag™ might influence the affinity towards the resin as well. As proposed by
Liese and coworkers, the charge or polarity of the carrier surface might induce repulsion or attraction
of fusion enzymes with a specific surface charge and consequently affect binding of HaloTag™ fusion

enzymes (Liese and Hilterhaus, 2013). Furthermore, both fusion partners might interact with each
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other and could disturb each other in their catalytic activity leading not only to reduced catalytic
activity of the enzyme but also to lowered binding affinity of the HaloTag™. To sum up, size,
expression yield, and the specific structure of the fusion enzymes might contribute to the protein load
observed after immobilization.

Considering the amount of crude cell extract applied, general conclusions concerning the binding
efficiency in relation to the total amount of applied fusion enzymes can be drawn. Related to 1 ml of
HaloLink™ Resin, 100 mg of lyophilized crude cell extract were applied for each immobilization.
Since buffering salts account to the weight of lyophilized crude cell extracts as well, the total protein
amount employed for each immobilization probably ranged around 50 mg. The exact proportion of the
HaloTag™ fusion enzymes in the crude cell extract can hardly be estimated but most probably ranged
between 10 % (e.g. HaloTag-BmTA) and 50 % (e.g. HaloTag-EcDERA) based on the SDS-PAGE
pictures shown in Figure 3.3-1. If a fusion enzyme content of 10 % is assumed for HaloTag-BmTA
and HaloTag-P/BAL, around 50 % of all employed fusion enzymes would have bound on the carrier
(2.4 mg and 2.7 mg, respectively, out of 5 mg employed fusion enzymes, see Table 3.3-1). This
estimation is supported by the binding studies shown in chapter 2.1. In this experiment, 300 pg of
purified HaloTag-P/BAL were employed for immobilization but the protein load did not exceed 150
ug although the amount of HaloLink™ Resin used in this experiment should have had the capacity to
bind at least 350 pug of HaloTag™ fusion enzyme'. In addition, also for HaloTag-PpBFD and
HaloTag-EcDERA no complete binding of all employed fusion enzymes can be expected. Only in the
case of HaloTag-LbADH, complete binding of all employed fusion enzymes was potentially prevented
due to full saturation of the carrier which has got a binding capacity of at least 7 mg/ml’ but a protein
load of 13 mg/ml was observed. Although the exact reasons for the incomplete binding remains to be
elucidated, a general hypothesis could be that the surface of the carrier is rapidly covered by fusion
enzymes, which subsequently prevents the binding of further fusion enzymes. However, further

investigations are necessary to explain this phenomenon.

Purity after immobilization

Tag-based immobilization methods enable the targeted binding of respective biocatalysts from crude
mixtures thereby achieving a simultaneous purification (see 1.4.2). However, the purity is determined
by the affinity of further proteins towards the carrier in comparison to the affinity as well as the
concentration of the target fusion enzyme present in the crude cell extract (Lichty et al., 2005).
Especially, poor production of the target enzyme leads to a higher competition for potential binding
sites and consequently, to a lower purity, if unspecific binding of host cell proteins occurs. In the

chapters above, the high affinity of the HaloTag'" and the good protein production in E. coli were

! Technical Manual HaloLink™ Resin, Promega Corporation, Madison, WI, USA; accessed February 2018: The
HaloLink™ Resin has a binding capacity of 7 mg/ml. In the mentioned experiment, 50 pl of resin was used,
which would correspond to a binding capacity of 350 pg.
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already discussed, which provides the basis for the high purity observed for immobilized HaloTag ™

k™ Resin consists of

fusion enzymes in this thesis (see section 2). In addition, the HaloLin
Sepharose® beads, which is a commercially available form of cross-linked agarose and often used for
protein purification such as size exclusion chromatography (Ahmed, 2004). The reason for its frequent
application for chromatographic purposes in protein biochemistry is its availability from cheap and
renewable resources as well as its low unspecific protein binding, which further explains the high
purity achieved after immobilization. However, one additional weak protein band with a molecular
weight between 30 and 40 kDa often appears in respective SDS-PAGE pictures (e.g. in chapter 2.1 or
2.4) suggesting that this band might correspond to truncated HaloTag' " fusion enzymes (HaloTag™
34 kDa). Since this band was always observed at the same position in respective SDS-PAGE gels,
truncation seemed to occur in the same manner in all cases. Probably, this truncation leads to the

k™ Resin. The reason can

production of a functional HaloTag™ capable of binding to the HaloLin
either be a termination of expression or a proteolysis of respective fusion enzymes (Zuker, 2003). In
both cases, it is likely that the DNA or amino acid sequence at the end of the HaloTag' " triggered
such events since termination or lysis at other positions would have led to inactive HaloTag™ protein
or to fragments of a bigger molecular weight. In most of the fusion enzymes, this sequence consists of
a repetitive motif A(EAAAK),A, which was chosen to establish a spatial distance between both fusion
partners (Arai et al., 2001). This sequence was analyzed with different bioinformatic tools to evaluate
either proteolysis or termination of expression. First, the amino acid sequence of HaloTag™ fusion
enzymes was submitted to the web server PROSPER, a tool for predicting potential cleavage sites
(Song et al., 2012). This analysis gave no specific preference for enzymatic cleavage at this site
indicating that proteolysis might not explain the observed results. Second, termination of expression
was investigated. The just mentioned spacer sequence could either be involved in termination of
transcription or translation. Since termination of translation strongly depends on stop codons not
present in this sequence (Petry et al., 2008), a potential termination of transcription is more likely.
Transcription of DNA into RNA in bacteria can either be terminated by specific hairpin motifs
followed by uridine rich sequences or by a specific protein named Rho (Porrua et al., 2016). Rho binds
to the nascent transcript but binding sequences are not specific so it cannot be determined, whether
such a mechanism could provoke fusion enzyme truncation. In contrast, secondary structures such as
hairpins of DNA and their corresponding RNA sequences can be predicted with bioinformatics tools.
Figure 3.3-2 shows predictions of the spacer sequence produced with two different bioinformatics
tools. Both tools predict the formation of several hairpin structures in the corresponding RNA
sequence. Although uridine-rich sequences are missing after these hairpin structures at the initial RNA
sequence of respective model enzymes, such secondary structures might explain the occurrence of
truncated fusion enzymes. Therefore, further experiments might target this hypothesis by for example
completely removing any spacer sequences to analyze the effect on the formation of truncated fusion

enzymes.
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Nevertheless, the HaloTag"™ enabled the covalent immobilization of several model enzymes within
minutes from crude cell extracts under mild conditions, proving its usefulness in establishing
respective immobilization bonds. However, the activity of the immobilized biocatalysts is an

important factor as well and will be discussed in the following chapter.
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Figure 3.3-2: RNA-fold prediction of DNA spacer sequence A(EAAAK), A mainly used in this thesis to separate fusion
partners in HaloTag™ fusion enzymes. A: Bioinformatic prediction tool: “Predict a Secondary Structure Web Server”
offered by the Mathews group, Department of Biochemistry & Biophysics, University of Rochester, New York, USA,
accessed via: https://rna.urmc.rochester.edu/ - February 2018. B: Bioinformatic prediction tool: “The mfold web server”
(Zuker, 2003), The RNA Institute, University of Albany, New York, USA, accessed via: http://unafold.rna.albany.edu/ -
February 2018.

