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Summary



The utilisation of flow chemistry and immobilisation in biocatalysis is gaining attention
as an attractive way to overcome some of the limitations commonly reported in
traditional batch systems such as mass transfer restrictions, low productivities,
substrate/product inhibition and safety, among others. In chapter 2, the application of
immobilisation and flow chemistry as important tools for the development of
biocatalysis are reviewed. Important metrics related to enzyme immobilisation and flow
chemistry are discussed. Enzyme immobilisation allows the utilisation of flow
chemistry and buffer-saturated organic solvents as reaction medium as a viable
alternative to overcome the mass transfer limitation of aqueous systems. On top of
this, high substrate loading and straightforward enzyme reuse are possible. Likewise,
flow chemistry improves mass transfer, safety and allows process intensification. All
these advantages are only possible if the enzyme is efficiently immobilised on a

suitable carrier.

Hydroxynitrile lyases are versatile enzymes that catalyse the stereoselective addition
of hydrogen cyanide to prochiral aldehydes or ketones for the synthesis of chiral
cyanohydrins, which are important platform molecules for the chemical, food and
pharmaceutical industries. Granulicella tundricola hydroxynitrile lyase (GtHNL) is a
manganese dependent cupin that catalyses the selective synthesis of (R)-
cyanohydrins. In chapter 3, GtHNL-A40H/V42T/Q110H (GtHNL-3V) was immobilised
on Celite R-633 and used in a flow-reactor for the continuous synthesis of (R)-
mandelonitrile. This variant is more active and stable compared to the wild type
enzyme. The continuous process was compared to a batch process in a rotating bed
reactor in terms of conversion, stability and productivity. Methyl-tert-butyl ether
(MTBE) saturated with 100 mM sodium acetate buffer pH 4 was used as reaction
medium to ensure high enantioselectivity by suppressing the racemic chemical
background reaction. Good conversion, excellent enantioselectivity and high stability
were observed in both systems. However, the continuous flow approach facilitated
greater process intensification compared to the rotating bed reactor. In addition, the
much smaller volume of the continuous flow system improved the safety of the

process.

The immobilisation of his-tagged enzymes using Ni?* (or other divalent metal ions) on
nitrilotriacetic acid (Ni-NTA) has been widely reported. However, the nickel induced

genotoxicity, carcinogenicity and immunotoxicity still needs to be addressed.
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Therefore, the development and use of carriers bearing non-toxic metal ions is
desirable. Chapter 4 deals with the immobilisation of the acid-sensitive hydroxynitrile
lyase from Arabidopsis thaliana (AtHNL) on EziG Opal for the synthesis of (R)-
mandelonitrile. This material is made of controlled porosity glass particles and contains
non-toxic Fe** for the immobilisation of his-tagged enzymes. MTBE saturated with 100
mM citrate/phosphate buffer pH 5 was used as reaction medium to supress the
chemical racemic background reaction. The system was evaluated in batch and
continuous flow. The batch system showed good conversion, excellent
enantioselectivity and high stability (8 cycles). The continuous flow system achieved
good conversion and excellent enantioselectivity at low flow rate (0.1 mL min-t). Higher
flow rates resulted in lower conversion and enantioselectivity due to the chemical
racemic background reaction catalysed by the EziG Opal carrier material. In terms of
productivity, the flow system reached a STY (mMolproduct ™! L genzyme™) 3.7 times higher

than the batch approach showing that the flow system greatly enhanced productivity.

After the successful immobilisation of GtHNL-3V on Celite R-633 for the continuous
synthesis of (R)-mandelonitrile, Chapter 5 deals with the promiscuous activity of
GtHNL-3V for the synthesis of chiral 3-nitro alcohols using nitromethane instead of
cyanide as nucleophile. GtHNL-3V was immobilised on Celite R-633 and evaluated in
batch and flow systems for the synthesis of (R)-2-nitro-1-phenylethanol (NPE). MTBE
saturated with 100 mM KPi buffer pH 7 was used as reaction medium to ensure optimal
enzymatic activity. Good yield and excellent enantioselectivity were achieved in batch
after 24 hours of reaction time. Celite-GtHNL-3V could be successfully recycled 5
times. By switching to a continuous flow system, 15% vyield of (R)-NPE was achieved
using a flow rate of 0.1 mL mint. The system was not stable and the yield decreased
to 4% after 4 hours of reaction time. Lower flow rate (0.01 mL min-t) did not improve
the yield of (R)-NPE but allowed the continuous synthesis of (R)-NPE during 15 hours.
Surprisingly, the batch system displayed 5 and 37 times higher STY compared to both
flow rates evaluated. This can be explained by the change in polarity of the reaction
medium due to the high concentration (1 M) and high polarity (log P = -0.27) of
nitromethane. The change in polarity of the reaction mixture might not allow to
maintain a constant water activity close to the surface on Celite-GtHNL-3V, which is

required for optimal enzyme activity.



Enzyme engineering is a fascinating tool to expand the potential of biocatalysis by
switching or adding enzyme activities. Remarkably, the rational design in Chapter 6
allowed to add a peroxidase-like activity in Granulicella tundricola HNL using tert-butyl
hydroperoxide (TBHP) as oxidant. The single mutations H96A and H96F were
introduced in GtHNL wild type and the mutation H96A was introduced in GtHNL-3V.
This allowed the oxidative cleavage of several styrene derivatives. The best results
were obtained using a-methyl styrene as substrate and GtHNL-H96A as catalyst. 41%
yield of acetophenone was achieved after 24 hours of reaction time. GtHNL is a Mn?*
dependent enzyme. The reaction mechanism was explored by electron paramagnetic
resonance (EPR) studies. The expected (based on previous reports) Mn3* (S = 2) was
not detected but a higher oxidation state (Mn#*) (S = 3/2) is possible. The addition of
butyl hydroxyl toluene (BHT) as radical scavenger supressed the reaction. This
suggests a radical mechanism for the GtHNL-H96A catalysed oxidative cleavage of

styrene derivatives.



Samenvatting

Het gebruik van flowchemie en immobilisatie in biokatalyse begint meer aandacht te
krijgen als een aantrekkelijke methode om een aantal veel gerapporteerde
beperkingen van traditionele batch systemen te verhelpen. Deze beperkingen zijn
onder andere de massaoverdracht limitatie, lage productiviteit en substraat/product
inhibitie en veiligheid. In hoofdstuk 2 wordt de toepassing behandeld van
immobilisatie en flowchemie als belangrijke tools voor de toekomstige ontwikkeling
van biokatalyse. Belangrijke parameters die gerelateerd zijn aan enzym immobilisatie
en flowchemie worden behandeld. Enzym immobilisatie maakt het mogelijk om
flowchemie en buffer-verzadigde organische oplosmiddelen als reactiemedium in te
zetten als realistisch alternatief om de limitatie in massaoverdracht van waterige
systemen te omzeilen. Bovendien is het ook mogelijk om hoge substraat concentraties
te gebruiken, en is het eenvoudig om de enzymen te hergebruiken. Eveneens
verbeterd flowchemie massaoverdracht en veiligheid, en staat het toe het proces te
intensiveren. Al deze voordelen zijn alleen van toepassing als het enzym efficiént is

geimmobiliseerd op een geschikte drager.

Hydroxynitril lyases zijn veelzijdige enzymen die de stereoselectieve additie van
waterstofcyanide aan prochirale aldehyden of ketonen katalyseert ten behoeve van
de synthese van chirale cyaanhydrines. Dit zijn belangrijke platformmoleculen voor de
chemische, farmaceutische en voedselindustrieén. Granulicella tundricola
hydroxynitril lyase (GtHNL) is een mangaan afhankelijke cupin die de selectieve
synthese van (R)-cyaanhydrines Kkatalyseert. In hoofdstuk 3 wordt GtHNL-
A40H/V42T/Q110H (GtHNL-3V) geimmobiliseerd op Celite R-633 en gebruikt in een
flowreactor voor een continue synthese van (R)-mandelonitril. Deze variant is actiever
en stabieler in vergelijking met het wildtype enzym. Het continue proces is vergeleken
met een batch proces in een roterend bed reactor op gebied van conversie, stabiliteit
en productiviteit. Methyl-tert-butylether (MTBE), verzadigd met 100 mM
natriumacetaat buffer pH 4, is gebruikt als het reactiemedium om hoge
enantioselectiviteit te garanderen door middel van het onderdrukken van de
racemische, chemische achtergrondreactie. In beide systemen zijn goede conversie,
excellente enantioselectiviteit, en hoge stabiliteit waargenomen. De continue flow

aanpak faciliteerde echter een betere procesintensificatie ten opzichte van de roterend



bed reactor. Daarnaast verbeterde het continue flow systeem de veiligheid van het

proces vanwege het kleinere reactorvolume.

Immobilisatie van enzymen met een his-tag met behulp van Ni?* (of andere divalente
metaalionen) op nitriloazijnzuur (Ni-NTA) wordt veel toegepast. De door nikkel
veroorzaakte genotoxiciteit, carcinogeniteit en immunotoxiciteit moet echter nog wel
verholpen worden. Om deze reden is het ontwikkelen en gebruik van dragers met non-
toxische metaalionen wenselijk. Hoofdstuk 4 gaat over het immobiliseren van de
zuur-gevoelige hydroxynitril lyase van Arabidopsis thaliana (AtHNL) op EziG Opal en
te gebruiken voor de synthese van (R)-mandelonitril. Dit materiaal is gemaakt van
glasdeeltjes met een gecontroleerde porositeit en bevat non-toxische Fe**, bedoeld
voor de immobilisatie van enzymen met een his-tag. MTBE, verzadigd met 100 mM
citraat/fosfaatbuffer pH 5, is gebruikt als reactiemedium om de racemische chemische
achtergrondreactie te onderdrukken. De methode is geévalueerd in een batchsysteem
en continue flow. Het batchsysteem vertoonde goede conversie, excellente
enantioselectiviteit en hoge stability (8 cycli). Het continue flow systeem behaalde
goede conversie en excellente enantioselectiviteit bij lage stroomsnelheden (0,1 mL
mint). Hogere stroomsnelheden resulteerden in lagere conversie en
enantioselectiviteit als gevolg van de racemische achtergrondreactie die
gekatalyseerd wordt door het EziG Opal dragermateriaal. Op het gebied van
productiviteit behaalde het flowsysteem een ruimte-tijd-opbrengst STY (molproduct h™*
L' genzym™) die 3,7 maal zo hoog was in het batchsysteem, wat laat zien dat het

flowsysteem de productiviteit sterk verbetert.

Na de succesvolle immobilisatie van GtHNL-3V op Celite R-633 ten behoeve van de
continue synthese van (R)-mandelonitril, behandelt hoofdstuk 5 de promiscue
activiteit van GtHNL-3V voor de synthese van chirale B-nitroalcoholen, gebruik
makende van nitromethaan in plaats van cyanide als nucleofiel. GtHNL-3V is
geimmobiliseerd op Celite R-633 en vergeleken op gebied van synthese van (R)-2-
nitro-1-fenylethanol (NPE) in een batch- en een flowsysteem. MTBE verzadigd met
100 mM KPi buffer pH 7 is gebruikt als reactiemedium om optimale enzymatische
activiteit te garanderen. In het batchsysteem is een goede opbrengst en uitstekende
enantioselectiviteit behaald na een reactietijd van 24 uur. Celite-GtHNL-3V kon 5 maal
succesvol worden hergebruikt. Een opbrengst van 15% (R)-NPE is behaald met

behulp van het overschakelen naar een continue flowsysteem met een stroomsnelheid
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van 0,1 mL minl. Het systeem was niet stabiel en de opbrengst daalde naar 4% na
een reactietijd van 4 uur. Een lagere stroomsnelheid (0,01 mL min-t) verbeterde de
(R)-NPE opbrengst niet, maar maakte het wel mogelijk om gedurende 15 uur continue
(R)-NPE te synthetiseren. Verrassend genoeg, vertoonde het batchsysteem een STY
van 5 en 37 maal zo hoog vergeleken met de twee stroomsnelheden van het continue
systeem. Dit kan verklaard worden aan de hand van de verandering van de polariteit
van het reactiemedium als gevolg van de hoge concentratie (1M) en hoge polariteit
(log P =-0,27) van nitromethaan. De verandering in polariteit van het reactiemengsel
bemoeilijkt wellicht het in stand houden van een constante wateractiviteit dicht op het

opperviak van Celite-GtHNL-3V, wat benodigd is voor optimale enzymactiviteit.

Enzym engineering is een fascinerend gereedschap om de mogelijkheden van
biokatalyse uit te breiden via het veranderen of toevoegen van enzymactiviteiten.
Opmerkelijk genoeg maakte het rationeel ontwerp in Hoofdstuk 6 het mogelijk om,
met behulp van tert-butylhydroperoxide (TBHP) als oxidant, een peroxidase-achtige
activiteit toe te voegen aan Granulicella tundricola HNL. De mutaties H96A en H96F
zijn geintroduceerd in het wildtype GtHNL en de mutatie H96A is geintroduceerd in
GtHNL-3V. Dit maakte de oxidatieve splitsing mogelijk van een aantal styreen
derivaten. De beste resultaten zijn behaald met a-methylstyreen als substraat en
GtHNL-H96A als katalysator. Een opbrengst van 41% acetofenon is bereikt na een
reactietijd van 24 uur. GtHNL is een enzym dat afhankelijk is van Mn?*. Het
reactiemechanisme is onderzocht via elektron paramagnetische resonantie
spectroscopie (EPR). De verwachte Mn3* (S = 2) (gebaseerd op eerdere bevindingen)
was niet gedetecteerd maar een hogere oxidatietoestand (Mn#*) (S = 3/2) is mogelijk.
De toevoeging van butylhydroxytolueen (BHT) als radicaalvanger onderdrukte de
reactie. Dit suggereert een radicaal mechanisme voor de door GtHNL-H96A

gekatalyseerde oxidatieve splitsing van styreen derivaten.






Immobilisationand flow chemistry: tools for
Implementing biocatalysis

The merger of enzyme immobilisation and flow chemistry has attracted the attention
of the scientific community during recent years. Immobilisation enhances enzyme
stability and enables recycling, flow chemistry allows process intensification. Their
combination is desirable for the development of more efficient and environmentally
friendly biocatalytic processes. In this feature article, we aim to point out important
metrics for successful enzyme immobilisation and for reporting flow biocatalytic
processes.

Relevant examples of immobilised enzymes used in flow systems in organic, biphasic
and aqueous systems are discussed. Finally, we describe recent developments to
address the cofactor recycling hurdle.

This chapter is based on
José Coloma, Yann Guiavarc’h, Peter-Leon Hagedoorn and Ulf Hanefeld

Chem. Commun., 2021, 57, 11416-11428. DOI: 10.1039/d1cc04315c



2.1 Introduction

Most of the active pharmaceutical ingredients (API), natural products and fine
chemicals are synthesised using (bio)chemical catalysts in large batch reactors. In
recent years the utilisation of enzymes has facilitated the design of more
environmentally friendly batch processes that fulfil 10 out of the 12 green chemistry
principles.>? However, mass transfer limitation, the generation of significant amounts
of waste and handling of large volumes of toxic reagents are still problems that have
to be overcome. Flow chemistry solves most of these challenges. In a continuous
reactor the substrates are pumped through the reactor and the product is collected
continuously. This set up improves mass transfer thus increasing reaction rates and
reducing reaction time. The reduced reactor volume in flow transformations minimizes
energy requirements for heating and cooling (green chemistry — principle 6) and it is
also of great benefit to the reduction of waste (green chemistry — principle 1).3-°
Indeed, there is an increasing interest in microreactor technology for the synthesis of
high added-value products and for the development of high throughput methods at
industrial scale and in academic research.” In addition, the reduction in volume in
continuous flow processes increases safety by avoiding handling of and thus potential
exposure to large volumes of toxic compounds.8°

Soluble enzymes can be used for biotransformations in flow but reusability is difficult
and the downstream processing needs to include a step for enzyme removal and its
possible recycling. Immobilisation of enzymes allows straightforward reuse of the
catalyst as it remains in the reactor. Moreover, in many cases increased operational
stability is observed. This is an important contributor to the further development of flow
chemistry.

With this feature article we aim to highlight important parameters to consider for a
successful application of immobilised enzymes and for reporting continuous flow
reactions. The latest applications in different reaction media will be discussed. In this

context special attention will be paid to cofactors and their recycling in flow.
2.2 Challenges for biotransformations in flow with immobilised enzymes

Two main challenges have to be addressed in order to perform a successful
biotransformation in flow: (i) immobilisation of the enzyme for recycling and

straightforward downstream processing and (ii) suppressing the leaching of the
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enzyme and/or cofactor (if applicable) into the reaction medium during operation.
Overall, an enzyme can be immobilised by adsorption/deposition, ionic binding,
covalent attachment to solid carrier materials, chemical cross linking or encapsulation.
All of these methods have advantages and disadvantages that have to be evaluated
case by case.19-1°

As mentioned above, enzyme and/or cofactor leaching are essential aspects that need
to be addressed in flow systems. Enzymes themselves or organic cofactors that
remain within the enzyme active site and are fully regenerated during the catalytic
cycle such as pyridoxal 5’-phosphate (PLP) or thiamin diphosphate pose a relatively
small problem. Conversely, organic cofactors that are transiently fixed to the enzyme
(i.e. nicotinamide cofactors) need to be regenerated to their given oxidative state
before re-entering the enzyme. Thus, the development of an efficient cofactor
regeneration system that gives freedom to the cofactor to leave the active site without
losing it from the reactor is essential to allow the economic feasibility of the process
for industrial applications. Also, the system must be flexible, allowing the
implementation of reactions in cascade with a rapid exchange of substrates and
avoiding chemical modifications of the cofactor.'® Here we do not discuss metal
containing enzymes among the cofactor containing enzymes. All the aspects
discussed for organic cofactors (and metal containing organic cofactors) equally apply
to these enzymes. In this feature for instance Granulicella tundricola hydroxynitrile
lyase (GtHNL) is a Mn?* cofactor containing enzyme.

A number of successful cofactor recycling systems in flow have been reported, for
instance by immobilising onto different carriers.2’-?2 The performance of immobilised
enzymes and the different cofactor regeneration systems in flow will be discussed for

organic, biphasic and aqueous conditions.
2.3 Metrics

In a recent review, key developments of continuous flow biocatalysis from 2018 to
September 2020 were discussed.?® It was found that the rise in the number of
publications about this topic was not coupled to an increase in quality of reporting.

Frequently, the productivity of the system as space-time-yield (STY) and the residence
time were not given. This indicates that additional efforts must be made by the
scientific community in order to ensure that the reproducibility and fair comparison

between the results reported by different research groups is possible. This is actually

11



a long-standing problem, and already more than a decade ago this was pointed out.?*

We consider the following metrics important to achieve this goal.
2.3.1 Immobilisation metrics
2.3.1.1 Enzyme surface hydrophilicity/hydrophobicity

For enzymes of known structure, the analysis of the enzyme surface is crucial prior to
the selection of the carrier for its immobilisation. Molecular visualisation software
provides details of the enzyme surface, i.e. charge, hydrophilicity or hydrophobicity
and allows to choose the carrier that is compatible with these properties (Fig. 1A). A
mismatch between enzyme and carrier might induce adverse interactions, such as

(partial) protein unfolding, resulting in enzyme deactivation.?®

Fig. 1 Surface visualisation of dimeric AtHNL (PDB code: 3dqz). (A) Residues in blue (arg, lys, his,
glu, asp, asn, gln, thr, ser, cys) are hydrophilic, residues in grey (pro, tyr, typ) and residues in red (ala,
gly, val, ile, leu, phe, met) are hydrophobic; B) residues in yellow are lysines. The images were
created using PyMOL molecular Graphics System.

2.3.1.2 Ratio enzyme: carrier (mol gt or U g?)

This parameter is essential when the immobilisation is performed by
adsorption/deposition. A sufficient amount of carrier (g) must be available for the
enzyme (mol or U) immobilisation and parameters such as pore diameter, pore volume
and water absorption have to be carefully evaluated. In addition, it is important to
ensure that the entire enzyme solution is adsorbed during the immobilisation. A layer
of enzyme solution not absorbed onto the carrier during the immobilisation step, might

lead to loss of enzyme.?®
2.3.1.3 Leaching assay

Once the enzyme has been immobilised, a leaching assay needs to be performed
under reaction conditions to evaluate the effectiveness of the immobilisation method
and the robustness of the biocatalyst. When biotransformations are performed in
organic solvents, desorption of the enzyme is generally avoided due to its insolubility

in the reaction medium. A straightforward method to evaluate leaching under reaction
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conditions is to perform two reactions in parallel, after a certain time the immobilised
enzyme is filtered off from one of the reactions. In heterogeneous catalysis, this is well
established as “hot-filtration”.?” The arrest of conversion immediately after removal of
the immobilised enzyme demonstrates that the enzyme is not leaching from the carrier

into the reaction medium under reaction conditions.
2.3.1.4 Ratio of lysine concentration to carrier functionalities (mol mol-t)

Commonly, a covalent immobilisation is achieved by the interaction of lysine residues
on the enzyme surface with reactive aldehydes or epoxides of the carrier. For this
reason it is essential to determine the number of surface exposed lysine residues in
order to choose an appropriate enzyme to support ratio. For an enzyme of known
structure the number of surface exposed lysine residues can be determined using a
molecular visualisation software (Fig. 1B). With these straightforward calculations the
covalent attachment is more likely to be successful.?> The same applies to the
carboxylic acid groups of aspartic acid or glutamic acid if they are the functional groups
utilised for covalent immobilisation. Similarly, the ratio of a his-tagged enzyme (or any

tag) to its counterpart (Fe, Zn, Co, Ni or other) on the carrier should be calculated.
2.3.1.5 Ratio of carrier pore size to enzyme diameter

Immobilisation performed by adsorption/deposition requires that the enzyme diameter
is smaller than the pores of the carrier even in the most unfavourable conformation.
For this, transmission electron microscopy (TEM), nitrogen adsorption—desorption
isotherms and mercury porosimetry are useful techniques to determine the pore size
of the carrier.?5282° A high ratio of carrier pore size to enzyme diameter leads to high
enzyme loading and minimises diffusion limitation.'3393! The distribution of enzyme
molecules on a porous carrier can be modulated by the immobilisation rate. In general,

higher immobilisation rates leads to undesired, more heterogeneous distributions.3?
2.3.2 Economic metrics
2.3.2.1 Space-time-yield (STY)

This parameter is frequently used to evaluate the productivity of different systems
normalised to 1 liter volume (g h't L1). It describes the amount of product formed at a

certain flow rate and reaction volume as shown in eqn (1):

13



[P]-1
STY = - (1)

where [P] is the concentration of product leaving the reactor in g L%, f is the flow rate
in L h't and RV is the reaction volume in L. Since batch and continuous flow system
setups have a completely different geometry, a direct comparison based on
conversion or yield is simply not possible. In contrast, the calculation of the STY
enables a fair comparison between the different systems. This comparison should be
made at the same level of conversion since the product formation in batch and flow

follow different kinetics.?
2.3.2.2 Specific rate (SR)

This parameter enables one to establish the rate of an enzyme under given conditions
and comparison of different setups. It describes the amount of product formed during

a certain reaction time per unit of enzyme and is calculated according to egn (2):

SR = [P]- L )

MEgnz

where [P] states the concentration of product leaving the reactor in mol mL?, f is the
flow rate in mL mint and Menz is the amount of purified enzyme used for the reaction
in g. If the amount of enzyme is expressed in mmol and the SR is calculated under
Vmax conditions (saturating substrate concentrations), then it is equal to the Kca.. SRS
are normalised to the amount of enzyme immobilised thus different setups can be
compared directly. As explained for STY, the comparison of specific rates for batch

and continuous flow must be made at the same level of conversion.
2.3.2.3 Biocatalyst productivity

This is a dimensionless number calculated from the amount of product synthesised

per amount of enzyme used during its operational lifetime.33

Additional important parameters related to reporting of biocatalytic reactions in flow
processes are: (i) operational stability, (ii) biocatalyst loading, (iii) substrate
concentration, (iv) reactor volume, (v) residence time. Details about these metrics

have been extensively discussed in excellent reviews.3334

2.4 Reaction medium
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The reaction medium is an important aspect to consider for biocatalytic
transformations, indeed for all transformations. For details about physical properties,
environmental and health impacts, flammability/explosion limits and reactivity/stability
of different solvents commonly used for biocatalytic transformations the
GlaxoSmithKline (GSK) solvent selection guide can be consulted.*® In general the best
solvent is no solvent, so reactions converting neat substrate into neat product would
be the ideal. In biocatalysis this is often impossible due to inhibition effects. Overall,
biocatalysis is usually performed under aqueous, biphasic or pure organic solvent
conditions. Each of them has specific advantages and disadvantages. Water
(buffered) is the natural reaction medium in which most bio-catalytically utilised
enzymes display the highest activity.

However, the separation of water from the product can be complicated and expensive
due to its high boiling point. This might affect green metric indicators such as the E
factor.3637 In addition, apolar substrates dissolve poorly in water. This affects
parameters such as STY and consequently, the economic performance of the process
is often poor. Biphasic reactions, i.e. the addition of a water immiscible solvent is a
straightforward method to improve economic and environmental metrics. Here, apolar
substrates are soluble in the organic solvent layer, therefore high substrate loading is
possible and the product is immediately extracted from the water layer and can be
obtained from the organic phase by e.g. distillation. Moreover, product inhibition and
hydrolysis of water sensitive compounds are avoided.®® However, the introduction of
organic solvents as a second layer in a biphasic system might lead to mass transfer
limitations and enzyme deactivation at the interphase.2° The utilisation of non-aqueous
reaction media was introduced long ago and is today fully developed. Under these
conditions, equilibria can be reverted and very high substrate loading can be achieved,
enhancing economic parameters (indeed, no solvent is the best solvent).4%~*3 In order
to perform a biotransformation in organic solvents, the enzyme must be immobilised
on an appropriate carrier to avoid it lumping together. At the same time enzymes and
cofactors are generally not soluble in organic solvents, thus this is an interesting
approach to avoid leaching. For flow chemistry these are therefore good conditions.
Only lipases have the ability to work in pure organic solvent medium.#* For all other
enzymes, the water activity (aw) of the system must be carefully evaluated for optimal
enzymatic performance. As a rule of thumb, enzymes work well in buffer saturated

organic solvents with a log P around 2, this provides the amount of water that the
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enzyme requires for conformational flexibility but still suppresses undesired side
reactions. Overall, if different parameters such as type of solvent (log P), aw,
immobilisation method and carrier are properly studied, an enzyme in an organic
solvent medium is able to perform as well as in aqueous conditions.4?43

To examine the influence of all these parameters in organic solvent, biphasic and
aqueous systems, cofactor or cofactor free systems on the two challenges named-
above, selected examples of biotransformations performed in flow systems are

presented (Table 1) and will be discussed.
2.4.1 Biotransformations in organic solvents as reaction medium

Hydroxynitrile lyases (HNLs) comprise a diverse group of enzymes that catalyse the
addition of cyanide to a prochiral aldehyde or ketone to produce chiral cyanohydrins,
important building blocks for synthesis.*> They include metal containing cupins, a,f-
hydrolase fold enzymes, FAD containing structures and many more. The metal
containing cupins can equally well be viewed as cofactor dependent enzymes.11:2526.45
A key challenge in every chiral cyanohydrin synthesis is the competing chemical,
racemic background reaction. It can be suppressed by low pH values or, even better,
by performing the reaction in organic solvents, as was already realised in the last
century.11:46

Recently, the immobilisation of Granulicella tundricola hydroxynitrile lyase (GtHNL;
Mn2* containing cupin) for the synthesis of (R)-mandelonitrile by using a packed bed

reactor (Fig. 2) was reported.2®
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Table 1: Selected examples of biotransformations using immobilised enzymes in flow

Biocatalyst Immobilisation Reactor Medium STY Comments Ref.
method (gh™L™)
GtHNL- Adsorption PBR (6.4 cm length, Organic, acetate From 784 at 97% of conversion at 0.1 mL/min, 26
A40H/V42T/Q110 0.45 cm inner buffer saturated 0.1 mL min™! excellent enantioselectivity (>99
H from diameter, 0.39 mL MTBEPpH 4 upto5237atl %) at flow rates between 0.1
Granulicella reaction volume150 mL min-1 mL/min and 1 mL/min.
tundricola mg Celite R-633, 1
immobilised on U/mgcarrier).
Celite R-633.
AtHNL from lonic PBR (6.4 cm length, Citrate/phosphat From 1005 at 96% of conversion at 0.1 mL/min, 52
Arabidopsis 0.45 cm inner e buffer 0.1 mL min™? excellent enantioselectivity (>99
thaliana diameter, 0.30 mL saturated MTBE upto 1899 atl %) at 0.1 mL/min but it decreased
immobilised on reaction volume, 150 pH5 mL min-?t up to 60% at 1 mL/min.
EziG Opal (control mg EziG Opal, 10
porosity glass U/mgecarrier).
beads bearing
Fe3* on the
surface.
MeHNL from Covalent Monolith microreactor Organic, 613 for HOHNL A drastic increased in catalytic 25
Manihut esculenta (6 x 40 mm, 0.96 mL citrate/phosphat 1229 for performance was observed for the
and HbHNL from reactor volume, 260 e buffer MeHNL flow reactions as compared to the
Hevea brasiliensis mg silica). saturated MTBE batch system. MeHNL displayed
immobilised  on pH5 higher operational stability as
amino compared to HbHNL.
functionalized
monolith
microreactor.
E. coli whole cells Adsorption PBR (1/4 in. x 4.6 mm Organic, water n.d Several non-natural ketones were 74

containing w-
transaminase and
PLP immobilised
on methacrylated
beads.

x 10 cm, reactor
volume with beads: 0.5
mL).

saturated MTBE

converted with excellent
enantioselectivity. The use of
organic solvent as reaction
medium supressed leaching of w-
transaminase and PLP. No
additional PLP was required.
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Candida Adsorption 1st reactor - CalB Organic, n.d The system addressed the in situ 51
Antarctica lipase PBR (microbore Microaqueous safe generation of HCN. The
B (CaB) and column 3 mm/100 MTBE continuous flow system proved to
AtHNL mm), 0.70 mL. be more efficient as compared to
immobilised  on 2 reactor — AtHNL the batch system (40 min vs 345
Celite R-633. PBR (microbore min).
column 3 mm/50 mm),
0.35 mL.

Candida Covalent PBR, 70 mm x 4 mm; Organic, dry nd The kinetic resolution of 5 racemic 81
Antarctica lipase total length: 70 mm; toluene (0.1 amines was achieved using 2-
B (CalB) packed length: 65 mL/min) ethoxyacetate as acylating agent.
immobilised  on mm; inner volume: Good conversion and excellent
amino 0.816 mL enantioselectivity were reached.
functionalised Up to 2 times higher specific rate
silica was observed for the flow system
microspheres as compared to the batch
(MAT540™) approach.
Lipase from Covalent PBR (250 mm x4 mm), Biphasic, 0.25 6.38 The continuous flow system 57
Thermomyces immobilized enzyme (1 mL min? of rac showed 17% of conversion and
lanuginosus (TLL) g, 10* units), residence ciclopropanecar enantioselectivity E = 58 after 5.5
immobilised on time 40 minutes boxylate ester in minutes of resident time reaction.
Immobead 100. heptane + 0.25 The batch system displayed 53%

mL min?t 0.1 M of conversion and E = 52 after 23

Glycine-NaOH hours reaction time.

buffer pH 9
Acyl transferase Covalent Monolith microreactor Biphasic, 50% n.d Almost full conversion for the 60
from bonding  or (6 x 40 mm, 4 cm3 g* phosphate synthesis of the monoester was
Mycobacterium electrostatic total pore volume) buffer pH 7.5 + observed after 45 seconds
smegmatis his-tag 50% independently of the
(MsAcT) interactions neopentylglycol immobilisation method used.
immobilised on with Co?* or in ethyl acetate
amino or metal Ni?* metals (viv)
functionalised
monolith
microreactor
Halo tagged Covalent PBR (3 x 50 mm), Biphasic, NADP* From 14to117 The cofactor was efficiently 16
alcohol binding column volume 3.53 x in phosphate (4 different recycled reaching a total turnover
dehydrogenase 104 L buffer + ketones ketones)
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from Lactobacillus
brevis

immobilised on
HaloLink resin

in  2-propanol.
Ratio 10:1

number for NADP* higher than
12000 mol mol*

Alcohol Encapsulatio PBR, reactor volume Organic, MTBE 7.5 at 0.2 mL The immobilised enzyme 82
dehydrogenase n 0.2 and 04 mL, h1 displayed 60% of conversion after
from Lactobacillus residence time 1 h 5.5 at 0.4 mL 5 hours of reaction time whereas
brevis h1 the soluble enzyme in biphasic
immobilised by medium reached full conversion
encapsulation
within a
superabsorber
polymer based
carrier
Acyl transferase Covalent PBR (6.6 mm i.d.), 1.9 Biphasic, 0.25M 13.6 g day™ 5 commercially relevant esters 62
from g of immobilised- of different were synthesised with conversions
Mycobacterium MsACT alcohols in 0.1 M ranging from 65% to 96% within 5
smegmatis (1 mg/gagarose), reactor phosphate minutes of reaction time using ethyl
(MsAcT) volume 1.4 mL buffer pH 8 + acetate as acyl donor. The us eof
immobilised onto pure ethyl EtOAc as acyl donor enables to
agarose beads acetate. Ratio label the products as natural.