3.4 Activity of immobilized fusion enzymes

34.1 Characterization of model enzymes

An important measure for the evaluation of every immobilization method is the activity of respective
fusion enzymes in comparison to their free counterparts. As mentioned in the introduction (see 1.4.1),
covalent immobilization strategies targeting amino acid side chains for immobilization permits only
limited control about the immobilization site and residues essential for the catalytic activity may be
altered, which might impair activity drastically.

As mentioned in section 2 and summarized in Figure 3.4-1, the residual activity of the investigated
fusion enzymes after immobilization ranged between 10 % and 75 %. Interestingly, the size of the
fusion enzymes correlated with the observed activities of the immobilized enzymes. BmTA, PpBFD as
well as P/BAL are composed of relatively large subunits of 52 - 58 kDa without HaloTag'" and each
of them forms a tetramer in its active conformation (see 1.5). Despite these high molecular weights,
more than 50 % of residual activity was retained in the immobilizates compared to the free enzyme
without the HaloTag"™. In comparison, LbADH forms a tetramer as well but has smaller subunits of
only 27 kDa (see 1.5.2). However, the residual activity reached only 50 % compared to the larger

fusion enzymes. Finally, the lowest residual activity of around 10 % was found for EcDERA which is
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characterized by the lowest complexity since it has small subunits, exists as monomers as well as

dimers and needs no additional cofactors for catalytic activity (see 1.5.4).

100

90 +

residual activity [%]

Figure 3.4-1: Residual activity of HaloTag™ fusion enzymes in comparison to their free counterparts without
HaloTag™. Activity of free reference enzymes was defined as 100 % and activity was compared in aqueous buffered
systems. For further information see section 2.

In general, a loss of activity after immobilization can be due to several reasons including for example
mass-transfer limitations, reduced flexibility or an unfavorable microenvironment established by the
used carrier (Guisan, 2006; Liese and Hilterhaus, 2013). Particularly for tag-based immobilization
strategies, the tag may negatively interfere with the conformation of the biocatalyst due to its big size
thereby reducing catalytic activity. Such interference could impair smaller enzymes more
pronouncedly than larger ones. However, this does not explain the differences observed for P/BAL,
PpBFD and BmTA, since all of them from tetramers of comparable size. Furthermore, chapter 2.1
showed that free HaloTag-P/BAL fusion enzymes were even more active than the reference enzyme
without HaloTag™. In this particular case, loss of activity was only observed after immobilization
indicating that steric interference may not be the only reason to explain the loss of activity. To develop
further hypotheses, a general idea about how immobilization proceeds in case of the selected model
enzymes is required. The HaloTag™ was fused to the N-terminus of the selected model enzymes. As
each monomer of a model enzyme carries one HaloTag™, there are one to two (EcDERA) or four
HaloTags™ (BmTA, PpBFD, PfBAL, LbADH) present in the final quaternary structure. In the

selected model enzymes, the N-termini are arranged in a mirror-symmetrical manner indicating that
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the associated HaloTags'™ are positioned oppositely (Hasson et al., 1998; Heine et al., 2004;
Mosbacher et al., 2005; Niefind et al., 2003; van Oosterwijk et al., 2016). For example, two N-termini
of P/BAL are exposed on one site of the tetrameric enzyme complex while the other two are grouped
on the opposite site (Mosbacher et al., 2005). Consequently, binding of fusion enzymes to the
HaloLink™ Resin will probably occur only via one site, while HaloTags™ exposed on the opposite
will not be involved. This leads to the assumption that only a portion of subunits are covalently
immobilized, whereas the adjacent subunits are bound to each other by non-covalent interactions. The
rigidification of single subunits by covalent attachment may therefore compromise the functional
interaction in a multimeric enzyme, thereby reducing the catalytic activity either by partial dissociation
of the oligomer or by influencing the interaction of active sites in the oligomeric enzymes (Frank et
al., 2007). According to this hypothesis, model enzymes displaying strong intermolecular subunit
interactions should retain a higher residual activity. To assess such subunit interactions, the interface
areas between subunits could be a potential measure since large interface areas are stabilized by a
larger number of non-covalent interactions (Andrews et al., 2014). Such data was already published

for each model enzyme and is summarized in Table 3.4-1.

Table 3.4-1: Interface areas between subunits of model enzymes used in this thesis. £cDERA forms a dimer and
consequently possesses only one interface area. For LbADH, all interface areas along all three interaction sites in the tetramer
are listed. P/BAL, PpBFD and BmTA form dimers of dimers. Therefore, the interfaces of two monomers forming a dimer
and between the dimers forming a tetramer are listed. Abbreviations for model enzymes see Figure 3.3-1.

model enzyme residual activity [%o] interface area [A’] reference
EcDERA 10 444 Heine et al., 2004
LbADH 35 289, 1641, 1652 Niefind et al., 2003
1790 (between dimers) Mosbacher et al., 2005
PBAL 55
3270 (within dimer)
1601 (between dimers) Andrews et al., 2014
PpBFD 65 L
3475 (within dimer)
2850 (between dimers) van Oosterwijk et al., 2016
BmTA 75

5700 (within dimer)

As shown, the interface areas correlate with the observed residual activity, with the largest interface
area and highest residual activity for BmTA and the lowest values for both parameters for EcDERA.
One can expect that enzymes with larger subunits exhibit larger interface areas but this argument does
not hold for BmTA, which has almost the same subunit size as the selected ThDP-dependent enzymes
but a much larger interface area between the subunits. This could point towards a distortion of subunit

interaction upon immobilization in case of PpBFD and P/BAL and could explain higher residual
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activities for BmTA with stronger subunit interactions. However, a major drawback of this hypothesis
is that the need for oligomerization to enable catalytic activity in case of EcDERA and LOADH is
questionable. While at least dimerization in the other model enzymes is a prerequisite for catalytic
activity, since the active sites are formed at the interface of two subunits, active sites in EcDERA and
LbADH are principally not influenced by the quaternary structure. (Andrews et al., 2014; Heine et al.,
2004; Mosbacher et al., 2005; Niefind et al., 2003; van Oosterwijk et al., 2016). On the contrary, a
potential influence of oligomerization on the catalytic activity cannot be excluded completely. In
addition, the importance for oligomerization was proven in related enzymes of LoOADH and EcDERA.
For example, dissociation of several alcohol dehydrogenases resulted in a complete loss of activity
(Cheng et al., 1968; Pauly and Pfleiderer, 1977) and oligomerization in several aldolases was found to
preserve their catalytic mechanism (Katebi and Jernigan, 2015). To summarize this discussion, based
on the five examples studied in this thesis the loss of activity cannot be fully explained and the higher
residual activity of bigger model enzymes could also be simply accidental. Most probably, several
effects contribute to lower catalytic activity after immobilization such as steric hindrance of the tag,
influences on the quaternary structure or an unfavorable microenvironment established by the selected

carrier.