90:10
Whole cells Absorption PBR (20 cm x 0.8 cm), Aqueous, 0.1 M n.d The optimised flow system 72
containing DERA- combined 850 mg loofa sponge TEOA buffer pH enabled the synthesis of 4.5 g of
C47M with  cross- with the immobilized 7.5 lactol product per day
immobilised on linking enzyme (350 or 700
alginate-luffa mg of cells)
matrix
Amine lonic binding PBR (Omnifit™ EZ Aqueous, 2 M 4.45 at 48% The system was able to operate for 20
dehydrogenase SolventPlus™ 10 mm ammonium conversion up more than 5 days without or
(AmDH) and X 100 mm formate to 18.45 at internal mass transfer limitations.
formate chromatography (NH4ACOOH) 24% The half-life of the biocatalyst was
dehydrogenase column), 5:1 ratio of buffer pH 8.5 conversion 159 h.
(FDH) from AmDH to FDH
Candida  boidinii
were immobilised
on Nuvia IMAC
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resin bearing Ni2*
on the surface

Amine lonic binding PBR (5 mm I.D.,, 50 Aqueous, 1 M 125 at 68% of The system reached up to 68% of 78
dehydrogenase mm length), 150 mg ammonium conversion conversion at 0.2 mL min-t without
(AmDH) and EziG Amber formate loss of productivity after 3 hours. A
formate (NH4COOH) decrease in productivity was
dehydrogenase buffer pH 9 observed after 6 hours probably
(FDH) from due to FDH inactivation.

Candida  boidinii

were immobilised

on EziG Amber

resin bearing Fe3*

on the surface

Lactate Absorption PBR (Omnifit glass Aqueous,50mM 22.9 100% of conversion was achieved 83
dehydrogenase column, 6.6 mm I.D Tris-HCI buffer after 30 minutes reaction time. The
(LDH) and and variable length). pH 8. system proved to be highly stable
formate Total bed volume = without any  decrease in
dehydrogenase 1.02 mL, reactor conversion during 30 h on stream.
(FDH) were volume = 0.48 mL. 3 Higher productivity was achieved
immobilised on mg LDH and 3 mg of as compared to the batch system
carbon particles FDH were used. Flow (STY=0.23 g h1L?

(Black pearls rates between 17.2

2000) and 51.6 pL mint

Thermococcus Covalent Three cascade steps:  Aqueous, 0.2 M Phosphotransf The system regenerate the 17
kodakarensis Phosphotransfer sodium citrate erreactor: 2.79 cofactor efficiently, total turnover
glycerol  kinase reaction: buffer pH 7.9 (69.95 g L't hl  numbers of 16848 and 10839 for
(GlpKrk), PBR, 25 x 15 mm? gl ATP and NAD* were achieved
Mycobacterium Benchmark column to Oxidation respectively.

smegmatis a packed bed volume reactor:

acetate kinase of 21.2 ml. 0.25 mL/min 0.86 (10.75 ¢

(AceKwms), E. coli and reaction time 84.8 Lthtg?)

glycerol-3- min Aldol reactor:

phosphate Oxidation reaction: 0.57 (28.58 ¢

dehydrogenase PBR, 250 x 15 mm? Lthtgl)

(G3PDec), NADH Benchmark column to

oxidase from a packed bed volume The system

Clostridium of displayed a

aminovalericum
(NOXca), fructose

STYof 70 g L?
h1 g? for the
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aldolase  (FruA)
from
Staphylococcus
carnosus were
immobilised onto
Sepharose beads

28.3 ml. 0.25 mL/min
and reaction time
113.2 min

Aldol reaction:

PBR, 150 x 15 mm?
Benchmark column to
a final depth of 10 cm
(7.7 ml packed-bed
volume). 0.1 mL/min
and reaction time 177

synthesis of D-
fagomine

Acid phosphatase
(PhoN-SF)  was
immobilised  on
metacrylate
polymeric beads.
Fructose-1,6-
diphosphate
aldolase (RAMA)
and rhamnulose
1-phosphate
aldolase (RhuA)
from Thermotoga
maritima) were
immobilised  on
different epoxy
functionalised
carriers.

Covalent

min.

Three cascade steps:  Aqueous, 50 mM 0.747 g day?!
Phosphorylation acetate  buffer for the
reaction: pH 6 synthesis of N-
PBR, diameter = 4.6 Alloc-3-

mm, length = 33 mm, aminopropanal
volume = 0.525 mL. (RAMA)2,

PhoN-Sf (250 L, 25
U)

Aldol reaction:

PBR, diameter = 4.6
mm, length = 150 mm,
inner volume = 2.5 mL.
100 U of RAMA or
RhuA and 100 U of
PhoN-Sf
Phosphorylation
reaction:

PBR, diameter = 4.6
mm, length = 33 mm,
volume = 0.525 mL.
PhoN-Sf (50 V)

Flow rate = 0.03 mL
min -1

The retroaldol reaction was
inhibited by immobilisation. The
aldol products were obtained from
inexpensive starting materials. 0.6
g of D-fagomine precursor were
synthesised by immobilised
RAMA.

73
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GHNL on Celite R-633
9 OH

@AH + HCN %% OOOO @ACN

MTBE saturated
Fig. 2 GtHNL catalysed synthesis of (R)-mandelonitrile

with buffer pH 4

GtHNL was immobilised by adsorption on Celite R-633, also known as diatomaceous
earth, a siliceous material obtained from diatoms, a type of microscopic algae. As
described earlier, key aspects such as carrier pore volume and water absorption
capacity were carefully evaluated.*” This carrier is: (i) environmentally friendly; (ii) the
pore size is relatively large (6.5 mm), an important feature to minimise diffusion
limitation; (iii) the immobilisation method is straightforward and no chemical treatment
is required; (iv) it is a food grade material. All these important characteristics make
Celite a green carrier for biocatalysis. However, as nothing is perfect all these
advantageous features are accompanied by one main drawback: Celite also catalyses
the racemic background reaction. This is suppressed by utilisation of organic solvents
and by using continuous flow operation. Methyl tert-butyl ether (MTBE) was selected
as reaction medium since other HNLs performed well in this organic solvent in batch
systems*’~#° and it is considered one of the ‘greenest’ organic solvents.?® It was used
buffer saturated (pH 4) to ensure full enzyme activity.*® As expected no leaching of the
enzyme was observed. Both, batch and flow produced enantiopure (R)-mandelonitrile.
However, in batch, the STY was significantly lower than in the flow system even though
otherwise identical reaction conditions were applied: 12 g h™* L* versus 784 g h't L.
This represents a huge improvement in productivity (65 times), enabling an important
reduction in waste generated due to the reduced volume, making the flow system a
‘greener’ process as compared to the batch approach. The potential of Celite was also
demonstrated for the synthesis of cyanohydrins in batch and flow using organic
solvents with another (R)-selective HNL. The enzyme from Arabidopsis thaliana
(AtHNL; a,B-hydrolase fold) is structurally unrelated to GtHNL. Immobilisation on
Celite improved the stability of the acid sensitive AtHNL.*8 Conversion up to 96.8%
and enantiomeric excess of 99.8% were reached after 45 minutes of reaction time in
a batch system. Five years later, the successful synthesis of cyanohydrins with the
same AtHNL preparation was compared in batch and flow systems.5! This time the
safety limitation of this reaction (green chemistry — principles 3 and 12) related to the

handling of toxic hydrogen cyanide (HCN) was addressed by performing the HCN
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generation in situ from the cheap and less toxic ethyl cyanoformate as well as the

actual cyanohydrin synthesis in flow (Fig. 3).

Novozyme 435 AtHNL on Celite R-633
CALB
HCN OH
"\H
NCCOOEt — Oo Q0 OOOO] { OO Q0 OOOo] ph)*c:N
o)
{
Ph

Fig. 3 Two-step synthesis of (R)-mandelonitrile catalysed by CALB and AtHNL.

The flow approach proved to be superior as compared to the batch system not only in
terms of safety and waste reduction but also in terms of productivity: the reaction time
was reduced from 345 min to 40 min by switching from batch to flow. The same AtHNL
was also immobilised via the his-tag on the carrier EziG Opal.>? This is a controlled
porosity glass carrier bearing Fe3* on its surface. The availability of metal ions for the
enzyme binding was guaranteed by using a molar ratio of monomeric AtHNL:Fe3* of
1:5. Again buffer saturated MTBE (here pH 5 rather than pH 4 for GtHNL) was used
as reaction medium. After several steps of reaction engineering, near complete
conversion and excellent enantioselectivity were achieved at low flow rate (0.1 mL min
1). No enzyme leached from the carrier. Although the racemic reaction was
suppressed better in flow than in batch, an important decrease in enantioselectivity
was observed at flow rates above 0.2 mL min-t. High flow rates reduce the contact
time between enzyme and substrate allowing the racemic reaction to proceed. Again
the flow system proved to be more efficient with a STY of 690 mol h™* L1 genzyme™
versus 187 mol h't L't genzyme® in batch.

GtHNL and AtHNL are both (R)-selective enzymes, however the multitude of different
HNLs also offer access to the (S)-cyanohydrins. The (S)-selective Manihot esculenta
HNL (MeHNL; a,B-hydrolase fold) and Hevea brasiliensis HNL (HbHNL; a,B-hydrolase
fold) were therefore utilised to study siliceous monolithic micro-reactors (Fig. 4). The
use of monolithic micro-reactors instead of packed bed reactors represents an
interesting alternative in flow.?®> These reactors further reduce reaction time as
consequence of the large surface to volume ratio, high thermal efficiency and
improved safety.53%* In addition, mass transfer is enhanced due to its

hierarchical/tortuous porous structure reducing diffusion limitation.>® Possible
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disadvantages are the higher costs compared to packed bed systems and the difficulty

to scale up.’
(0]
- MeHNL or HbHNL on amino
H functionalised monolithic microreactor
OH
in MTBE D@%ﬁ,‘? A
- _— [ j CN

HCN in buffer
saturated MTBE
pH 5

Fig. 4 MeHNL or HbHNL catalysed synthesis of (S)-mandelonitrile.

In this case, a careful examination of the surface characteristics of the enzymes and
carriers enabled the successful covalent attachment. As explained above (Fig. 1), the
most relevant parameters of MeHNL and HbHNL such as diameter, hydrophilicity,
number of surface exposed lysine residues and their position related to the active site
entrance were obtained by analysing the crystal structure. The pore size diameters of
the carriers used for the immobilisation was estimated by transmission electron
microscopy (TEM) images. Overall: (i) the carrier chosen had to be hydrophilic to avoid
adverse folding effects, (i) MeHNL and HbHNL had 36 lysine residues for covalent
attachment without affecting the active site entrance and (iii) the pore size of the
carriers was 2.6 to 3 times larger than the enzymes diameter even in the most
unfavourable conformation which represent an internal pore volume 100 times larger
as compared to the volume of either enzyme. The enzymes were covalently
immobilised on carriers with the corresponding properties and probed in batch and
flow reactions. In these cases the lysines were not close to the active site, independent
of the carrier no extra actions needed to be taken. In other cases the lysines that
obstructed the active site when covalently attached, were removed by mutations.*®
Just as described above for the GtHNL and AtHNL catalysed cyanohydrin synthesis,
the racemic background reaction was minimised in flow. Both immobilised enzymes
showed very high productivity with STY of 1229 g L* h'* and 613 g L* h'! for MeHNL
and HbHNL respectively.?®

Overall, buffer saturated organic solvents have been successfully applied in flow
systems for the synthesis of chiral cyanohydrins. Undesired reactions, here the

racemic cyanohydrin formation, were efficiently suppressed, the enzymes did not
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leach from the carrier independent of the immobilisation method used, high substrate

concentrations (500 mM) were employed and high STYs were achieved.
2.4.2 Biotransformations in biphasic systems as reaction medium

Biphasic systems are also widespread in biocatalysis as they enable high substrate
loadings for apolar starting materials. Additionally they are ideal reaction conditions
for lipases, that often display interfacial activation.** On the downside additional
diffusion limitation and partitioning occur which needs to be overcome by strong
stirring in batch systems. In flow good mixing of the biphasic mixture before entering
the reactor might be required, however with the monolith reactor mentioned above the
mixing occurs in situ. The lipase mediated kinetic resolution of the rac-
cyclopropanecarboxylate ester for the synthesis of (1R,2S)-2-(3,4-difluorophenyl)
cyclopropan-1-amine generates the stereocentres for ticagrelor, one of the most
important drugs for the treatment of acute coronary syndrome and stroke.>¢

A comparison of batch and flow systems under biphasic conditions revealed the
potential of the flow approach.®” Lipase from Thermomyces lanuginosus (TLL) was
covalently attached to Immobead 100 and used as catalyst (Fig. 5).

I"""])(O\L

in heptane

TLL on Immobead 100 2
SHO XS -~““““(§S(O\/
Oooooooo—j;j I
F
F

0.1 M Glycine-NaOH buffer |
pH9

Fig. 5 TLL catalysed kinetic resolution of rac-cyclopropanecarboxylate ester yielding (1S,2S)-2-(3,4-
difluorophenyl) cyclopropan-1-acid. The unaltered (1R,2R) ester is converted into the desired amine.

In batch, 53% conversion and enantioselectivity E = 52 were achieved after 23 hours
of reaction time. Alternatively, when the reaction was performed in flow in a packed
bed reactor (250 x 4 mm) at a total flow rate of 0.5 mL min-* (0.25 mL min! of substrate
in heptane + 0.25 mL min 0.1 M Glycine—-NaOH buffer pH 9), 17% of conversion with
slightly better enantioselectivity E = 58 were reached after only 5.5 minutes of
residence time. In regard of productivity, the flow reactor displayed a STY of 28.2 mmol
ht L' whereas the batch reactor yielded only 0.4 mmol h* L1 Importantly, the

maximum 50% of conversion would be attained (theoretically) with a residence time
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of 16.5 minutes by simply reducing the flow rate or coupling multiple reactors in series
to extend the reactor length. This also highlights the flexibility of continuous flow
systems to scale up processes.

Transesterification reactions are commonly performed with lipases in anhydrous
medium. Acyl transferase such as the one from Mycobacterium smegmatis (MSAcT)
recently introduced the option of transesterification reactions under aqueous
conditions.>® After a first report showed the potential of cell free extracts of MSAcCT to
perform acylation in water in a batch system,%° the system was transferred to flow and
the acylating agent ethyl acetate was used as organic layer. The continuous
transesterification of neopentylglycol (NPG) with immobilised MSAcCT on siliceous
monolith micro-reactors was performed in a biphasic 50/50% system and the enzyme
was immobilised either by covalent bonding or his-tag interactions (Fig. 6).6°

Ho._><__OH

- Immobilised MsAcT on either amino

in ethyl acetate or metal functionalised microreactor OAC
[ D monoester
OAc
50 mM phosphate buffer |
pH7.5 diester

Fig. 6 Continuous MsACT catalysed transesterification of heopentylglycol in a biphasic system

An excess of either glutaraldehyde in the case of covalent binding or metal ions (Co?*
or Ni?*) when the his-tag was used, were available to ensure binding. The system
displayed an exceptional performance for the synthesis of the mono-ester independent
of the immobilisation method used: almost full conversion after just 45 seconds. The
ratio of mono- to di-ester could be influenced with the flow rate, however full conversion
to di-ester was not achieved. This represents a huge improvement over the batch
system reported earlier, where full conversion of NPG was not even completed after
7 hours.®®

The substrate scope of MSACT for transesterification reactions in water revealed that
different acyldonors such as vinyl acetate and phenyl acetate can be used and
aliphatic and aromatic secondary alcohols are converted, while tert-alcohols are no
substrates.®! This has opened up new possibilities for the synthesis of natural flavour

compounds in a more sustainable fashion.
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Recently an application of MsAcT for commercially relevant materials was reported.®?
The successful immobilisation of MSACT onto agarose (Fig. 7.) enabled improved STY
in flow. Here, the goal was the synthesis of esters utilising exclusively natural
substrates (obtained from nature or by biotechnological approaches). Thus, the natural
but less reactive ethyl acetate was used as acyl donor instead of non-natural vinyl
acetate. A drawback of performing the transesterification of alcohols and ethyl esters
is the negative impact of ethanol on MsAcT. This was circumvented by the above
mentioned immobilisation on agarose. The immobilised enzyme retained >75% of its
activity after 24 hours of incubation in 500 mM ethanol whereas the free enzyme
retained less than 60% of its original activity after only 2 hours of incubation. High
conversions were reported for the acylation of 2-phenyl ethanol (75%), cynnamyl
alcohol (76%) and n-hexanol (95%) with immobilised MSACT (1 mg gagarose™) in batch
after 1, 2 and 0.5 hours respectively. By switching to a packed bed reactor and
segmented flow (diameter = 6 mm and reactor volume = 1.4 mL) with immobilised
MsACT (1.9 g with enzyme loading of 1 mg gagarose™) a drastic increase in productivity
was observed. Five commercially relevant esters were synthesised with conversions
ranging from 65% to 96% within 5 minutes of reaction time. The batch reaction
achieved a STY of 23 g L'* h* whereas the continuous flow system reached 318 g L
h,

Overall, several successful examples of biotransformations in flow using biphasic
systems have been reported. The enhanced mass transfer commonly observed in
flow, including segmented flow, helps to circumvent the diffusion limitation of biphasic
batch reactions and enables higher substrate loadings as compared to aqueous

systems.
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Fig. 7 Continuous MsACT catalysed transesterification of primary alcohols in a biphasic system with
segmented flow.