The residual activities discussed above refer to the comparison of immobilized HaloTag"™ enzymes
with soluble, non-immobilized reference enzymes without HaloTag"™ in aqueous buffered systems.
However, chapter 2.3 revealed the influence of the reaction conditions when comparing free and
immobilized enzymes. Under aqueous reaction conditions, a huge difference between free and
immobilized LbADH was found but in the presence of THF and 2-propanol, both formulations of the
biocatalyst performed similarly. These findings indicate that immobilization can lead to stabilization
against deactivating factors such as organic co-solvents, while free enzymes are directly exposed,
which in turn influences the initial rate activity. Therefore, a comparison of both catalyst formuations
under applied reaction conditions is necessary to fully evaluate the potential of immobilized
biocatalysts.

Nevertheless, enzyme inactivation upon immobilization is often observed (see 1.4). To further
evaluate the HaloTag""'-based immobilization, a comparison with already published results about the
covalent immobilization of the selected model enzymes is necessary. Such publications exist for
almost all of the selected model enzymes except for the BmTA. For both ThDP-dependent enzymes,
several covalent immobilization approaches were reported. For example, P/BAL and PpBFD were
immobilized on epoxy-functionalized supports resulting in residual activities of around 1 % and 30 %,
respectively (Tural et al., 2013; Tural et al., 2014). In addition, PpBFD was covalently immobilized on
polymethacrylat and silica beads leading to activities of 5 % and 70 % in comparison to the free
reference enzymes (Hilterhaus et al., 2008; Peper et al., 2011). In comparison, the immobilization of
LbADH on amino-epoxy Sepabeads® yielded immobilizates with 15 % residual activity and further

cross-linking with glutaraldehyde led to almost complete deactivation of the catalyst (Hildebrand and
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Liitz, 2006). Only the immobilization of EcDERA on mesocellular foams or in ultrathin films did not
reduce enzymatic activity after covalent binding to the respective supports (Subrizi et al., 2014; Wang
et al, 2011; Wang et al., 2012). Compared to these results, the HaloTagTM—based covalent
immobilization approach led in most of the cases to comparable or even higher residual activities,
indicating its ability to enable covalent and site-directed immobilization under mild conditions with
low interference on the enzyme’s activity. However, in some cases a huge loss of activity could not be
prevented. Therefore, strategies were studied to influence the residual activity, which are discussed in

the next chapter.

3.4.2 Strategies to influence the residual activity of immobilizates

Several options exist for intervention in case of low catalytic activity as observed for HaloTag-LhADH
or HaloTag-EcDERA. First of all, the HaloTag"™ can be added to both termini of an enzyme (Encell et
al.,, 2012). If available, crystal structure data may help to choose the appropriate terminus. For
example, a C-terminal fusion of the HaloTag' " to LbADH was not considered since the C-termini are
deeply buried within the active tetramer and also participate in magnesium binding (Niefind et al.,
2003). Likewise, mutations at the C-terminal end of the EcDERA resulted in a huge loss of activity
and consequently, the N-terminus was chosen for tag fusion (Heine et al., 2001). However, crystal
structures and mutagenesis studies reported for EcDERA did not provide complete certainty that
specific termini might not be suitable for respective fusions. Since in case of HaloTag-EcDERA a
huge loss of activity was observed upon fusion to the N-terminus, the HaloTag™ fusion to the C-
terminus of EcDERA was tested. However, this did not alter any important parameter such as
heterologous production, immobilization as well as residual activity (unpublished results, experiments
performed by J. Dobber). Therefore, this fusion construct was not further investigated.

Instead, the effect of the spacer structures on the activity after immobilization was analyzed. In
general, spacer sequences can be varied according to two different measures: spacer length and rigidity
(Chen et al., 2013; Yu et al., 2015). Both of these parameters determine to what extent fusion partners
might interact with each other. Generally, long and rigid linkers establish separation of both fusion
partners while short and flexible ones will allow a higher degree of subunit interaction. Further studies
additionally reported the successful modulation of linker flexibility as well as rigidity by combining
sequence motifs known to establish either rigid or flexible spacers (Li et al., 2016). As presented in
chapter 2.5, ten different linker sequences were integrated into HaloTag-EcDERA fusion enzymes
leading to the conclusion that highly flexible as well as rigid motifs have the same effect and that long,
rigid spacers are able to slightly enhance the residual activity. All together, these results indicate that
interferences caused by the HaloTag™ are probably only a minor contributing factor for low residual
activity since a high spatial separation of both fusion partners led only to slightly enhanced activity.

To further evaluate the effect of spacer sequences, the same spacers of different flexibility and rigidity
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were introduced into HaloTag-LOADH fusion enzymes as well. These unpublished results are

displayed in Figure 3.4-2.

0.6 1

activtiy [U/mg]

spacer

Figure 3.4-2: Effect of spacer flexibility on HaloTag-LbADH fusion enzymes. The spacer motifs EAAAK (rigid motif, r)
and GGGGS (flexible motif, f) were combined with each other and integrated into HaloTag-LAADH fusion enzymes. Each
spacer consisted of 5 motifs (different number of r or f) to give a total length of 25 amino acids (aa). Activity assay were
performed as described in chapter 2.3. Detailed information about spacer sequences and construction of HaloTag-LAADH
fusion enzymes are given in chapter 2.5.

As demonstrated in Figure 3.4-2, the spacer flexibility had almost no effect on the activity of HaloTag-
LbADH after immobilization and similar activities were observed for all different constructs. The
effect of different spacer length was not yet investigated. Based on the data obtained so far it can be
concluded that the spacer sequence seems to contribute only to a small extent to the residual activity
observed after immobilization. This might point towards low steric interference of the HaloTag"™ on
the investigated fusion enzymes since a higher degree of separation between fusion partners does not
lead to highly enhanced activity. However, only ten different spacer structures were investigated,
which covers only a small range of potential spacer structures (George and Heringa, 2002).
Furthermore, the exact interaction of the fusion partner in the selected model enzymes upon insertion
of different spacer sequences was not resolved and still remains unknown. Therefore, a more profound
analysis of suitable spacer structures including the resolution of the interaction between fusion
partners may reveal deeper insights into the impact of spacer sequences.