2.4.3 Biotransformations in aqueous systems as reaction medium

2-Deoxy-D-ribose-5-phosphate aldolase (DERA) is a very versatile enzyme for the
synthesis of aldol products using acetaldehyde as donor. The sequential aldol
condensation catalysed by DERA is one of the most efficient routes for the synthesis

of the side chain of HMG-CoA reductase inhibitors called statins, important cholesterol
lowering drugs (Scheme 1).63-65
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Scheme 1: Sequential aldol condensation catalysed by DERA for the synthesis of a chiral statin
precursor.

However, the main limitation for an economically efficient industrial application is the
enzymes sensitivity towards aldehydes, in particular acetaldehyde. Promising results
with protein engineering techniques and reaction engineering were reported.®¢-'0 The
DERA from Lactobacillus brevis (LbDERA) already naturally displays high stability to
acetaldehyde.” The introduction of a single amino acid substitution, LbDERA-E78K,
improved the enzyme stability even further. This made the synthesis of a chiral
precursor of statins, (3R,5S)-6-chloro-2,4,6-trideoxyhexapyranoside, in a batch

system possible, with an notable space-time-yield of 792.5 g L1 d2.

As demonstrated above for organic solvents and biphasic mixtures immobilisation and
continuous flow are two important techniques to consider for improved enzyme
stability for aqueous systems, too. Recently, DERA was utilised in a continuous flow
approach in agueous medium for the coupling of acetaldehyde and its chloro-
derivative (Fig. 8).72

Lyo whole cells with ECDERA-C47M
in Luffa sponge OH

0o o
ot —>CI\/©
“OH

0.1 M TEOA buffer

Fig. 8 Continuous EcCDERA-C47M catalysed aldol reaction for the synthesis of (3R,5S)-6-chloro-2,4,6-
trideoxyhexapyranoside in aqueous medium.

For this, lyophilised whole cells of E. coli BL21(DE3) expressing E. coli DERA-C47M,
a variant more stable towards acetaldehyde, were immobilised inside an alginate
matrix by encapsulation and fibrous material obtained from the fruit of the Egyptian

Luffa plant, commonly known as the luffa bathroom sponge, was used as support to
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increase the surface area. From the green chemistry perspective, alginate and luffa
sponge are excellent materials for biocatalysis. They are non-toxic, renewable and
biodegradable. An enzyme loading of 700 mg led to 80% of conversion of
chloroacetaldehyde after circa 100 min at a flow rate of 0.1 mL min't and the enzyme
was stable for more than 5 hours of continuous reaction. No enzyme leaching
occurred. The productivity of the system was reported as 4.5 g of product per day but
unfortunately different enzyme loadings and substrate concentrations were used for
the continuous and batch systems making a reliable comparison of the two systems
impossible. This once again emphasised the importance of reporting all metrics. On
the other hand the DERA reactor is part of a plug-and-play system in which reactors
with different catalysts are combined. The power of this is demonstrated in the next

example.

Dihydroxyacetone phosphate (DHAP) dependent aldolases require a much more
complex reaction system than DERA, as the unstable DHAP needs to be generated
in situ. This multistep procedure of phosphorylation, aldol reaction and
dephosphorylation lends itself ideally to the plug-and-play approach. While the
modules for phosphate chemistry can remain the same, different aldolases can be
plugged in. The successful continuous flow synthesis of different carbohydrate
analogues by immobilised Shigella flexneri acid phosphatase (SfPhoN) and two
aldolases (RAMA, rabbit muscle aldolase or RhuA from Thermotoga maritima)
demonstrates this (Fig. 9).”® The three step cascade reaction starts with the SfPhoN
to phosphorylate dihydroxyacetone (DHA). The resulting DHAP then, is converted by
the desired aldolase, here either RAMA or RhuA, with different aldehydes and finally
in the third step SfPhoN dephosphorylates the aldol product yielding the desired
carbohydrate analogue.

SfPhoN was immobilised on methacrylate polymeric beads whereas the
immobilisation of RAMA and RhuA was performed on different epoxy carriers. The
stability of soluble and immobilised RAMA was evaluated after 24 hour cycles in batch
under reaction conditions. Soluble RAMA was unstable with a 50% decrease of
conversion after 3 cycles and the enzyme was completely inactive after 5 cycles.
Immobilisation demonstrated to be a suitable technique to improve enzyme stability.
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Fig. 9 Aldol cascade synthesis catalysed by SfPhon and either RAMA or RhuA in a plug-and-play
system in agueous medium.

The best results were observed when RAMA was immobilised on Sepabeads EC-EP
or Relyzyme EP403 (rigid methacrylic polymeric beads). The enzyme was fully active
after 6 cycles. Remarkably, immobilisation completely suppressed the retroaldol
reaction. This might be explained by internal diffusion limitation or a modification of the
equilibrium of the reaction. RhuA was also immobilised on epoxy carriers. Complete
binding and high activity were observed when RhuA was immobilised on Sepabeads
EC-HA. Having established suitable carriers for immobilisation, the cascade reaction
was performed in flow with packed bed reactors (Fig. 9). The synthesis of various aldol
products in good yield was possible, however higher conversion was observed with
RAMA. 68% conversion was observed for the coupling of DHAP to propanal during
the first day but this dropped to 51% after 5 days. Higher conversion (80%) was
observed for 4-pentenal during the first day, unfortunately the conversion decreased
to 7% after 5 days. Finally, 70% of conversion was observed for N-alloc-3-
aminopropanal, an important starting material for the synthesis of D-fagomine
(antidiabetic piperidine iminosugar drug) during the first day with a decrease to 10%
after 5 days. Due to the covalent immobilisation methods chosen no leaching

occurred.”®

Aqueous systems are the most widely used reaction media in biotransformations. Here
enzymes normally display their highest activity. However, the poor solubility of apolar
substrates and unwanted side reactions are the main drawbacks for a wider industrial
use. Special attention must be taken to avoid leaching of immobilised enzymes into
the reaction media. Here this was achieved by covalent linking or the use of whole

cells that do not leach easily.
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2.5 Addressing the cofactor hurdle

Today, enzymes are used as biocatalysts with good success at an industrial scale.
Conversely, cofactor recycling remains a hurdle for industrial scale application of
cofactor dependent enzymes. The main differentiation in the type of cofactor is:

e The cofactor is fully regenerated during the catalytic cycle and does not leave
the active site; for example PLP or thiamin but also metal cofactors.

e The cofactor transiently binds to the enzyme, it has to leave the active site for
regeneration. It requires a cofactor regeneration system very often involving a
second enzyme and cofactor mobility is essential; NAD(P)H/NAD(P)* are the
prime examples.

The simplest system to approach the cofactor recycling hurdle is the use and
immobilisation of whole cells as they have the metabolic pathways to regenerate their
cofactors. Then, the problem is limited to avoid the leaching of the cofactor to the
reaction medium. The use of organic solvents as reaction medium seems to be a good

choice because of the often poor solubility of the cofactor in organic solvents.
2.5.1 Cofactors that are fully regenerated during the catalytic cycle

In line with the above the continuous flow synthesis of chiral amines by using a packed
bed reactor and water saturated MTBE as reaction medium was reported.’* For this,
E. coli cells containing both w-transaminases (w-TA) and PLP were immobilised on
methacrylate beads, most probably via hydrogen bonding between the peptidoglycan
layer of the E. coli cell wall (containing amide, alcohol and ether functional groups)
and the polymeric carrier. PLP is fully regenerated during the catalytic cycle of the
enzyme within the enzyme, therefore a regeneration system is not required. The
conversion of several non-natural ketones (from 67% to 94%) with excellent
enantioselectivity (> 99%) and residence times between 30 and 60 min without
leaching of E. coli cells, w -TA and PLP was achieved (Fig. 10).

32



NH,

in buffer saturated E. coli cells on metacrylated NHz

beads overexpressing TA + PLP

MTBE

R = Me, Ph, Benxyl
in buffer saturated
MTBE

Fig. 10 Stereoselective amine synthesis catalysed by immobilised E. coli cells and PLP on metacrylate
beads.

Importantly, no quenching or purification was required and the system was operated
for 10 days for the synthesis of mexiletine, a drug used to treat abnormal heart

rhythms, chronic pain, and some causes of muscle stiffness.

An essential breakthrough for cofactor application in flow was their attachment to ionic
carriers.” Any ionic material that can act as counter ion to phosphate moieties present
in most cofactors will transiently bind the ionic cofactors. When a buffer of low ionic
strength is used as reaction medium the cofactor will remain on the carrier and will be
available for the enzyme, even when it needs to be recycled outside the enzyme active
site. This principle was demonstrated with Flavin (FAD), PLP and also NAD*.?! The
enzymes were attached to porous carriers and polyethyleneimine (PEI), which is an
amine, was the counter ion. For PLP and TA this was fully developed.’® Purified w-TA
from Halomonas elongate (HeTA) and PLP were successfully co-immobilised on
porous methacrylate carriers for the continuous synthesis of optically pure amines in
aqueous conditions. The beads were functionalised with different reactive groups
(cobalt—chelates, epoxides and positively charged amines such as PEI) to allow the
electrostatic interaction with his-tagged w-TAs and PLP. The continuous
enantioselective deamination of a-methylbenzyl amine gave > 90% conversion for up
to 50 column volumes at 1.45 mL min-t without leaching of the cofactor to the reaction
medium. The synthesis reaction of cinnamylamine required a doubling of the reaction
time. After an initial decrease in activity it remained stable at 60% for at least 20 column

volumes; equiv. to 40 min (Fig. 11).
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Fig. 11 Synthesis of cinnamylamine in continuous flow. Enzyme and PLP are immobilised via ionic
interactions. The HeTA via Co?* on the carrier and a his-tag, the PLP via PEI attached to the carrier.

The initial loss of activity might be due to some PLP leaching, induced by the amine
donor. An intriguing covalent immobilisation of the FAD containing phenylacetone
monooxygenase (PAMO) via its cofactor was described. The cofactor was attached to
agarose via a tether and then the apo enzyme from Thermobifida fusca was added.”’
The immobilised enzyme displayed similar activity as compared to its free form but
higher thermostability after 1 h of incubation at 60 °C. However, a recyclability study

showed low enzyme stability with a decrease of circa 40% after 3 cycles.

Cofactors that do not require a recycling system and remain in the active site can
readily be used in flow systems. Both organic solvents that suppress solubility or
aqueous systems with ionic carriers at low buffer concentrations prevent leaching of

enzyme and cofactor.
2.5.2 Cofactors that require recycling systems

The application of pure enzymes and cofactors reduces side reactions and it is
therefore also preferred in systems which apply cofactors that need to be recycled.
The above mentioned immobilisation via ionic interactions was of equal success
here.?? Commercial porous carriers were coated with PEl to allow the co-
immobilisation of enzymes and phosphorylated cofactors such as NAD*. The cofactor
adsorption is dynamic and allows to establish an association—dissociation equilibrium
without leaving the porous carrier. It thus is available for the enzyme performing the
desired reaction, here alcohol dehydrogenase from Thermus thermophilus (TtADH2)
and the enzyme required for cofactor recycling, here formate dehydrogenase from
Candida boidinii (CbFDH). The two enzymes and the cofactor were co-immobilised on
an anionic exchanger and tested in the continuous asymmetric reduction of 2,2,2-

trifluoro-1-phenylethan-1-one (Scheme 2A). Full conversion with a productivity of 250
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mM mint and a TTN of 85 for immobilised NAD* after 107 hours on stream in
continuous flow with less than 10% NAD™ loss were achieved.

The system was further improved by applying a commercial ADH that can accept
isopropanol as co-substrate. This makes the second enzyme redundant and the
cofactor does not have to leave the active site.??> Enzyme and NADPH were
coimmobilised on porous agarose beads coated with PEI. The system displayed STYs
between 97 and 112 g L day™ for a range of ketones and the immobilised cofactor
reached a TTN of 1076 for 120 hours. During this time, neither the enzyme nor the

cofactor were inactivated or leached (Scheme 2B).

A o] OH
TtADH2, 10 mM tris-HCI pH 7 :
CF3 / \ > CF3
NADH NAD*
CbFHD
CO, - HCOOH
B
o) OH
Commercial ADH, 5
10 mM tris-HCI pH 7.3
R' / \ g R"
R' NADH + R'
OH NAD
O
)\ CoFHD )J\

R'=1, H, Me; R" = Me CF;, CH,CH;

Scheme 2. (A) Asymmetric reduction of 2,2,2-trifluoro-1-phenylethan-1-one catalysed by TtADH2 with

external cofactor recycling by CbFDH; (B) asymmetric reduction of ketones with internal cofactor
recycling.

This can directly be compared to a recent,® successful NADPH cofactor regeneration
system for the synthesis of chiral alcohols based on a membrane liquid/liquid extractor

for continuous flow. The cofactor remained in the aqueous layer and was recycled
(Fig. 12).
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Fig. 12 Synthesis of chiral alcohols catalysed by immobilised LbADH with cofactor recycling rather than
immobilisation.

The organic phase was added after the reaction mixture passed through the
immobilised enzyme. This regeneration system without any chemical modification of
the cofactor enabled the reduction of four different ketones with STYs from 14 g L't h-
1t0 117 g L hl, cofactor turnover numbers ranging from 128 to 2023 mol mol* and
excellent enantioselectivity (> 99%). The reliability and robustness of the system was
demonstrated with the continuous synthesis of ethyl (S)-4-chloro-3-hydroxybutanoate
over 32 hours without any loss in performance displaying a STY of 121 g L't hl. A
longer run (123 h) exhibited an astonishing cofactor turnover number of 12855 mol

mol* which represents a step forward compared to previous reports.1’-1°

Amine dehydrogenases (AmDH) enable the synthesis of chiral amines from cheap
ammonium salts as amine donors. Unfortunately, this reaction is commonly hampered
by substrate and product inhibition. Immobilisation and continuous flow helps to
address these problems, as was recently shown.?® The asymmetric reductive

amination of 5-methyl-2-hexanone was achieved by co-immobilisation of an amine
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dehydrogenase (AmDH) and FDH onto Nuvia IMAC (immobilised metal affinity
chromatography) resin from BioRad (Fig. 13).

o) AmDH and FDH immobilised NH,

M via his-tag on Ni?* IMAC resin Y\/\

+ NAD*/NADH l : EAOD /NADH
+ NH,* 2

+ HCCO" 2 M NH4HCO, +CO2

Fig. 13 Reductive amination of 5-methyl-2-hexanone with cofactor regeneration catalysed by
immobilised AmDH and immobilised FDH in aqueous ammonium formate buffer. Ratio ketone to NAD*
10:1

By immobilising both his-tagged enzymes to Ni?* on the surface of the carrier, the
synthesis of (R)-5-methyl-2-aminohexane in a packed bed reactor became possible.
This setup displayed a STY of 107 g L* day* at 48% of conversion moving up to 443
g L't day?! at 24% of conversion. Remarkably the flow system remained operational

for more than 120 hours.

Earlier the continuous synthesis of 4-fluoroamphetamine under aqueous conditions
catalysed by co-immobilised AmDH and FDH was reported.”® EziG Amber, a
controlled porosity glass carrier with Fe3* on the surface for his-tag binding was used
in a packed bed reactor. This system displayed a STY in the same range (300 g L
day?), however a rapid enzyme deactivation was observed after 6 hours. In both
examples low cofactor concentrations could be used and it was recycled during the
reaction. Nonetheless, the cofactor was not immobilised and thus finally lost.

Recently, the cofactor regeneration problem in flow was beautifully addressed by
applying an enzyme engineering approach.'’ A three step cascade was employed for
the conversion of glycerol to a precursor of D-fagomine (Fig. 14). In each step one
enzyme reaction is performed by multi-enzyme modules. The modules consist of the
catalytically active enzyme, if required the recycling enzyme and an esterase (Est) that

reacts with the carrier to covalently immobilise the multi-enzyme modules.
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Fig. 14 Cascade synthesis of D-fagomine in continuous flow in agueous medium. The cofactors were
covalently attached to the catalysts via a specific thiol group. The modules of two or three enzymes are
attached to the carrier via a covalent linker between AaEST2 and the carrier.

Thus, two three-enzyme and one two-enzyme modules are covalently attached to the
carriers, each combination in a separate reactor. The two cofactors (ATP and NAD*)
required were functionalised for the covalent attachment to the multi-enzymes
modules with a long PEG-linker at the adenine. This linker allows the movement of the
cofactor between the catalytic and cofactor recycling enzymes of the respective
module. Subsequently, each cofactor was tethered to the protein linker between the
catalytic and the recycling enzyme via an accessible thiol group. The key distinction
of this set up is that the cofactor was immobilised to a specific amino acid close to
catalytic and recycling enzymes whereas in previous reports the linkage was not

specific.”9:80

First, glycerol was phosphorylated to glycerol-3-phosphate by Thermococcus
kodakarensis glycerol kinase (TkGIpK) and for the ATP regeneration Mycobacterium
smegmatis acetate kinase (MsAceK) was used. Secondly, E. coli glycerol-3-
phosphate dehydrogenase (EcG3PD) performed the oxidation of glycerol-3-
phosphate to dihydroxyacetone phosphate (DHAP) and the cofactor NAD* was
regenerated by an NADH oxidase from Clostridium aminovalericum (CaNOX). Finally,
an aldol reaction catalysed by a monomeric FruA from Staphylococcus carnosus
produced the desired product, precursor of D-fagomine, with excellent STY (70 g L
ht g'1) and astonishing high cofactor turnovers (16848 for ATP and 10839 for NAD*).
Cofactor dependent enzymes are important biocatalysts for synthesis. When the
cofactor is regenerated during the catalytic cycle such as PLP or FAD the main
concern is to avoid leaching of the cofactor to the reaction media. The use of organic

solvents has been reported as an important tool to circumvent this limitation. When

38



the cofactor is not regenerated during the catalytic cycle, the implementation of a
cofactor recycling system is required. For this co-immobilisation of enzymes and
cofactor is an attractive approach. However, the efficiency of this recycling system is
limited (TTNnaopH = 1076 and TTNnap* = 85).21:22 Higher cofactor recycling efficiency
has been reported by using membrane technology (TTNnappH = 12855).16
Nevertheless, the high cost of ultra or nanofiltration technologies impair their economic
viability. Finally, the immobilisation of cofactors of either type using a protein
engineering approach demonstrated to be as efficient as the use of membrane
technology reaching a TTNatp = 16848 and TTNnap* = 10839.%/

2.6 Conclusions

Immobilisation and flow chemistry are important tools for the further development of
biocatalysis. Process intensification, better control of the processes, reduced reactor
volumes and therefore increased safety are advantages commonly reported in
organic, biphasic and aqueous systems. To fully appreciate the advantages and to
also probe them rigorously solid metrics are essential.

Similarly, large steps have been made to address the cofactor recycling challenge in
flow. Co-immobilisation of enzymes and cofactors, membrane based separation and
protein engineering technigues have allowed the development of efficient regeneration
systems for challenging cascade reactions with cofactor dependent enzymes.
Pronounced progress to answer the two challenges, enzyme immobilisation and
prevention of leaching of enzyme or cofactor (including metals) during the flow
process, have been made. Overall, the implementation of enzyme immobilisation and
flow chemistry allow for more efficient, safe and thus green and environmentally

friendly processes.
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Probing batch and continuous flow reactions in
organic solvents: Granulicella tundricola
Hydroxynitrile lyase (GtHNL)

Granulicella tundricola hydroxynitrile lyase (GtHNL) is a manganese dependent cupin
which catalyses the enantioselective synthesis of (R)-cyanohydrins. The GtHNL triple
variant A40H/V42T/Q110H was immobilised on Celite R-633 by adsorption. The
synthesis of (R)-mandelonitrile in a rotating bed reactor was compared to a continuous
flow reactor. A batch reaction was used as reference system. The rotating bed reactor
displayed a rate 1.7 times higher than the reference batch model. Moreover, similar
conversion (96% after 4 hours) and recyclability were observed as compared to the
reference system. The continuous flow reactor displayed rates 2 and 3 times higher
than the rotating bed and the reference batch systems, respectively. Good
conversions were achieved within minutes. The immobilised enzyme displayed
excellent enantioselectivity and high operational stability under all evaluated
conditions. Overall, GtHNL triple variant A40H/V42T/Q110H immobilised on Celite R-
633 is an excellent catalyst for the synthesis of (R)-mandelonitrile with a great potential

for continuous flow production of cyanohydrins.

This chapter is based on
José Coloma, Yann Guiavarc’h, Peter-Leon Hagedoorn and Ulf Hanefeld
Catal. Sci. Technol., 2020, 10, 3613—-3621. DOI: 10.1039/d0cy00604a
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3.1 Introduction

Enzyme catalysed carbon—carbon bond forming reactions are important in organic
chemistry to produce chiral compounds.t? In plants, hydroxynitrile lyases (HNLS)
catalyse the cleavage of cyanohydrins into aldehydes or ketones releasing toxic
hydrogen cyanide (HCN). This mechanism is a defense system against the attack of
predators (cyanogenesis) and a source of nitrogen for the biosynthesis of L-
asparagine (nitrogen fixation).34 The reverse reaction is of great interest as it enables

the synthesis of chiral a-cyanohydrins (Scheme 1).

Q GtHNL oH
H MTBE saturated CN
+ HCN .
with buffer pH 4

Scheme 1. GtHNL catalysed hydrocyanation of benzaldehyde yielding (R)-mandelonitrile.

The importance of cyanohydrins as platform molecules lies in their two functional
groups, the hydroxyl and nitrile moiety, which can be converted into a variety of
valuable chiral products such as a-hydroxy acids, primary and secondary B-hydroxy
amines, a-hydroxy aldehydes or ketones, etc. All these compounds are known as
platform molecules for the production of pharmaceutical and fine chemical
products.t>2 Recently, a new manganese-dependent bacterial HNL was discovered
in the soil bacterium Granulicella tundricola (GtHNL). The gene was heterologously
expressed in Escherichia coli and the crystal structure was solved revealing a cupin
fold.® The wild type GtHNL (GtHNL-WT) catalysed the synthesis of (R)-mandelonitrile
with a promising yield and enantioselectivity of 80% and 90% respectively. Site-
saturation mutagenesis of active site amino acids produced a triple variant GtHNL-
A40H/V42T/Q110H (GtHNL-3V) with a remarkable 490-fold-increase in specific
activity in comparison to the wild type enzyme.l® EPR spectroscopy revealed an
unusually high Lewis acidity for the Mn?* as essential metal.* Moreover Mn?* was
bound more tightly in the triple variant than in the wild type enzyme, which resulted in

higher stability and activity.

In this study, we describe the immobilisation of GtHNL-3V on Celite R-633, the silicate
skeletons of diatoms,*? for the synthesis of (R)-mandelonitrile in batch and continuous

flow systems. Enzyme immobilisation plays an important role enhancing the enzyme
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stability toward harsh conditions such as extreme pH values, organic solvents, high
ionic strengths, etc. Additionally, it allows a straightforward enzyme separation from
the reaction mixture as well as the operation in continuous flow processes while
minimizing the product contamination with enzymes.?>14 Celite was used as a carrier
for enzyme immobilisation as it is an environmentally friendly material that has been
successfully employed for the immobilisation of several HNLs enabling the production

of (R)- and (S)-cyanohydrins with good yield, enantioselectivity and recyclability.>1517

Currently the vast majority of enzyme-catalysed conversions are performed in stirred
tank reactors.? To achieve full conversion extended reaction times are often required
(affecting the productivity). Rapid stirring is required to avoid diffusion limitations.
Especially at industrial scales, this induces shear forces that affect enzyme stability.!2
To overcome these limitations, synthesis in a rotating bed reactor (RBR) and
continuous flow reactor (CFR) are gaining attention. RBR enables efficient stirring and
percolation of the substrates through the immobilised enzyme bed. This is suggested
to result in improved mass transfer without mechanical enzyme attrition.1®2°
Biosynthesis in continuous flow is also becoming an attractive way to increase
productivity, reduce enzyme inhibition and facilitate downstream processing.?-26
Additionally reaction volumes are reduced, increasing safety, in particular for toxic
compounds such as cyanide.?’ Several enzymes have been tested in continuous flow
systems such as HNLs,??> transaminases,?%2%-30 oxidoreductases,?*® and

aldolases.3%:3>

The aim of this work was to evaluate whether continuous flow reactions facilitate
process intensification compared to a rotating bed reactor, reducing shear forces,
improving stability and activity of the enzyme. For this purpose, GtHNL-TV was
immobilised on Celite R-633 and its catalytic performance and stability were evaluated
in RBR and CFR and compared to a batch reaction under the same reaction

conditions.
3.2 Results and Discussion

Celite is an environmentally benign siliceous carrier material, produced by diatoms, a
type of microalgae.3® Several HNLs were immobilised on this environmentally friendly
material and performed better than on other carriers. Prunus amygdalus HNL (PaHNL)

immobilised on Celite was compared to Avicel,*® controlled pore glass and
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Sephadex,!’ in all cases Celite was the best carrier in terms of enzymatic activity.
Hevea brasiliensis HNL (HbHNL) immobilised on Celite gave rise to better
enantioselectivity compared to Avicel and EP-700 (hydrophobic polyamide),*® and the
very acid sensitive Arabidopsis thaliana HNL (AtHNL) had enhanced stability towards
acidic pH values and organic solvents when it was immobilised on Celite R-633.16 The
ability of Celite to bind water, enabling a local environment surrounding the enzyme
with organic solvents, might explain these results.384! Because of these favourable
results and to ensure comparability with previous studies Celite R-633 was utilised as

a carrier material.
3.2.1 Batch reactions

Both, purified GtHNL-WT and GtHNL-3V were immobilised on Celite R-633. All batch
reactions were performed at 5°C since it was reported earlier® that a significantly
higher enantiomeric excess can be obtained under this condition compared to the
reaction at 15 °C. After immobilisation, the GtHNL-3V showed considerably higher
activity and selectivity compared to GtHNL-WT (Fig. 1), which is in line with earlier

results obtained for the enzyme in solution.*°

The specific activity of GtHNL-3V was 56.5 + 18 U mg™ which is 63 times higher
compared to the wild type enzyme under the same reaction conditions. This can be
ascribed to the additional histidines introduced at positions 40 and 110, improving the
deprotonation of the hydrogen cyanide and giving rise to enhanced conversion and
enantioselectivity.1%11 At the same time these mutations greatly improve the binding
of the metal to the active site, indeed metal removal was very difficult.!* Since GtHNL-
3V proved to be a better catalyst than the wild type enzyme, only the variant enzyme

henceforth was tested for the synthesis of (R)-mandelonitrile.
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Figure 1. Synthesis of (R)-mandelonitriie using GtHNL-WT and GtHNL-3V. Conditions: ratio
benzaldehyde : HCN in acetate buffered MTBE, pH 4, 1 : 4, 100 pL benzaldehyde (1 mmol), 2 mL HCN
solution in acetate buffered MTBE (1.5-2 M) pH 4, 27.5 uL (0.1 mmol) 1,3,5-tri-isopropylbenzene as
internal standard (1.S.), tea bag filled with immobilised enzyme (5 U) on 50 mg (0.1 U mg~!) Celite R-
633. The reaction was stirred at 1000 rpm at 5°C. Conversion WT (striped bars), conversion TV (grey
bars), ee WT (dashed line), ee 3V (continuous line). Error bars correspond to the standard deviation of
duplicate (n=2). GtHNL-WT conversions are single experiments.

Having established Celite R-633 as suitable carrier on which the enzyme displayed
similar activity as in solution, a leaching test was performed (Fig. 2). In earlier studies
the structurally unrelated PaHNL and AtHNL were found not to leach from Celite R-
633.1516 As was earlier shown for AtHNL'® the GtHNL-3V was found to be active in

organic solvents and at low pH without immobilisation (Fig. S2).
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Figure 2. Leaching assay for GtHNL-3V immobilised on Celite R-633. Conditions: Ratio benzaldehyde
: HCN in acetate buffered MTBE pH 4 -1:4, benzaldehyde (100 puL, 1 mmol), 2 ml HCN solution in
acetate buffered MTBE (1.75 M) pH 4, 27.5 puL (0.1 mmol) 1,3,5-tri-isopropylbenzene as I.S. and a tea
bag filled with GtHNL-3V immobilised on 50 mg Celite R-633. The reaction was stirred at 700 rpm at 5
°C. Diamonds and the dashed line is the enzyme catalysed reaction (50 U), dots and the solid line is
the reaction where the immobilised enzyme (200 U) was removed after 30 min. Error bars correspond
to the standard deviation of duplicate (n=2) HPLC samples of the single experiment.

However, it precipitated during the reaction making reuse impossible. In the leaching

experiment, the immobilised enzyme was removed from the reaction medium after 30
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minutes of enzyme catalysed conversion. A high enzyme-support ratio (4 U mg™)
was used intentionally to clearly see any enzyme leaching to the reaction medium.
After removal of the enzyme, the reaction did not proceed anymore, demonstrating
that no active GtHNL-3V leached from the carrier into the reaction medium (Fig. 2).
The hydrophilic characteristics of the enzyme—carrier and the insolubility of the

enzyme in organic solvents explain this result.'?

Having firmly established that GtHNL-3V was successfully immobilised on Celite R-
633, the enzyme loading for the synthesis of (R)-mandelonitrile in batch reactions (BR)
was studied. As described earlier for PaHNL the immobilised enzyme was placed
tightly packed inside tea bags'® (Fig. S7, Table S1). Nearly complete conversion and
excellent enantioselectivity (ee > 99%) were achieved after 4 hours of reaction time,

regardless of the enzyme loading (Fig. 3).

Conversion (%)

0 T T T 1
0 1 2 3 4
Time (h)

Figure 3. Synthesis of (R)-mandelonitrile using different enzyme loadings. Conditions: Ratio
benzaldehyde : HCN in acetate buffered MTBE, pH 4, 1:4, benzaldehyde (100 pL, 1 mmol), 2 ml HCN
solution in acetate buffered MTBE (1.75 M) pH 4, 27.5 pL (0.1 mmol) 1,3,5-tri-isopropylbenzene as I.S.
and a tea bag filled with different amounts of GtHNL-3V immobilised on 50 mg Celite R-633. The
reaction was stirred at 700 rpm at 5 °C. 0.5 U/mg (squares and solid line), 1 U/mg (diamonds and dotted
line), 2 U/mg (triangles and dashed line). Final ee > 99% in all three cases. Error bars correspond to
the standard deviation of duplicate (n=2) HPLC samples of the single experiments.

Interestingly, higher enzyme loadings did not show faster conversion, indicating that
the reaction is mass transfer limited at high enzyme loading. A recycling study was
performed utilising 1 U mg™ GtHNL-3V immobilised on Celite R-633. With this low
catalyst loading any loss of activity will be observed directly while higher catalysts
loading might mask an initial activity loss.>® The biocatalyst exhibited good
recyclability, conversions gradually dropped to > 70% over all cycles but remarkable

high enantioselectivity (>99%) was observed during all 8 cycles (Table 1).
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Table 1. Recycling of the GtHNL-3V immobilised on Celite R-633 (1 U/mg) in eight successive BR

cycles.
Cycle Conegz;sion ee (R)-mgg?elonitrile
1 98.0+0.2 >99
2 90.0£0.3 >99
3 88.0+0.9 98.7
4 88.0+£0.1 >99
5 87.0+£0.1 >99
6 77.0+0.7 >99
7 74.0+£1.0 >99
8 73.0+04 >99

Conditions: Ratio benzaldehyde : HCN in buffered MTBE, pH 4, 1:4, 100 uL benzaldehyde (1 mmol), 2
ml HCN solution in acetate buffered MTBE (1.5-2 M) pH 4, 27.5 pL 1,3,5-tri-isopropylbenzene (0.1
mmol, internal standard), a tea bag filled with GtHNL-TV immobilised on 50 mg Celite R-633 (1U/mg =
50 U). The reaction was stirred at 700 rpm at 5°C; reaction time: 4h. The enzyme was washed for 1
minute with 100 mM acetate buffer saturated MTBE, pH 4, after each cycle.