Finally, the choice of the carrier influences the performance of immobilized biocatalysts (Cao, 2006b;

Liese and Hilterhaus, 2013; Sheldon, 2007). Porosity, morphology or surface properties are only some
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of important factors which affect the properties of immobilized biocatalysts. In particular, the activity
depends on the micro-environment established by the carrier. As already mentioned above, the surface
charge of carriers for example readjusts the local pH by attraction or rejection of protons or may also
attract or reject fusion enzymes (Liese and Hilterhaus, 2013). In addition, the carrier surface might
also influence the conformation of the biocatalyst upon binding (Cao, 2006b). As a consequence, the
carrier choice is crucial and has to match the catalysts requirements. The HaloTag' " -based
immobilization technology allows such adaptations since binding only depends on chloroalkane
binding ligands exposed on respective carriers (Encell et al., 2012). In theory, a huge range of different
carrier materials would be possible provided that functionalization with corresponding chloroalkane
binding ligands can be achieved. Therefore, additional experiments might target the development of
further carrier types to identify optimal immobilization supports with lowest interference on catalytic

activity.

3.5 Operational performance of immobilized enzymes

3.5.1 Stability and recyclability

Enzyme immobilization may enhance the stability of biocatalysts (Sheldon and van Pelt, 2013).
However, this does not hold for every immobilization approach and the final stability after
immobilization cannot be predicted. Generally, a higher enzyme stability can be induced mainly via
two different effects (Mateo et al., 2007b). First, immobilization may establish a protective micro-
environment where inactivation is reduced. For example, porous carriers or polymers surrounding
enzymes can help to protect the enzyme against mechanic stress or reduce the contact with inactivating
interfaces like gas bubbles (Bolivar et al., 2006; Bommarius and Karau, 2005). Second, multi-point
attachments to the carrier and covalent inter-subunit bonds, e.g. via disulfide bonds, increase the
conformational rigidification and thus the (thermal) stability (Klibanov, 1979; Klibanov, 1983).
Besides, fixation of enzymes to a support generally prevents aggregation thereby enhancing the
operational stability of enzymes (Singh et al., 2013). Keeping these stabilization strategies in mind,
single-point immobilizations of enzymes on the surface of carriers as in case of the HaloTag "
mediated immobilization are consequently not expected to contribute much to the stabilization of
enzymes. Since binding is mediated by the tag, multi-point attachments will not occur and as
discussed above, immobilization of multimeric enzymes will probably proceed predominantly via one
binding site. Nevertheless, a high stability of immobilized catalysts was observed in some cases in this
thesis. As shown in 2.1, immobilized HaloTag-P/BAL revealed high storage stability over several
months at 4 °C but repetitive batch experiments showed that it was inactivated in the presence of
aldehydes. Such aldehyde induced inactivation was already reported for the soluble P/BAL which
revealed a half-life below 30 minutes in the presence of benzaldehyde concentrations above 4 mM

(Schwarz, 2010). Based on these data, recycling of P/BAL seemed to be unlikely but immobilized
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HaloTag-P/BAL still retained 60 % of its activity after incubation for 1 h in a solution containing 10
mM benzaldehyde and 60 mM acetaldehyde, indicating a higher stability in comparison to the non-
immobilized P/BAL (see 2.1). The higher stability can be explained by efficient washing steps with
fresh buffer solution between the repetitive batches. Partial reactivation after removal of aldehyde
substrates was also reported for non-immobilized P/BAL (Schwarz, 2010) but washing of
immobilizates can be performed much more intensively in comparison to soluble enzymes. Aldehyde-
induced inactivation was also observed for HaloTag-PpBFD during the continuous production of (S)-
HPP (see 2.4). Although much higher aldehyde concentrations were tolerated and the enzyme was
stabilized by addition of ThDP, a huge decay of activity after continuous use of several days in a plug-
flow reactor could not be prevented. In general, inactivation in the presence of aldehydes is often
reported for ThDP-dependent enzymes, although the sensitivity strongly varies between different
enzymes (Gocke, 2007; Iding et al., 2000; Schwarz, 2010). Several hypotheses for inactivation were
developed including for example Schiff base formations with lysine residues (Schwarz, 2010), but the
exact mechanism still remains elusive. The inactivation mechanisms are probably diverse among
ThDP-dependent enzymes and can potentially be targeted through protein engineering. However,
reaction engineering strategies, which keep the concentration of aldehydes low (fed-batch, enzyme
membrane reactor) are additional appropriate tools to preserve enzyme activity. Here, immobilization
improved the handling of the biocatalyst and in case of reversible inactivation phenomena, as observed
for P/ABAL, an immobilized and insoluble enzyme can be washed much easier to restore activity.

In comparison, exceptional stability was observed for the immobilized HaloTag-LAADH. As
demonstrated in 2.3 and 2.4, the immobilized HaloTag-LAADH was successfully used for the
continuous production of several chiral alcohols with constant activity over several weeks. The
enzyme revealed a high stability under aqueous conditions as well in the presence of THF and 2-
propanol of which the latter was used for cofactor regeneration. Generally, several reports confirm the
high stability also of the non-immobilized, untagged LOADH but stability drastically depends on the
applied conditions (Leuchs and Greiner, 2011). Besides temperature and pH, the type and
concentration of the buffer salt as well as the concentration of magnesium ions result in half-lifes
ranging from 20 — 1000 h (Leuchs et al., 2013). Likewise, the addition of ionic liquids or organic
solvents such as methyl fert-butyl ether (MTBE) and acetonitrile has a great impact, too, and again
results in highly different half-lifes (Dreyer and Kragl, 2008; Kohlmann et al., 2011; Schumacher et
al., 2006; Villela Filho et al., 2003). Under standard conditions (50 mM potassium phosphate buffer,
pH 7, 1 mM MgCl,), Leuchs and coworkers reported a half-life of around 80 h for the soluble form of
the LHADH. Under the same conditions with additional 2-propanol (10 vol%) for cofactor
regeneration, immobilized HaloTag-LAADH showed no activity loss over at least 130 h during the
continuous production of (R)-phenylethanol (see 2.3). This can be taken as a first hint for a higher
stability of the immobilized HaloTag-LAADH in comparison to the soluble form of the enzyme. In

comparison, covalent immobilization on amino-epoxy beads and additional multi-point cross-linking
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with glutaraldehyde enhanced the half-life of immobilized LAADH up to 1260 h while covalent
immobilization without cross-linking did not alter stability significantly (Hildebrand and Liitz, 2006).
Based on this data from Hildebrand and Liitz, multi-point connections seemed to be a prerequisite for
high stability of LbADH after immobilization. Therefore, it is surprising that the HaloTag "-based
immobilization enables similar high stability while only few connections via the HaloTags™ present
in the active LbADH tetramer are established with the support. Although the reasons for the
stabilization by the HaloTag “-induced immobilization is not yet clear, it can be concluded that the
activity loss observed for HaloTag-LhADH after immobilization (see 3.4.1) is compensated by the
remarkable stability of the established immobilizates.