With the BR as the reference point, the comparison to the RBR could be performed.
The reaction volume was scaled up circa 40 times to evaluate the mass transfer
influence on the kinetics of the reaction in a RBR. This device has been designed to
improve mass transfer, combining the advantages of fixed bed and stirred tank
reactors.*? At the same time it also displays the typical safety disadvantage of batch
reactions; a large scale requires a large amount of a toxic compound in a vessel.?” A
first comparison between BR and RBR showed higher reaction rates for the BR (Fig.
4). Surprisingly, when the same immobilised enzyme was placed tightly packed in the
above mentioned tea bags into the RBR the conversions and enantioselectivities were
enhanced along the reaction times, displaying a similar feature to the batch reaction
(Fig. 5). These results are unexpected since the RBR has been designed to boost the
efficiency in biocatalytic reactions by reducing diffusion limitations. However, in an
earlier study comparing a RBR and a stirred tank reactor, i.e. a BR; similar conversions
were found in both cases. The transaminase and lipase catalysed kinetic resolution of
(R,S)-1-phenylethylamine and (R,S)-1-phenylethanol respectively were utilised for

that comparison.?°
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Fig. 4 Synthesis of (R)-mandelonitrile using GtHNL-3V immobilised on Celite R-633 in BR and RBR.
Reaction conditions RBR: ratio benzaldehyde : HCN in acetate buffered MTBE, pH 4, 1: 4, 85 mL HCN
(1.5-2 M), 4.25 mL (42 mmol) benzaldehyde, 1.16 mL (4.2 mmol) 1,3,5 tri-isopropylbenzene as I.S.,
immobilised enzyme on 773 mg Celite (1 U mg™1 = 773 U) loosely packed or unpacked, 700 rpm, 5 °C.
Reaction conditions BR: ratio benzaldehyde : HCN in acetate buffered MTBE, pH 4, 1 : 4, 2 mL HCN
(1.5-2 M), 100 pL (1 mmol) benzaldehyde, 27.5 pL (0.1 mmol) I.S., immobilised enzyme on 18 mg
Celite R-633 (1 U mgt = 18 U) tightly packed. Conversion RBR with loosely packed enzyme (diamonds
and dotted line, final ee > 99%), conversion RBR with not packed enzyme (circles and solid line, final
ee = 85%), conversion BR with tightly packed enzyme (triangles and dashed line, final ee = 98%). Error
bars correspond to the standard deviation of duplicates (n = 2).
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Figure. 5 Comparison between RBR and BR for the synthesis of (R)-mandelonitrile using GtHNL-3V
immobilised on Celite R-633 always tightly packed. Reaction conditions RBR: ratio benzaldehyde : HCN
in acetate buffered MTBE, pH 4, 1 : 4, 85 mL HCN (1.5-2 M), 4.25 mL (42 mmol) benzaldehyde, 1.16
mL (4.2 mmol) 1,3,5 tri-isopropylbenzene as I.S., immobilised enzyme on 773 mg Celite (1 U mg™ =
773 U), 700 rpm, 5°C reaction conditions BR: ratio benzaldehyde : HCN in acetate buffered MTBE, pH
4,1: 4,2 mL HCN (1.5-2 M), 100 yL (1 mmol) benzaldehyde, 27.5 yL (0.1 mmol) I.S., immobilised
enzyme on 18 mg Celite (1 U mg™ = 18 U). Conversion BR with tightly packed enzyme (triangles and
dashed line, final ee = 98%), conversion RBR with tightly packed enzyme (squares and solid line, final
ee = 99%). Error bars correspond to the standard deviation of duplicates (n = 2).

Tables 2 and 3 show a clear effect of the packing on the GtHNL-3V recyclability in the
RBR. After the first cycle without bag (Table 3), the immobilised enzyme was placed

tightly packed into tea bags. Tightly packed enzymes were more stable than loosely
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packed enzymes over 4 cycles. A possible explanation might be higher shear forces
exerted on the GtHNL-TV immobilised on Celite freely placed or loosely packed into
the RBR, when compared to tightly packed biocatalyst. Shear forces might result in
breaking or stretching molecular bonds. Recovery of the enzyme can occur when the
shear force is removed.*? A tightly packed enzyme is better protected against shear
forces. The decrease in enantiomeric excess during the first cycle (Table 3, cycle 1),
can be explained by a more pronounced chemical background reaction when the
immobilised enzyme is placed freely inside the RBR.1®

Table 2. Recycling of GtHNL-3V immobilised on Celite R-633 (1 U/mg) in four successive RBR cycles.
Loosely packed enzyme in tea bags.

Cycle Conversion (%) ee (R)-mandelonitrile (%)

1 88.9+0.2 >99
2 79.0+0.6 >99
3 82.9+0.3 >99
4 60.7+0.2 >99

Conditions: 85 mL HCN (1.5 - 2 M) in 100 mM acetate buffered MTBE, pH 4, 4.25 mL (42 mmol)
benzaldehyde, 1.16 mL (4.2 mmol) 1,3,5 tri-isopropylbenzene as internal standard (1.S.), immobilised
enzyme on 773 mg Celite (1 U/mg =773 U) , 700 rpm, 5°C. The enzyme was washed for 1 minute with
acetate buffer saturated MTBE, pH 4, after each cycle.

Table 3. Recycling of GtHNL-3V immobilised on Celite R-633 (1 U/mg) in four successive RBR Cycles.
Tightly packed enzyme in tea bags.

Cycle  Conversion (%) ee (R)-mandelonitrile (%)

12 90.3+0.3 85.4
20 96.0+0.2 99.3
3b 93.5+0.3 96.3
4b 84.8+0.2 99.4

Conditions: 85 mL HCN (1.5-2 M) in acetate buffered MTBE, 4.25 mL (42 mmol) benzaldehyde, 1.16
mL (4.2 mmol) 1,3,5 tri-isopropylbenzene as I.S., immobilised enzyme on 773 mg Celite (1 U mg™ =
773 U), 700 rpm, 5 °C. The enzyme was washed for 1 minute with acetate buffer saturated MTBE, pH
4, after each cycle. 2 Immobilised GtHNL-3V was used without tea bags. ? Immobilised GtHNL-3V was
placed in tightly packed tea bags
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For PaHNL immobilised on Celite this influence of the packing was observed, t00.1°> A
faster racemic background reaction for loosely packed enzyme was observed in that
case as well. Substrate inhibition affecting the RBR reaction by blocking the enzyme
active site due to local high concentrations of benzaldehyde or HCN was ruled out by
kinetic measurements (Fig. S3). These results (Tables 1-3) show that the recyclability
of the enzyme is similar in both batch systems (BR and RBR) when using tightly
packed, immobilised enzyme.

3.2.2 Continuous flow reaction

To maximally exploit the potential safety advantage of the flow chemistry, the
synthesis of (R)-mandelonitrile was evaluated at different flow rates in a CFR of just 1
mL. As expected, a decrease in conversion from 97% to 63% (Fig. 6) was observed
by increasing the flow rate from 0.1 mL min~ to 1.0 mL min™! (residence time: 240 s
to 24 s).2%4% More remarkably the enantioselectivity was not influenced although alll
these experiments were performed at room-temperature, while cooling to 5°C had

been necessary to achieve good enantioselectivity in the BR and RBR.
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Figure 6. Synthesis of (R)-mandelonitrile using GtHNL-3V immobilised on Celite R-633 in CFR.
Conditions: ratio benzaldehyde : HCN in buffered MTBE, pH 4, 1 : 4, benzaldehyde (0.5 M), HCN
solution in acetate buffered MTBE (1.5-2 M) pH 4, 1,3,5 tri-isopropylbenzene (50 mM, 1.S.) with GtHNL-
3V immobilised on 150 mg Celite R-633 (1 U mg™ = 150 U). Reactions were performed at room
temperature. Conversion (bars) and enantiomeric excess (solid line). Error bars correspond to the
standard deviation of duplicates (n = 2)

The stability of GtHNL-3V was evaluated at 0.1 and 0.2 mL min™ , conditions under
which complete conversion was (just) observed. Any weaknesses of the system will
immediately be revealed at these flow rates. High stability was observed during 13
and 8 hours respectively (Fig. 7 and 8). Remarkably the enantioselectivity remained

excellent even when the conversion dropped due to enzyme deactivation. In the case
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of Manihot esculenta HNL (MeHNL) and Hevea brasiliensis HNL (HbHNL),
immobilised on siliceous monoliths, this was not the case, as loss of activity was

accompanied by loss of enantioselectivity.??
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Figure 7. Stability of GtHNL-3V for the synthesis of (R)-mandelonitrile in CFR at 0.1 mL min™.
Conditions: ratio benzaldehyde : HCN in buffered MTBE, pH 4, 1 : 4, benzaldehyde (0.5 M), HCN
solution in acetate buffered MTBE (1.5-2 M) pH 4, 1,3,5 tri-isopropylbenzene (50 mM, I.S.), with GtHNL-
3V immobilised on 150 mg Celite R-633 (1 U mg™t = 150 U). Conversion (bars) and enantiomeric excess
(solid line). Error bars correspond to the standard deviation of duplicates (n = 2)
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Figure. 8 Stability of GtHNL-3V for the synthesis of (R)-mandelonitrile in CFR at 0.2 mL min™.
Conditions: ratio benzaldehyde : HCN in buffered MTBE, pH 4, 1 : 4, benzaldehyde (0.5 M), HCN
solution in acetate buffered MTBE (1.5-2 M) pH 4, 1,3,5 tri-isopropylbenzene (50 mM, I.S.), with GtHNL-
3V immobilised on 150 mg Celite R-633 (1 U mg™t = 150 U). Conversion (bars) and enantiomeric excess
(solid line). Error bars correspond to the standard deviation of duplicates (n = 2)

The biocatalytic synthesis of (R)-mandelonitrile in continuous flow using AtHNL
immobilised on Celite R-633 has been reported previously.?®> With a packed bed
reactor (microbore column 3 mm/50 mm), the best conversion (85%) and

enantioselectivity (96%) were achieved with 25 mg of pure AtHNL on 100 mg of Celite

55



at a residence time of 35.3 min. Clearly, the conversions reported here (Fig. 6) are a

step forward.
3.2.3 Comparison of the reactors

The different reactors can best be compared via specific rates and productivity,
expressed as space—time yield (STY). In batch reactions, the RBR showed a specific
rate 1.7 times higher compared to the BR, whereas the CFR proved to be 3 and 2
times faster than BR and RBR respectively (Table 4).

Table 4. Specific rates for the different reactor types; data points from Fig. 5 and 6

Batch reactions CFR

0.7 0.8
BR RBR mL/min mL/min

Specific rates 3.512 6.302
(mmol min-t 7.93b 8.37¢
genz'l)

2.51P 3.93¢

aCalculated at ~54% conversion. P Calculated at ~76% conversion. ¢ Calculated at ~70% conversion.
Importantly, almost full conversion and excellent enantioselectivities were obtained
within minutes instead of 4 hours (batch reactions). In addition to this much higher
rate, the substantially lower reaction volume in the CFR constitutes a significant
improvement of safety.?” The increase in productivity of the CFR can also be explained
by the apparent turnover number (kapp) Observed. BR and RBR displayed Kapp from
0.77 st and 1.32 s respectively. The CFR exhibited 1.4 s™* (0.1 mL min™)t0 9.2 s™*
(1 mL min~t) (Fig. 6) without reaching the maximum kapp, thus the enzyme is capable
of converting even more substrate. In spite of the large macropores of Celite R-633
(6.5 um average diameter),** which are favourable to internal mass transfer,
differences between the reactor types become apparent. In all reactors with
heterogeneous processes such as with these mesoporous materials, some boundary
layer limiting substrate and product transfer occurs. This contributes to mass transfer
limitations and consequently, turnover rate limitations. Increased flow rates improve
the kapp due to a reduction and almost depletion of this boundary layer, enabling more
substrate to be exposed to the enzyme active site, explaining the advantage of CFR
over other reactors.*4’" The STY, a parameter frequently used to evaluate the
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productivity of different systems normalized to a volume of 1 L, shows that the use of
the continuous flow system resulted in a prominent increase in (R)-mandelonitrile
synthesized (gproduct h™ L™1). In steady state conditions, both batch reactions (BR and
RBR) achieved circa 12 g h™ L™* whereas CFR at 0.1 mL min~* reached 784 g h™* L™L.
This represents 65 times more product in total. Importantly, increasing the flow rate
enables higher specific rates and therefore higher STY without significantly affecting
the enzyme stability (Fig. 7 and 8). However, it is worthy to point out that higher flow
rates lead to unreacted substrate, which may make downstream processing more
difficult. Taking into account the amount of enzyme used for the reaction, the STY was
23 Qgproduct h™ L™ mgenzt at 0.1 mL min™ up to 156 gproduct h™* L™ mgenz* at 1 mL
min~t, which shows excellent productivity with a low enzyme loading. Recently, the
performance of MeHNL and HbHNL immobilised on porous, monolithic silica supports
has been reported in a continuous flow microreactor. Full conversion and high
enantioselectivity were achieved within minutes, but the enzyme stability diminished
after 7 and 3 hours operation, respectively. Furthermore, a drastic improvement of the
catalytic performance was observed as compared with the batch system, with a 8-fold

increase of the specific reaction rate.?!
3.3 Conclusions

GtHNL-3V showed a better catalytic performance for the production of (R)-
mandelonitrile compared to the wild type enzyme. Nearly complete conversion and
high enantioselectivity were achieved in both BR and RBR systems with tightly packed
enzyme on a readily available and environmentally benign carrier, Celite R-633. The
RBR did not greatly enhance the reaction rate and showed only a 1.7-fold increase in
specific rate at 54% conversion but similar STY (gproduct h™ L™ ). By switching to a
CFR, full conversions and excellent enantioselectivity were obtained within minutes.
Furthermore, continuous flow enabled to operate at higher kapp Which resulted in a
tremendous increase in STY compared to both batch systems evaluated in this study.
Additionally, the much smaller reaction volume improves safety at the same time. The
high activity and enantioselectivity of immobilised GtHNL-3V together with the
enhanced stability in batch and continuous flow systems outperform what has been
reported for other HNLs and makes this enzyme a new competitor for the production

of chiral cyanohydrins
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3.4 Experimental section
3.4.1 Chemicals

All chemicals were bought from Sigma Aldrich (Schnelldorf, Germany) unless reported
otherwise. Isopropanol and heptane were of HPLC grade (299%) and used as HPLC
solvents. 1,3,5-tri-isopropylbenzene (97%) was from Fluka Chemie (Buchs,
Switzerland). Potassium cyanide (KCN, 97%) from J.T. Baker (Deventer, The
Netherlands) was used as cyanide source in the HCN solution. (x)-Mandelonitrile from
Across Organics (New Jersey, USA) was purified by flash chromatography (PE/MTBE
9:1/3:7).

3.4.2 Heterologous production of wild type GtHNL (GtHNL-WT)

The pET-28a-GtHNL expression plasmid containing the GtHNL gene codon optimized
for E. coli (SI-A) was obtained from Bio Basic INC (Canada). E. coli BL21(DE3) was
transformed with the expression plasmid. The production of GtHNL-WT was
performed according to literature.l® A preculture was prepared by inoculating one
single colony of E. coli BL21(DE3)-pET28aGtHNL in 10 mL of LB medium with
kanamycin (40 ug mL™) and incubated overnight (New Brunswick Scientific Incubator
Shaker Excella E24 Series) at 37 °C, 180 rpm. Then, this preculture was used for the
inoculation of 1 L of LB medium containing kanamycin (40 ug mL™1) and incubated at
37 °C, 120 rpm. When the ODsoo reached 0.7—-0.9 the gene expression was induced
by adding 1 mL of 0.1 M isopropyl B-D-thiogalactoside (IPTG) per liter of culture (0.1
mM IPTG final concentration) and cultivation was continued at 25 °C, 120 rpm for 22
hours. Moreover, 100 uL of 1 M MnCl2 was added per liter of culture at the induction
time (0.1 mM Mn?* final concentration). Cells were harvested at 4 °C, 3600 rpm during
20 minutes (Sorvall RC6, Thermo Scientific). The supernatant was discarded and the
pellet was washed with 20 mL of 10 mM sodium phosphate buffer, pH 7, and stored
at -80 °C.

3.4.3 Cloning and expression of triple variant GtHNL-A40H/V42T/Q110H (GtHNL-
3V)

The pUC57 shuttle vector containing the gene encoding GtHNL-A40H/V42T/Q110H,
codon optimised for E. coli (SI-A) was obtained from Bio Basic INC (Canada) and used
to transform E. coli Top 10. The gene encoding GtHNL-A40H/V42T/Q110H gene was
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cloned into pET28a expression vector using Ncol and Hindlll restriction enzymes. The
resulting pET28a-GtHNL-A40H/V42T/Q110H expression vector was cloned into E.
coli TOP 10 to obtain a stable host for plasmid DNA. Finally, pET28a-GtHNLA-
40H/V42T/Q110H was used to transform the expression host E. coli BL21(DE3). The
cultivation of the expression strain was performed in TB (terrific broth) medium

following the same procedure described before for the GtHNL wild type.
3.4.4 Purification of GtHNL-WT and GtHNL-3V

GtHNL-WT was purified according to the literature!® with slight modifications. The
pellets were resuspended in lysis buffer A (50 mM bis-Tris buffer + 30 mM NaCl +
DNAse) pH 6.8, respectively, and lysed in a cell disruptor (Constant Systems Ltd.,
United Kingdom) at 1.5 kBar and 4°C to avoid protein denaturation. The cell free
extract (CFE) was collected as the supernatant after centrifugation at 48000 g, 1 h, 4
°C. GtHNL-WT was purified from the CFE by anion exchange chromatography with Q
Sepharose Fast Flow columns (HiTrap Q FF, 70 mL; GE Healthcare, Uppsala,
Sweden) applying an isocratic step of 10% buffer B and then a gradient from 10% to
100% buffer B (50 mM bis-Tris buffer + 1 M NaCl). GtHNL-WT eluted at 10% buffer B.
All the fractions were tested with an activity assay, see below. GtHNL-WT was further
purified using ultrafiltration with 100 kDa MWCO Amicon filter (Millipore) in order to
remove any large proteins (>100 kDa). GtHNL-TV was purified following the same
method with slight modifications. Loading and elution buffers were at pH 7.4 and the
ultrafiltration step was omitted because it had a negative effect on the enzyme stability.
GtHNL-3V eluted at 10% buffer B.

3.4.5 GtHNL activity assay

GtHNL activity (wild type and variant) was measured spectrophotometrically (Agilent
Technologies Cary 60 UV-VIS) using a method previously reported.1°3¢ The cleavage
of rac-mandelonitrile into benzaldehyde and hydrogen cyanide was followed at 280
nm and 25°C in quartz glass cuvettes. To 1300 uL of reaction buffer (100 mM sodium
oxalate buffer, pH 5), 200 pyL of enzyme solution (diluted in reaction buffer) and 500
ML of 60 mM rac-mandelonitrile solution (dissolved in 3 mM oxalic acid, pH 3) were
added. The background reaction was evaluated without enzyme and its slope was
subtracted in the final calculation. The activity was calculated based on the following

equation:36
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Activity = 2.0 x AA/min / (280 x 1 x 0.2 ) [U mlI™* diluted sample]
where

AA/min = AA/Minsample = AA/MiNplank

€280 = 1.376 [MM™1 x cm™]

One unit of HNL activity is defined as one micromole of rac-mandelonitrile converted

per minute in sodium oxalate buffer pH 5 at 25 °C.
3.4.6 Preparation of the hydrogen cyanide (HCN) solution in MTBE

An HCN solution in MTBE was prepared as described previously®!® with slight
modifications. 25 mL MTBE and 10 mL MilliQ water were mixed in a 100 mL
Erlenmeyer and kept at 0 °C. 0.1 mol potassium cyanide (6.51 g) was dissolved in the
mixture and magnetically stirred for 15 minutes. 10 mL of 30% (v/v) HCI solution was
added slowly and stirring was continued for 2 minutes. The HCN solution was allowed
to reach room temperature (circa 20 °C). The organic and aqueous phases were
separated using a separation funnel and the organic layer containing HCN was
collected. The separation was performed twice more after adding 7 mL of MTBE each
time. Finally, 5 mL of 100 mM sodium acetate buffer pH 4 was added to the organic
fraction collected and it was stored in a dark bottle at 4 °C. The HCN concentration in
solution in MTBE was determined by titration. 1 mL of the HCN solution was added to
5 mL of 2 M NaOH and magnetically stirred for 2 minutes. A small amount of potassium
chromate was added as indicator, then the solution was titrated using 0.1 M silver
nitrate. The cyanide reacts 1:1 with the silver and precipitates. If there are no cyanide
ions left in the mixture it will change colour from light yellow to brown.>3” To determine
a concentration between 1.5-2 M is necessary to add 15-20 mL of silver nitrate. The
HCN solution was found to be between 1.5 and 2 M.

Caution: Potassium cyanide (KCN) and hydrogen cyanide (HCN) are highly
poisonous chemicals. All experiments involving KCN and HCN were performed in a
ventilated fume hood with 2 calibrated HCN detectors (inside and outside the fume
hood). HCN wastes were neutralized over a large excess of commercial bleach (15%

sodium hypochlorite solution) for disposal.

3.4.7 Immobilisation on Celite R-633 for batch and continuous flow reactions
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Enzyme immobilisation was performed according to literature.® Celite R-633 was
washed with 100 mM sodium acetate buffer pH 4 using a Buchner funnel and dried 24
h under vacuum in a desiccator over silica gel. Given volumes of wild type GtHNL or
triple variant GtHNL were concentrated with Amicon ultrafiltration filters with a 10 kDa
MW cut-off, and subsequently added dropwise to Celite R-633 and dried 24 h under
vacuum in a desiccator over silica gel. The ratio of enzyme solution to carrier (UL : mg)
was 2 : 1. The enzyme concentration in solutions was adjusted in the concentration
step to the required amount of enzyme for the immobilisation. By using this ratio of
enzyme solution to Celite, the enzyme solution was completely absorbed by the
carrier, ensuring that all the enzyme was immobilised into the porous material. The

immobilised enzyme was stored in the fridge at 4 °C.
3.4.8 Synthesis reactions of (R)-mandelonitrile in batch systems
3.4.8.1 Batch reaction (BR) — tea bag approach.

Several biocatalytic reactions were performed using GtHNL-3V immobilised on Celite
R-633 and tightly packed into tea bags as described in the literature.*® (Fig. S6 and
S7t) Tea bags can be made from nylon with pore size 0.4 mm or indeed a regular tea
bag.® All reactions were performed with regular tea bags. The reaction conditions
were: benzaldehyde (100 uL, 1 mmol), 27.5 pyL 1,3,5-tri-isopropylbenzene (internal
standard), 2 mL HCN in 100 mM acetate buffered MTBE pH 4 (1.5-2 M), tea bag filled
with 50 mg immobilised enzyme (0.1, 0.5, 1,2 and 4 U mg-1), 700 rom and 5 °C. The

ratio benzaldehyde to HCN solution was ~1 : 4.
3.4.8.2 Rotating bed reactor (RBR) reaction.

The reaction was scaled up to a 42 times larger reaction mixture volume, utilising a
rotating bed reactor (Spinchem, Sweden). The reaction conditions were:
benzaldehyde (4.25 mL, 42 mmol), 1.16 mL 1,3,5-tri-isopropylbenzene (internal
standard), 85 mL HCN in 100 mM acetate buffered MTBE pH 4 (1.5-2 M), immobilised
GtHNLA-40H/V42T/Q110H on 773 mg Celite (1 U mg™ Celite), 700 rpm and 5 °C. The
ratio benzaldehyde to HCN solution ~1 : 4.

3.4.8.3 Enzyme recyclability in batch systems (BR and RBR).

The enzyme recyclability was determined by several cycles of (R)-mandelonitrile

synthesis as described earlier.> Between each cycle the immobilised enzyme in the
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tea bag was washed for 1 minute with 100 mM acetate buffered MTBE, pH 4.0, and
stored after every second reaction cycle overnight at 4°C in fresh acetate buffered
MTBE, pH 4.

3.4.9 Synthesis reactions of (R)-mandelonitrile on continuous flow

Immobilised GtHNL-3V on Celite R-633 (1 U mg™) was placed into a 1 mL stainless
steel flow reactor. It was filled with 150 mg of non-porous glass beads and 150 mg of
Celite R-633 containing immobilised enzyme. The packed bed reactor had a reaction
volume of 0.394 mL (SI-C). 20 cm of polytetrafluoroethylene (PTFE) tubing with 1.5
mm inner diameter connect a high-pressure pump (Knauer, Germany) with the starting
materials. Initial conditions were as follow: 0.5 M benzaldehyde, 1.5-2 M HCN in 100
mM acetate buffered MTBE pH 4 and 50 mM 1,3,5 tri-isopropylbenzene as internal
standard. The synthesis of (R)-mandelonitrile was evaluated at different flow rates
(from 0.1 to 1 mL min—1) by chiral HPLC. The flow rate was checked at each sampling

time by the difference of weight. Reactions were performed at room temperature.
3.4.9.1 Stability study in continuous flow.

Synthesis reactions with immobilised GtHNL-TV on Celite R-633 (1 U mg™) were
performed for 13 hours (0.1 mL min™t) and 8 hours (0.2 mL min™) continuously to test
the enzyme stability at room temperature. Samples were drawn at regular intervals
(Fig. 7 and 8) and analysed by chiral HPLC.

3.4.10. Analysis

Samples (10 yL) were taken at different times during the reaction run and added to
990 pL of heptane : 2-propanol 95 : 5 in 1.5 mL Eppendorf tubes. A small amount of
anhydrous magnesium sulphate (MgSO4) was used to remove the water from the
solution. The Eppendorf tubes were centrifuged at 13000 rpm for 1 min. 850 yL of the
supernatant was transferred to a 4 mL HPLC vial and 10 pL was injected into the
HPLC (Chiralpak AD-H column, column size: 0.46 cm I.D x 25 cm). Heptane and 2-
propanol were used as mobile phase with a flow rate of 1 mL min~* and the UV detector
was set at 216 nm. The column temperature was set at 40 °C. The samples in the

autosampler were maintained at 4°C.
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Supplementary Information
A. Gene and amino-acid sequences

GtHNL wild type — Gene sequence
5’'CCATGGAGATTAAACGTGTTGGTTCTCAGGCTTCTGGTAAAGGTCCGGCTGATTGGTTCACTG

GTACTGTTCGTATCGATCCGCTGTTTCAGGCTCCGGATCCGGCATTAGTAGCTGGTGCTTCTGTT
ACCTTTGAACCGGGTGCTCGTACTGCTTGGCATACTCATCCGTTAGGTCAGACTCTGATTGTAAC
TGCTGGTTGTGGTTGGGCTCAGCGTGAAGGTGGTGCTGTTGAAGAAATTCATCCGGGTGATGTT
GTATGGTTCTCTCCAGGTGAAAAACACTGGCATGGTGCTGCACCAACTACCGCTATGACCCACC
TGGCTATCCAGGAACGTCTGGATGGTAAAGCTGTTGATTGGATGGAACACGTTACTGATGAACA
GTACCGTCGTTAAGCTT -3’

GtHNL wild type — Aminoacid sequence

MEIKRVGSQASGKGPADWFTGTVRIDPLFQAPDPALVAGASVTFEPG
ARTAWHTHPLGQTLIVTAGCGWAQREGGAVEEIHPGDVVWFSPGEKH
WHGAAPTTAMTHLAIQERLD GKAVDWMEHVTDEQYRRA

GtHNL-A40H/V42T/Q110H

5’CCATGGAGATTAAACGTGTTGGTTCTCAGGCTTCTGGTAAAGGTCCGGCTGATTGGTTCACTG
GTACTGTTCGTATCGATCCGCTGTTTCAGGCTCCGGATCCGGCATTAGTAGCTGGTCACTCTACT
ACCTTTGAACCGGGTGCTCGTACTGCTTGGCATACTCATCCGTTAGGTCAGACTCTGATTGTAAC
TGCTGGTTGTGGTTGGGCTCAGCGTGAAGGTGGTGCTGTTGAAGAAATTCATCCGGGTGATGTT
GTATGGTTCTCTCCAGGTGAAAAACACTGGCATGGTGCTGCACCAACTACCGCTATGACCCACC
TGGCTATCCACGAACGTCTGGATGGTAAAGCTGTTGATTGGATGGAACACGTTACTGATGAACAG
TACCGTCGTTAAGCTT -3’

GtHNL-A40H/V42T/Q110H — Aminoacid sequence

MEIKRVGSQASGKGPADWFTGTVRIDPLFQAPDPALVAGHSTTFEPG
ARTAWHTHPLGQTLIVTAGCGWAQREGGAVEEIHPGDVVWFSPGEKH
WHGAAPTTAMTHLAIHERLDGKAVDWMEHVTDEQYRRA

Aminoacids in red show the mutations at positions 40, 42 and 110.
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B. SDS-PAGE purified GtHNL-A40H/V42T/Q110H

Gtl Gt2 Gt3 M

100 KDa

75 KDa
50 KDa

37 KDa
ey 25 KDa

15 KDa

Wy

Figure S1. SDS-PAGE of purified GtHNLA40H/V42T/Q110H. Sample M is the marker and Gtl to Gt3
are different dilutions of purified GtHNLA40H/V42T/Q110H
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C. Calculation of reaction volume in continuous flow

Interbead volume (Non porous glass beads)

A commonly used inter-beads volume for non-porous beads of similar or close
diameters even for well packed columns is between 30% and 40% of the total volume.
Since 150 mg of glass beads correspond to 0.5 mL bulk volume, the inter-beads

volume is about:

0.5mL x35% =0.175 mL

Pore volume (Celite R-633)

According to El-Sayed?, Celite R-633 has a total pore volume of 1.46 mL g*.

0.150 g Celite R-633 x 1.46 mL g1 =0.219 mL

Reaction volume = 0.219 mL + 0.175 mL = 0.394 mL
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D. Progress of the synthesis of (R)-mandelonitrile with non-immobilized GtHNL-
3V
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Figure S2: Kinetic trace for the synthesis of (R)-mandelonitrile with non-immobilized GtHNL-3V.
Conditions: Ratio benzaldehyde : HCN in acetate buffered MTBE pH 4 1:4, GtHNL-3V (11 mg, 50 U).
The reaction was stirred at 1000 rpm at 5 °C.

69



E. Benzaldehyde and HCN kinetics
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Figure S3. Kinetic traces for the synthesis of (R)-mandelonitrile at different benzaldehyde and HCN
concentrations. Conditions: Ratio benzaldehyde : HCN in acetate buffered MTBE, pH 4, -~1:4,2 mL
HCN in acetate buffered MTBE (1.5-2 M) pH 4, GtHNL-3V immobilized on 50 mg Celite R-633 (50 U).
The reaction was stirred at 700 rpm, 5 °C. Single measurement points were fitted by using Michaelis-
Menten equation. Standard deviation was calculated with Igor Pro 5.0.5 software
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F. Substrate incubation for evaluation of background reaction during 8 hours

Detector A Chl 216nm

|mv
: g™
500 no products observed
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Figure S4. HPLC detection of benzaldehyde and 1,3,5 tri-isopropylbenzene during 8 hours of
incubation: Conditions: Ratio benzaldehyde : HCN in buffered MTBE, pH 4, -1:4, 100 uL benzaldehyde
(1 mmol), 2 mL HCN in acetate buffered MTBE, pH 4 . The reaction was stirred at 1000 rpm at 5 °C.

G. Identification of substrates and products during the synthesis of (R)-
mandelonitrile
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Figure S5. HPLC detection of benzaldehyde, 1,3,5 tri-isopropylbenzene and (R)-mandelonitrile.
Conditions: Ratio benzaldehyde : HCN in buffered MTBE, pH 4, - 1:4, a CFR with GtHNL-3V
immobilised on 150 mg Celite R-633 (150 U). Reactions was performed at room temperature.
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H. Progress of the synthesis of (R)-mandelonitrile with immobilized GtHNL-3V in nylon
and regular paper tea bag.

==& =-1U/mg paper bag [final ee > 99 %]
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Figure S6: Synthesis of (R)-mandelonitrile with immobilized GtHNL-3V in nylon and regular paper tea
bags. Paper tea bags are commonly nylon enforced. Conditions: Ratio benzaldehyde : HCN in acetate
buffered MTBE, pH 4, ~ 1:4, GtHNL-3V (11 mg, 50 U). The reaction was stirred at 1000 rpm at 5 °C.

Size of tea bags for BR and RBR reactions
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Figure S7: Tea bags with different sizes for tightly or loosely packed GtHNL-3V on Celite R-633. The
ruler shows the size in cm. a) tightly packed Celite immobilised GtHNL-3V (50 mg) for BR, b) tightly
packed Celite immobilised GtHNL-3V (18 mg) for BR, c) loosely packed Celite immobilised GtHNL-3V
(773 mg) for RBR and d) tightly packed Celite immobilised GtHNL-3V (773 mg) for RBR.
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Table S1: Size of tea bags for tightly or loosely packed GtHNL-3V on Celite R-633 for BR and RBR

reactions.

Reactor Type of packing Size Amount of enzyme -carrier
BR Tight 1.3x1.6cm 50 mg
BR Tight 0.7x0.8 18 mg
RBR! Loose 2.5x2.6cm 773 mg
RBR! Tight 1.8x2.2cm 773 mg

12 bags with equal amount of GtHNL-3V on Celite.