In addition, the comparison of immobilized HaloTag-BmTA with the soluble enzyme without
HaloTag™ revealed that both biocatalyst formulations show a high stability at 30 °C and high shaking
speed with almost no activity loss over several weeks (see 2.2). As already discussed in chapter 3.4,
the enzyme reveals very large interface areas in comparison to the ThDP-dependent enzymes of
similar size. This high interface area possibly allows the establishment of a huge number of non-
covalent interactions among the individual subunits leading to a highly stable conformation, which is
resistant towards fast thermal denaturation at 30 °C. However, both the free and the immobilized
BmTA were impaired by the reaction conditions applied for the reductive amination of (S)-HPP. Using
the free enzyme, precipitated enzymes were observed in the reaction tubes after 48 h of this reaction
(unpublished data). In comparison, recycling of immobilized HaloTag-BmTA was possible indicating
a higher stability of the immobilized enzyme under reaction conditions in comparison to the soluble
variant. But also in this case, activity was reduced during repetitive use (see 2.2). Most likely, residual
amounts of acetaldehyde from the first carboligation step and the selected amino donor
isopropylamine might have caused the inactivation of BmTA. Although a good half-life (288 h) of this
enzyme was observed in the performed experiments, the considerable low activity towards the
reductive amination of (S)-HPP required high catalyst loads and long incubation times to reach high
conversion. For each batch, incubation for several days was required which consequently challenges
enzyme stability and limits the number of possible recycling steps. Therefore, optimization of BmTA
for higher activity towards (S)-HPP is a prerequisite to enable a higher number of repetitive batches.
For immobilized HaloTag-EcDERA, experiments to analyze the long-term stability in continuous
reactions for the production of (R)-3-hydroxy-octanal were still under investigation by our cooperation
partner', when this thesis was written. As mentioned in chapter 1.5.4, long-term use of EcDERA in
such applications was restricted by the high susceptibility towards higher concentrations of
acetaldehyde (> 200 mM). This problem was overcome by identifying the exact mechanism of this
inactivation and by introduction of mutations circumventing inhibition by acetaldehyde (Bramski et
al., 2017; Dick et al., 2016). Since this optimized EcDERA variant (C47M) was also selected for
fusion with the HaloTag"™, a high stability of the immobilized HaloTag-EcDERA can be expected.

! Cooperation partner were Julia Bramski, Thomas Classen and Jorg Pietruszka.
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Besides stability of the respective enzyme, the binding stability of the HaloTag™ fusion enzymes
towards the HaloLink™ Resin is another important criteria for the evaluation of this tag-based
immobilization approach. As mentioned for example in chapter 2.1, a mixture of SDS and NaOH was
employed to saponify the ester bond which connects the HaloTag™ to the carrier surface to release
bound fusion enzymes. The active site of the HaloTag"™" is deeply buried inside the enzyme and only
accessible via a tunnel, which also explains the length of respective chloroalkane residues (Encell et
al., 2012). Therefore, SDS was employed to induce unfolding of the HaloTag"™ and subsequent
exposure of the respective ester bond. In contrast, incubation of immobilizates under denaturating
conditions (0.1 % SDS, 95 °C) without NaOH was not sufficient to specifically release any fusion
enzyme (Los et al., 2008; unpublished data). In general, it can be assumed that the high binding
stability caused by establishing covalent bonds is even enhanced by the protection of this bond via the
surrounding HaloTag'" conformation. Consequently, HaloTag'™ fusion enzymes revealed a high
binding stability in experiments performed for this thesis. As demonstrated in 2.3 and 2.4, no leakage
of HaloTag-LhADH fusion enzymes was observed under aqueous conditions as well as in the presence
of organic co-solvents, which allowed continuous operation up to several weeks. Furthermore,
HaloTag-PpBFD, HaloTag-P/BAL or HaloTag-BmTA were successfully recycled in repetitive batch
experiments or employed in continuous plug-flow reactors indicating high binding stability also for

further model enzymes (see 2.1, 2.2 and 2.4).

3.5.2 Optimized reaction performance through HaloTag"™-based immobilization

As discussed above, a high stability of the immobilized model enzymes was observed. In addition,
immobilization enabled further advantages leading to enhanced catalyst performance for several
applications. As explained in chapter 2.5, EcDERA catalyzes the sequential aldol additions leading to
mono-aldol and bis-aldol products (see Figure 2.5-1). In this thesis the mixed aldol reaction of
acetaldehyde and hexanal was studied. However, the targeted production of the mono aldol product
(R)-3-hydroxy-octanal is challenging, since a defined short contact time between the enzyme and
respective aldehydes can hardly be adjusted in batch experiments with soluble enzymes. Upon
immobilization, continuous reaction set-ups were implemented allowing the use of HaloTag-EcDERA
in combination with adjustable residence times in a plug-flow reactor (see Table 2.5-2). This led to the
production of solely mono aldol products with almost no bis-aldol compounds which was not yet
achieved when applying free and soluble enzymes in batch. However, full conversion was not yet
accomplished. Therefore, further investigations of this reaction will be targeted to either enhance the
conversion towards exclusively mono aldol compounds or to find alternative strategies which allow a
more efficient synthesis of the target product. A potential solution can be the separation of unreacted
substrates in flow and subsequent recycling. However, suitable separation strategies have to be

developed first.
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Furthermore, immobilization of the selected model enzymes had a huge impact on the implementation
of multi-step reactions combining different types of biocatalysts as well as non-catalyzed chemical
reactions. As mentioned in 1.2.2, the implementation of such cascades is of great importance, since it
allows the synthesis of complex compounds without the need for tedious intermediate product
purifications and waste generation. Thereby, incompatible reaction conditions can be challenging. In
this thesis, different types of catalyst incompatibilities were observed and by applying immobilizates,
individual reactions steps were easily separated or compartmented to allow maximal efficiency of each
reaction. For example, the implementation of a cascade for the production of amino alcohols involving
a carboligation step catalyzed by PpBFD and a subsequent amination step performed by a BmTA (see
Figure 2.2-2) was hampered by the activity of both enzymes towards the same substrate
(benzaldehyde) leading to undesired side-product formation (benzylamine). This site reaction
influenced the thermodynamic equilibrium of the first carboligation step and caused the constant
cleavage of (S)-HPP by PpBFD. In addition, inactivation of BmTA by the aldehyde substrates
(benzaldehyde and acetaldehyde) from the PpBFD-catalyzed step was observed (see 2.2). Here,
specifically acetaldehyde was detrimental for the activity of BmTA, which made the complete removal
necessary before the transaminase was added. Immobilization of the both enzymes allowed fast and
easy separation of both cascade steps by simple centrifugation of the biocatalyst combined with
intermediate acetaldehyde evaporation. As a side-effect, the catalyst-specific productivities were
enhanced by their successful recycling.

Similarly, the production of (S,S)-PPD in a two-step enzymatic cascade was efficiently enabled by
compartmentalization of immobilized catalysts in consecutive plug-flow reactors (see 2.4). In this
cascade, immobilized HaloTag-PpBFD was employed for the production of (S)-HPP, which was
subsequently reduced by immobilized HaloTag-LbADH towards (S,S)-PPD. Due to established flow
concept, reactants and compounds could either be introduced or removed exactly at the time and place
required, enabling highly efficient reaction steps: The LAADH reveals much higher activity for the
reduction of acetaldehyde in comparison to the intermediate cascade product (S)-HPP (Kulig et al.,
2012) and therefore, removal of acetaldehyde by a hollow-fiber module successfully prevented high
side-product formation of ethanol and loss of redox equivalents. In contrast, 2-propanol, which was
essential for cofactor regeneration in the second reduction step, was introduced into the flow stream
after the first step, thereby preventing contact with the immobilized PpBFD. Otherwise, activity of this
enzyme would have been reduced since ThDP dependent enzymes were generally shown to be less
active in 2-propanol (Gerhards et al., 2012).

Despite these cascades involving two different biocatalysts, the combination of enzymes with
chemical reaction steps is challenging as well since required reaction conditions often deviate
substantially (see 1.2.2). Such problems were also experienced for the production of chiral epoxides
(see 2.3). After the formation of chiral alcohols catalyzed by the LbADH, highly alkaline conditions

were required for spontaneous epoxide formation. Again, the immobilization of the LHADH via the

137



General Discussion

HaloTag™ strategy enabled successful separation of both reactions and high LbADH stability was
maintained since the pH was only enhanced in a separated reactor compartment. All these examples
demonstrate the implementation of improved reaction set-ups through the immobilization of respective
enzymes. This enabled access to instable intermediate compounds through the establishment of flow
concepts and the separation of individual cascade steps either in batch or in flow, which is absolutely

necessary to achieve optimal stability and activity of the respective biocatalysts.

3.6 Economic evaluation of the HaloTag'-based immobilization strategy

The immobilization of enzymes is mainly employed to enable improved biocatalyst performance
under application related conditions, which enables higher catalyst specific productivities, higher
operational stability or the use of several reaction set-ups including continuous reactions for more
efficient product synthesis (see 1.4). Therefore, the evaluation of immobilization strategies has to
consider the production costs for respective immobilizates as well, since these will finally decide
about the feasibility of an immobilization approach. According to Tufvesson et al., the costs for an
immobilized biocatalyst comprise several contributing factors encompassing (i) enzyme costs, (if)
required equipment and labor as well as (iii) the costs for the carrier (Tufvesson et al., 2011).
Regarding the enzyme costs, production of HaloTag™ fusion enzymes will probably result in an
additional metabolic burden on the microbial host cell due to the size of this tag (34 kDa).
Consequently, less energy and resources could potentially be available, resulting in lowered catalytic
activity per cell mass. However, high expression yields were observed for the heterologous production
of the selected model enzymes in E. coli (see 3.3.1). The HaloTag™ may in some cases even promote
the production of some biocatalysts due to its solubility enhancing effects, suggesting that in such
cases similar amounts of active biocatalysts can be achieved (Ohana et al., 2009; Sun et al., 2015). In
addition, the final biocatalyst formulation has a huge impact on the enzyme’s price, too (Tufvesson et
al., 2011; see 1.3). Especially, enzyme purification enhances the price drastically, while whole cells
and crude cell extracts are considerably cheaper. Since the HaloTag' " -based immobilization strategy
allows purification and immobilization in one step, crude cell extract formulations containing
respective fusion enzymes are sufficient and the need for expensive purification steps prior to
immobilization becomes obsolete. Taking these arguments into account, reasonable costs for the
production of respective fusion enzymes can be expected and by circumventing expensive purification
steps, enzyme costs are even reduced.

In addition, the amount of labor and equipment, which has to be invested for immobilizing HaloTag" ™
fusion enzymes is considerably low. Binding of HaloTag™ fusion enzymes takes place under mild
conditions without the help of any additional equipment or chemicals and simple mixing is sufficient
(see 3.3.2). In comparison, traditional covalent immobilization strategies depend on additional cross-

linkers like glutaraldehyde (Migneault et al., 2004) or involve blocking steps of unreacted functional
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groups on the carrier surface (Hildebrand and Liitz, 2006), which makes them consequently much
more labor-intensive. Furthermore, the HaloTag™ is characterized by a high affinity towards
respective supports thereby enabling a short and therefore cheap immobilization process, while other
covalent immobilization strategies require long incubation times up to several days (see 3.3.2).
Finally, immobilization can be performed in a continuous manner which allows automation and the
reduction of labor costs (see 2.3 and 2.4). As a consequence, costs for labor and equipment are
considerably low and the costs for HaloTag""-based immobilizates will mainly be determined by the
expenses for the carrier.

Currently, the HaloLink™ Resin, which was used as a carrier in this thesis, is sold by Promega. The
main focus of this product lies on applications in the field of cell imaging and identification of protein-
protein interactions (Los et al., 2008). Consequently, it targets a relatively small market and is
probably produced in a small scale accompanied with a high price. However, product prices are also a
function of scale (Tufvesson et al., 2011), which would allow reduced carrier costs if production

would occur in a larger scale targeting a bigger market.
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Figure 3.6-1: Ligands for tag-mediated covalent immobilization. Binding ligands of the HaloTag™ (Encell et al., 2012)
(A), the SNAP-tag (Gautier et al., 2008) (B) and the SpyCatcher (Zakeri et al., 2012) (C) are displayed.

As shown in Figure 3.6-1, the structure of the chloroalkane ligand, which has to be exposed on
respective carriers for efficient immobilization is rather simple. In comparison, further fusion tags
enabling covalent immobilization such as SNAP-tag or SpyCatcher recognize more complex
structures like benzylguanine moieties or a 15 amino acid long peptide sequence, respectively, which
renders functionalization of supports for HaloTag " binding less expensive. Furthermore, carrier
functionalization is also required for further immobilization strategies which are based on the reaction
of reactive functional groups with amino acid residues of the biocatalyst. Potential carriers can be
theoretically composed of any material or (bio)polymer allowing functionalization as well as high

catalyst activity and therefore, cheap or abundant materials can be selected. In addition, the respective
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chloroalkane ligand shown in Figure 3.6-1 is already commercially available as a building block with
different functionalizations (sold as HaloTag™ Ligand Building Blocks by Promega), which further
simplifies the development of new carriers.

To further decrease carrier costs, immobilization supports are often reused after inactivation of the
bound enzymes (see 1.4.3). So far, such concepts were not developed for the HaloTag™
immobilization concept but would principally be possible. As shown for example in 2.1, the targeted
release of HaloTag™ fusion enzymes was performed by treatment with SDS and NaOH leaving a

terminal hydroxyl group exposed on the HaloLink™

Resin. If methods would be developed to reinstall
a terminal chlorine instead without harming the carrier material, the carrier could be reused and
immobilization of fresh HaloTag"™ fusion enzymes could occur'. Therefore, the HaloTag™
technology has the potential to enable enzyme immobilization on cheap and reusable carriers.

Besides these cost contributing factors, the time to develop a suitable immobilization method and
intellectual property issues have to be considered as well. To achieve an optimal immobilization result,
conventional covalent immobilization methods usually require the selection of suitable non-essential
functional groups on the biocatalyst’s surface for binding to the support, tests of various carrier
materials followed by the optimization of binding conditions. These preliminary investigations
demand investment of time and resources, which contribute to the costs for immobilization as well and
often represent a barrier, which hampers implementation of immobilized enzymes in the field of
biocatalysis (see 1.4.3). In comparison, the HaloTag " -based immobilization requires initial
investigations and optimization like selection of appropriate carriers or fusion sites as well (see 3.4.2),
but fewer resources have to be invested for binding studies. As demonstrated in this thesis, the
HaloTag -based immobilization can be regarded as a generic method, as the five different fusion
enzymes studied in this thesis could be immobilized by the same protocol (see 3.3.2). On the contrary,
the Promega Corporation holds the rights and patents® on this technology which restricts the unlimited
access to this immobilization method for commercial applications. As a consequence, an additional
investment is needed to acquire respective licenses, which has to be considered in an economical
evaluation, too.

To conclude, the HaloTag™ technology has the possibility to become an economically viable

immobilization method but suitable carriers of reasonable price have to be established first.

' For example, the use of thionyl chloride is well-known for the formation of alkyl chlorides from alcohols
(Bissinger and Kung, 1947).
* Several patents have been filed for various applications, for example EP 3179252 A1-3.
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3.7 Alternative tags mediating one-step purification and immobilization

3.7.1 Carbohydrate-binding modules

As presented in Table 1.4-2, a huge variety of further tags exists that are potentially useful for the one-
step purification and immobilization of biocatalysts. Therefore, additional tags were selected in this
thesis and evaluated according to the parameters discussed above. Among these, carbohydrate-binding
modules (CBMs) mediating the non-covalent binding to different carbohydrates like cellulose and
chitin (see 1.4.2) were intensively studied. The results are described in the Bachelor thesis of Carmen
Prince and the Master thesis of Tim Gerlach (Gerlach, 2017; Prince, 2017) and will be briefly
summarized in this chapter.

The carbohydrate-active enzyme database (CAZy) currently contains ten thousands of different CBMs
(CAZypedia Consortium, 2018). Each of them recognizes and binds to specific forms of carbohydrates
comprising small monosaccharides up to insoluble polysaccharides like cellulose (see 1.4.2).
Therefore, the selection of appropriate CBMs is difficult. Since several publications reported the
successful use of the CBM from the xylanase 10 A from C. fimi in biocatalysis (Kopka et al., 2015;
Ong et al., 1989), this CBM was fused to P/BAL and the alcohol dehydrogenase from Ralstonia sp.
(RADH) (Kulig et al., 2013). However, the fusion of this CBM to respective model enzymes led to
massive production of inclusion bodies (unpublished results). Such formation of inclusion bodies is
often observed for CBM-fusions and represents a general problem, while the exact underlying
mechanisms are not yet understood (Krauss et al., 2017). However, CBMs often exhibit hydrophobic
areas for the binding to carbohydrates (Creagh et al., 1996) and aggregation via these hydrophobic
areas might explain the formation of inclusion bodies during recombinant protein production.
Therefore, the project of Carmen Prince was initiated to find CBMs that are more suitable for the
intended immobilization approach by enabling the efficient production of fusion enzymes. For this
purpose, the CBM of cipA from Chlostridium thermocellum (CBM-cipA) and the CBM of c¢ipC from
Chlostridium cellulolyticum were selected. (Morag et al., 1995; Shimon et al., 2000). Briefly, cips
integrate several enzymes with carbohydrate activity on one scaffold. This scaffold contains an
additional CBM to guide the whole complex of enzymes towards carbohydrate substrates like
cellulose. The pyruvate decarboxylase from Acetobacter pasteurianus (ApPDC) (Gocke et al., 2009)
was selected as a model enzyme and both CBMs were fused to the N- as well as to the C-terminus of

this enzyme.
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Figure 3.7-1: Production of CBM-fusion enzymes in E. coli. The CBMs of cipA from Chlostridium thermocellum and
cipC from Chlostridium cellulolyticum were fused to the ApPDC and respective fusion enzymes (80 kDa) were produced in
E. coli BL21 (DE3). After cell lysis, the soluble crude cell extract was analyzed by SDS-PAGE. 1: CBM-cipA fused to the
N-terminus, 2: CBM-cipA fused to the C-terminus, 3: CBM-cipC fused to the N-terminus, 4: CBM-cipC fused to the C-
terminus. PageRuler™ Plus Prestained Ladder (ThermoFischer Scientific, Germany) was used as a protein marker.

As shown in Figure 3.7-1, the fusion of these two different CBMs to the N- as well as to the C-
terminus of the ApPDC resulted in soluble fusion enzyme variants. However, the expression yields
were reduced by roughly 50 % compared to those obtained for HaloTag™ fusion enzymes (see Figure
3.3-1). These findings indicate that the selected CBMs were more suitable with respect to the
heterologous production but still resulted in weak production of the fusion enzymes. Next, the
immobilization of the fusion enzymes on Avicel® cellulose was investigated. As demonstrated in
Figure 3.7-2, the CBMs mediated the fast binding of the respective fusion enzymes directly from
crude cell extracts. Overall, a high purity was achieved but fusion of the CBM to the C-terminus led to
much better results. These findings support the hypothesis about the potential influence of the spacer
structures on the production of fusion enzymes since the same spacer sequences as selected for
HaloTag™ fusion enzymes were used for the construction of CBM fusion enzymes (spacer 20 aa — 4r,
see 2.5). As discussed in 3.3.2, some spacer sequences might terminate transcription by the formation
of hairpin motifs and therefore induce truncation of fusion enzymes. As a consequence, termination of
transcription at the spacer sequence would lead to the accumulation of functional CBMs during the
expression of genes encoding for N-terminal CBM fusions whereas this would not occur during the
production of C-terminal CBM fusions. Since additional protein bands having the same size as the
corresponding CBM (20 kDa) appear only for N-terminal fusions after immobilization from crude cell
extracts (see Figure 3.7-2), this hypothesis seems likely. Furthermore, CBM fusion enzymes, which

are naturally occurring in the production host E. coli, could also lower the purity after immobilization.
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Figure 3.7-2: Purity of CBM fusion enzymes immobilized on Avicel® cellulose. Crude cell extract solutions containing
respective fusion enzymes (CBM-cipA or CBM-cipC fused to the N- or C-terminus of the ApPDC; 80 kDa each) were
incubated for 30 min with Avicel® cellulose. Bound proteins were released by incubation with SDS and analyzed by SDS-
PAGE, Experiments were performed in triplicate (1, 2, 3). PageRuler™ Plus Prestained Ladder (ThermoFischer Scientific,
Germany) was used as a protein marker.

Next, residual activity of the immobilized fusion enzymes was investigated. Overall, the activity of the
established immobilizates ranged between 30 — 70 % in comparison to the free reference enzyme
without CBM. In addition, CBMs revealed high binding stability during repetitive batch experiments
but aldehyde-based inactivation of the ApPDC occurred under the selected reaction conditions (Prince,
2017).

Due to these promising results, a second project was established to analyze the performance of the
identified CBMs under application-related conditions and to establish a continuous enzymatic cascade
(Gerlach, 2017). Therefore, the CBM of cipC was fused to the N-terminus of PpBFD and LHADH to
establish a two-step enzymatic cascade for the production of a vicinal diol as it was already established
with the HaloTag'" strategy (see 2.4). Initial characterization of the fusion enzymes revealed good
expression yields and a high purity after immobilization on Avicel®. In addition, residual activities
measured for PpBFD were comparable to those observed for HaloTag' " fusion enzymes (CBM
strategy: 60 %, HaloTag™ strategy: 65 %) but LbADH fusion enzymes showed lower activity in
comparison to corresponding HaloTag"™ fusions (CBM strategy: 15 %, HaloTag strategy: 35 %). It is
surprising that similar residual activities were observed although both tags differ from each other. The
selected CBMs are much smaller (CBMs: 20 kDa, HaloTag"™"": 34 kDa) and their surface is probably
more hydrophobic due to the hydrophobic binding patches (Shimon et al., 2000). If the tag would be
mainly responsible for the observed loss of activity, for example due to steric hindrance, tags with
different size and polarity should influence the residual activity in a different manner. Of course,
experimental data are not sufficient to yield a clear picture but they may support the hypothesis

proposed above that the tag-induced distortion of the enzyme’s quaternary structure is one factor
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amongst others, which generally lowers activities of enzymes in tag-based immobilization approaches.
(see 3.4.1).

To establish a continuous enzymatic cascade, CBM fusion enzymes were immobilized on cellulose
membranes for the construction of a catalytically-active membrane reactor. Both fusion enzymes were
successfully immobilized in flow accompanied with a high purity after immobilization. However, the
cascade could not be established since CBM-PpBFD fusion enzymes rapidly desorbed under flow
conditions. In comparison, binding of the CBM-LAADH fusion to the membrane was much more
stable as it was shown for the reduction of model substrates like acetophenone or benzaldehyde using
2-propanol for cofactor regeneration, respectively.

In summary, CBMs allow the one-step purification and immobilization of respective fusion enzymes
on cheap and abundant carriers like cellulose. However, negative effects on the heterologous
production as well as low binding stability on cellulose carriers were observed under reaction
conditions, which yields the HaloTag™ as a more appropriate candidate for tag-based immobilization

approaches.

3.7.2 The Aldehyde-tag

Preliminary immobilization experiments were also performed with the Aldehyde-tag (unpublished
data). As shown in Figure 3.7-3, the Aldehyde-tag enables the introduction of an unnatural aldehyde
moiety into proteins. A short peptide sequence fused to the enzyme of interest is recognized by a
second enzyme, a formylglycine generating enzyme (FGE), which converts a cysteine within the
peptide sequence into an aldehyde bearing formylglycine (Carrico et al., 2007). This approach was
followed, since covalent immobilization would be possible with minor interference on the enzyme’s
structure by adding only a short peptide sequence to one terminus. To establish this approach, the
corresponding peptide sequence was fused to the P/BAL and the RADH. In a next step, coproduction
of the modified model enzymes and the FGE occurred in E. coli BL21 (DE3) cells. Then, the
commercially available Affi-Gel® Hz (Bio Rad, Germany) was selected as an appropriate carrier,
because it consists of small particles exposing hydrazide groups on the surface. This carrier was
selected, because condensation of aldehydes with hydrazines yield hydrazones, which are more stable
than Schiff bases formed with primary amines (O’Shannessy, 1990). However, all immobilization
attempts failed and the formation of a formylglycine moiety within the model enzyme could not be

proven. Therefore, this immobilization approach was not further investigated.
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Figure 3.7-3: Tag-mediated post-translational incorporation of aldehydes into proteins. A short peptide sequence, which
is fused to the protein of interest, is recognized by the formylglycine-generating enzyme (FGE). The cysteine within this
sequence is converted into a formylglycine (fGly), which can be used for further bioconjugation (see 1.4.2). Figure was taken
from Carrico et al., 2007.
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4 Conclusion and outlook

This thesis provides new solutions for the field of enzyme immobilization. Tag-based immobilization
strategies were evaluated to find alternative methods that allow the easy formation of pure
immobilizates for a broad range of enzymes with high catalytic activity and tightly bound biocatalysts.
While CBM-tags suffered from low expression yields and low binding strength of respective fusion
enzymes, the HaloTag'™ was identified as the most suitable candidate and enabled efficient
immobilization of five different model enzymes. This tag did not impair the heterologous production
of the fusion enzymes and high yields of the recombinant enzymes were achieved. Covalent
immobilization proceeds rapidly from crude cell extracts under mild conditions resulting in tightly
bound biocatalysts with high purity. All enzymes were immobilized using the same protocol, thus the
HaloTag -based immobilization strategy can be regarded as a generic method. Although, the residual
activity of the established immobilizates is case-specific, it exceeded 50 % specifically for the three
largest enzymes tested.

This technology allows the easy implementation of different reaction concepts from repetitive batch to
continuous mode including the easy reuse of respective immobilizates. Biocatalytic continuous flow
modules can be prepared easily without the need for additional equipment or specific knowledge.
Furthermore, multi-step reaction sequences can be performed under optimal conditions for each step
due to easy biocatalyst compartmentalization, thereby increasing the overall efficiency of such
cascades.

To conclude, the HaloTag™ immobilization approach is a simple and broadly applicable method. It
combines strong biocatalyst binding with high residual activity and additionally allows purification
and immobilization in one step. As a consequence, this concept has the potential to accelerate tedious
and time-consuming development of immobilized biocatalysts and to result in an enhanced

implementation of immobilizates in various applications and processes.

In next steps, the establishment of a larger toolbox with various inexpensive carriers should be
targeted to further promote the HaloTag'" immobilization approach. First, the development of
additional materials functionalized with the required chloroalkane binding ligand can be focused to
allow the identification of optimal immobilization supports for each biocatalyst. Second, different
forms of carriers, such as membranes or particles with higher porosity can lead to additional
possibilities of reaction set-ups as well as enhanced biocatalyst protection and stability, respectively.
Finally, suitable methods for carrier recycling should be developed to reduce the overall costs for

enzyme immobilization.
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