S| References

[1] A.H.M.M. El-Sayed, W.M. Mahmoud and R.W. Coughlin, Biotechnol. Bioeng., 1990, 36, 83-
91.
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Immobilization of Arabidopsis thaliana
Hydroxynitrile Lyase (AtHNL) on EziG Opal

Arabidopsis thaliana hydroxynitrile lyase (AtHNL) catalyzes the selective synthesis of
(R)-cyanohydrins. This enzyme is unstable under acidic conditions, therefore its
immobilization is necessary for the synthesis of enantiopure cyanohydrins. EziG Opal
is a controlled porosity glass material for the immobilization of His-tagged enzymes.
AtHNL-EziG Opal achieved 95% of conversion after 30 min of reaction time in batch
and it was recycled up to eight times with a final conversion of 80% and excellent
enantioselectivity. The continuous flow system achieved 96% of conversion and
excellent enantioselectivity at 0.1 mL mint. Lower conversion and enantioselectivity
were observed at higher flow rates. The specific rate of AtHNL-EziG Opal in flow was
0.26 mol h! genzyme at 0.1 mL min? and 96% of conversion whereas in batch, the
immobilized enzyme displayed a specific rate of 0.51 mol h™? genzyme® after 30 min of
reaction time at a similar level of conversion. However, in terms of productivity the
continuous flow system proved to be almost four times more productive than the batch
approach, displaying a space-time-yield (STY) of 690 molproduct h™* L genzyme™
compared to 187 mMolproduct h™* L genzyme™* achieved with the batch system.

This chapter is based on

José Coloma, Tim Lugtenburg, Muhammad Afendi, Mattia Lazzarotto, Paula Bracco,
Peter-Leon Hagedoorn, Lucia Gardossi and UIf Hanefeld

Catalysts, 2020, 10, 899. DOI:10.3390/catal10080899
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4.1 Introduction

Hydroxynitrile lyases (HNLs) are enzymes that catalyze the synthesis of enantiopure
cyanohydrins (Scheme 1), known building blocks for the production of fine chemicals,
pharmaceuticals and cosmetics [1-4]. HNL catalyzed reactions are faced with two
problems, the chemical formation of racemic cyanohydrins and product racemization
due to the reaction equilibrium [5]. These limitations can be overcome by performing
the reactions in buffer saturated organic solvent and adjusting the pH to the lower limit
accepted for HNLs [5,6]. These conditions are not the natural environment of HNLSs,
as they have to be stabilized for instance by immobilization on a suitable carrier.
o) OH

AfHNL

MTBE saturated CN
with buffer pH 5

H
+ HCN

Scheme 1. AtHNL catalyzed hydrocyanation of benzaldehyde yielding (R)-mandelonitrile.

Improved stability, activity and selectivity of immobilized enzymes have been reported
earlier [7,8]. In addition, immobilization enables the increase of enzyme loading and
facilitates recycling and downstream processing. To achieve the beneficial aspects
mentioned before, the characteristics of enzyme and carrier must be considered.
However, there is not a general method to immobilize an enzyme and its feasibility

must be determined experimentally [9,10].

Immobilized metal ion chromatography (IMAC) is a widely used technique for the
purification and immobilization of His-tagged enzymes. The enzyme immobilization is
based on the affinity of divalent metal ions such as Zn?*, Cu?*, Ni** or Co?* to the
imidazole ring of histidines. Chelated Ni?* on nitrilotriacetic acid (Ni-NTA) has turned
out to be the most effective combination for the purification of His-tagged proteins [11].
However, nickel induced genotoxicity, carcinogenicity and immunotoxicity has been
reported [12]. Hence, the development of a carrier with a non-toxic metal ion is highly

desirable.

A new set of carriers (EziG, provided by EnginZyme AB, Stockholm, Sweden)
containing non-toxic Fe3* (>10 umol g™*) on its surface has been developed for the
immobilization of His-tagged enzymes. These materials have a core made of

controlled porosity glass (CPG) particles facilitating mass transfer from reactants and
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products to the material due to its interconnecting pore structure (circa 1.8 mL g™). In
addition, its non-compressible non-swelling nature is an advantage compared to NTA
agarose. The porous surface can be coated with an organic polymer to tailor carriers
with different hydrophobic characteristics such as EziG Opal (hydrophilic), EziG Coral
(hydrophobic) and EziG Amber (semi-hydrophobic). Given the hydrophilic surface of
Hise-tagged AtHNL [13], its immobilization was performed on EziG Opal. Moreover,
EziG Opal has been found to be suitable for reactions in organic solvents [14], a crucial
property to enable the synthesis of enantiopure cyanohydrins together with low pH

required in the reaction medium.

Some successful studies with different immobilized enzymes on EziG carriers have
been reported earlier. An w-transaminase was active in methyl-tert-butylether (MTBE)
and a Baeyer-Villiger monooxygenase (BVMO) together with two cofactor-
regenerating enzymes displayed increased stability [14]. An w-transaminase from
Arthrobacter sp. (AsR-wTA) on EziG Amber was highly stable in batch and continuous
flow systems [20]. On the other hand, when an old yellow enzyme (OYE) was
immobilized on EziG Opal, poor recyclability was observed, and the initial conversion
dropped to 56% after two reaction cycles [21]. The loss of activity of OYE was
assumed to be due to enzyme leaching and/or deactivation of the enzyme. Likewise,
the enzyme arylmalonate decarboxylase (AMDase) presented a significant loss of
activity during recycling studies on all EziG carriers [22]. The loss of activity of AMDase
activity on EziG carriers was explained to be due to enzyme leaching because the of
the lower strength of the coordinate bond and due to local pH changes by the acidic
product of the reaction.

Enzyme catalysed reactions in flow are gaining attention due to improved productivity,
easier downstream processing and efficiency of scale-up compared to batch systems.
Reduced reaction times and enhanced selectivity are reported benefits of performing
reactions in flow [23-26]. On top of all these benefits mentioned before, continuous
flow reactions allow to optimize resource utilization, reduce reaction volumes and
consequently achieve waste reductions and lower energy consumption [27].
Furthermore, they allow handling of toxic and reactive reagents such as cyanide [28]
in a safer manner.

The aim of this study is to immobilise AtHNL on EziG Opal based on the His-tag/Fe3*
affinity and compare its performance for the synthesis of (R)-mandelonitrile with the
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earlier reported successful immobilisation of AtHNL on Celite by adsorption [15].
Important parameters such as stability, specific rate and productivity were investigated

in batch and flow systems.
4.2 Results and discussion

AtHNL was recombinantly produced with a Hiss-tag to enable its purification and
immobilization by metal-ion affinity. It was successfully overexpressed in E. coli
BL21(DE3) and purified displaying a specific activity of 136.5 + 3.2 U mg*. AtHNL was
purified prior to its immobilization to avoid binding of other proteins with affinity to the

EziG Opal carrier.
4.2.1 Batch reactions

All batch reactions were performed with AtHNL-EziG Opal tightly packed into tea bags.
Earlier research revealed that while the material of the bags had no influence on the
conversion and enantioselectivity, it was essential to pack the bags tightly [16,18,29].
A magnetic stirrer was attached to the tea bag to enable the rotation of the immobilized
enzyme and stirrer simultaneously. This set up avoids mechanical attrition of the
carrier caused by the stirrer and facilitates the manipulation of the immobilized enzyme
for recyclability studies without any loss of enzyme material. A leaching assay showed
that AtHNL did not leach from EziG Opal carrier to the reaction medium (Figure S1).
Similarly, no leaching had been reported previously for hydrocyanation reactions
catalyzed by immobilized HNLs on siliceous carriers in general and AtHNL specifically
[15,16,18,29].

Once it was established that EziG Opal is a suitable carrier for the immobilization of
AtHNL (Figure S1), preliminary time studies using different enzyme loadings of AtHNL-
EziG Opal for the synthesis of (R)-mandelonitrile were performed (Figure 1). The
different enzyme loadings showed a huge difference in conversion and enantiopurity
during four hours of reaction time. In these preliminary experiments, AtHNL was
immobilized on EziG Opal by incubating an enzyme solution with the carrier in an
orbital shaker (see Section 4.4.7 for details). The rotation enabled the enzyme to bind
to the carrier but some precipitation was observed and it might explain the results in
Figure 1. On the other hand, an earlier report [15] showed that AtHNL on Celite R-633
displayed near complete conversion and excellent enantioselectivity after 45 min using
5 mg mL* (circa 400 U) and MTBE saturated with citrate/phosphate buffer pH 5.5. The
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enzyme was immobilized by adsorption in that study. In addition, the successful
immobilizations of Prunus amydalus HNL (PaHNL) [16], Manihot esculenta HNL
(MeHNL) [18] and Granulicella tundricola HNL (GtHNL) [29] on Celite were also
performed by adsorbing all the enzyme solution into the carrier until saturation, which
means that the enzyme solution is completely adsorbed into the carrier, just like in the
case of Celite. All these results suggest that the immobilization of AtHNL on EziG Opal
had to be optimized.

100 - - W ——— m————— =

Conversion (%)

Time (h)

Figure 1. Synthesis of (R)-mandelonitrile utilising different enzyme loadings. Immobilization was
performed by incubating enzyme and carrier in an orbital shaker and subsequent drying. Dashed line
and squares (20 U/mg, final ee = 99 %), solid line and dots (10 U/mg, final ee = 63 %) and dotted line
and diamonds (5 U/mg, final ee = 23 %). Conditions: Ratio benzaldehyde : HCN in citrate/phosphate
buffered MTBE, pH 5, 1:4, benzaldehyde (100 uL, 1 mmol), 2 ml HCN solution in citrate/phosphate
buffered MTBE (1.5 - 2 M) pH 5, 27.5 uL (0.1 mmol) 1,3,5-tri-isopropylbenzene as internal standard
(1.S) and a teabag filled with AtHNL immobilized on 60 mg EziG Opal. The reaction was stirred at 900
rpm at room temperature. Error bars correspond to the standard deviation of duplicates (n=2) HPLC
samples of the single experiment.

In order to optimize the immobilization of AtHNL on EziG Opal, the enzyme was
immobilized by either incubating an enzyme solution in an orbital shaker or by adding
it dropwise to EziG Opal carrier in such a way that the carrier absorbs the enzyme
solution completely, as in the case of Celite [15,16,18,29]. Additionally, the effect of
drying AtHNL-EziG Opal, which might influence the enzyme performance, was
investigated. For this, AtHNL-EziG Opal was used either immediately after its
immobilization (wet AtHNL-EziG Opal) or after 16 h of drying under vacuum in a
desiccator over silica gel. Figure 2 shows the effect of drying AtHNL-EziG Opal and
the immobilization method on the bioconversions. The immobilization of AtHNL in an

orbital shaker with subsequent drying had a large negative impact on the conversion
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and enantioselectivity for the synthesis of (R)-mandelonitrile (Figure 2, dotted line and
diamonds). The reaction catalyzed by wet AtHNL-EziG Opal (Figure 2, dashed line
and triangles) proceeded faster and with improved enantioselectivity (92% of
conversion and 92% of enantioselectivity) as compared to the dried AtHNL-EziG Opal

(43% of conversion and 63% of enantioselectivity).
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Figure 2. Effect of immobilisation method and drying on the synthesis of (R)-mandelonitrile. Continuous
line and crosses is the reaction with wet AtHNL-EziG Opal (adsorption), final ee = 96.2 %; dashed line
and dots is the reaction with dried AtHNL-EziG Opal (adsorption) final ee = 93.8 %; dashed line and
triangles is the reaction with wet AtHNL-EziG Opal (incubation in orbital shaker), final ee = 92.3 % and
dotted line and diamonds is the reaction with dried AtHNL-EziG Opal (incubation in orbital shaker), final
ee = 63.3 %. Conditions: Ratio benzaldehyde : HCN in citrate/phosphate buffered MTBE, pH 5, 1:4,
benzaldehyde (100 puL, 1 mmol), 2 ml HCN solution in citrate/phosphate buffered MTBE (1.5 - 2 M) pH
5, 27.5 uL (0.1 mmol) 1,3,5-tri-isopropylbenzene as I.S. and a teabag filled with AtHNL immobilized on
60 mg EziG Opal. All reactions were performed with enzyme loading of 10 U/mg and the mol ratio of
monomeric AtHNL:Fe3* was 1:5. The reaction was stirred at 900 rpm at room temperature. Error bars
of wet AtHNL- EziG Opal (adsorption), wet AtHNL-EziG Opal (incubation) and dried AtHNL-EziG Opal
(incubation) correspond to the standard deviation of duplicate (n=2) HPLC samples of the single
experiment. Error bars of the reaction with dried AtHNL-EziG Opal (adsorption) correspond to the
standard deviation of triplicate (n=3).

As drying proved to have a negative impact on the enzyme activity and
enantioselectivity, two reactions with wet AtHNL-EziG Opal immobilized by either
incubation in an orbital shaker or adsorption were performed. A faster reaction was
observed when the enzyme was immobilized by adsorption (Figure 2, continuous line
and crosses), comparable to the results with Celite [15]. Similar conversion (circa 95%
in both cases) was obtained after 4 h of reaction time, but enantioselectivity was
slightly better for the enzyme immobilized by adsorption (96% ee) as compared to the
enzyme immobilized by incubation (92% ee). Surprisingly, the effect of drying on the
reaction rate was negligible for AtHNL immobilised by adsorption on EziG Opal (Figure

2, dashed line and dots). Conversion of circa 96% were obtained for both, dried and
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non-dried AtHNL-EziG Opal immobilised by adsorption within 30 minutes and little
change was observed in the following 3.5 hours. A possible explanation is that the
enzyme is immediately stabilised right after its adsorption into the pores of the catrrier,
thus it is capable to endure the mechanical stress caused by the orbital shaker as well
as the drying.

The lower conversions observed when the enzyme was immobilized by incubation
might be explained by the loss of the AtHNL dimeric structure caused by the rotation
in an orbital shaker. In fact, some precipitation was observed after the incubation time.
Earlier reports have shown that the enzyme stability is enhanced by higher oligomeric
states [30]. Indeed, the ability of MeHNL to form tetramers in solution whereas AtHNL
forms dimers, explained the superior stability to higher temperatures and lower pH-
values observed for MeHNL as compared to AtHNL [31]. Similarly, MeHNL proved to
be more stable than dimeric Hevea brasiliensis HNL (HbHNL) for the synthesis of (S)-
mandelonitrile in a monolith microreactor [17]. The formation of MeHNL tetrameric
structures was attributed as the most likely reason for its higher stability.

Earlier studies [15] demonstrate a significant influence of the water content on enzyme
activity of immobilized AtHNL on Celite R-633, indicating that the minimal water
content of AtHNL-Celite for retaining enzymatic activity is 10% (w/w) of the
immobilized enzyme. Additionally, the stability of MeHNL as CLEA or immobilized on
Celite R-633 is highly dependent on the water entrapped in the carrier [18,32]. This
effect can be ruled out here as buffer saturated MTBE was used as solvent.

Silica carriers, such as EziG Opal, are known to catalyze the chemical racemic
background reaction [15-19,33,34] (Figures S2 and S3). However, the
enantioselectivities achieved here in batch reactions under the optimized
immobilization condition demonstrated the effcient suppression of this undesired
reaction.

In addition to enzymatic activity and enantioselectivity, the stability of immobilized
enzymes is crucial in biocatalytic applications. Indeed, one of the main objectives of
enzyme immobilization is the potential for recycling the biocatalyst [4,6,35]. Since the
best results for the synthesis of (R)-mandelonitrile were obtained with wet AtHNL-EziG
Opal (10 U mg?t) immobilized by adsorption, a recyclability study was performed under
these conditions (Figure 3). In order to avoid enzyme overloading on the carrier which
might lead to misinterpretations in the recyclability study, the mol ratio of monomeric

AtHNL:Fe®* used was 1:5, thus ensuring any enzyme deactivation is visible during the
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reaction cycles. Near complete conversion and excellent enantioselectivity (>99%)
were observed during 7 cycles. When 10 U mg of the enzyme were immobilized by
incubation in an orbital shaker and subsequent drying, the recycling was unsuccessful
(data not shown), whereas an enzyme loading of 20 U mg™ led to a biocatalyst that
could be recycled five cycles (Figure S4).

Figure 3 shows that EziG Opal enables to recycle AtHNL over several cycles with good
conversion and enantioselectivity under the conditions of this study; accomplishing

one of the main objectives of enzyme immobilization.
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Figure 3. Recycling of wet AtHNL-EziG Opal (10 U/mg) in eight successive cycles. Immobilization was
performed by adsorption. Conversion (bars), enantiomeric excess (dotted line and triangles).
Conditions: Ratio benzaldehyde : HCN in citrate/phosphate buffered MTBE, pH 5, 1:4, benzaldehyde
(200 pL, 1 mmol), 2 ml HCN solution in citrate/phosphate buffered MTBE (1.5 - 2 M) pH 5, 27.5 uL (0.1
mmol) 1,3,5-tri-isopropylbenzene as |.S. and a teabag filled with AtHNL immobilized on 60 mg EziG
Opal. Mol ratio of monomeric AtHNL:Fe3* was 1:5. The reaction was stirred at 900 rpm at room
temperature. The enzyme was washed for 1 minute with 100 mM citrate/phosphate buffer saturated
MTBE pH 5 after each cycle. Reaction time: 1 hour. Error bars correspond to the standard deviation of
duplicates (n=2).

Similarly, AtHNL on Celite displayed good conversion (>95%) and excellent
enantioselectivity (>98% ee) during five consecutive reaction cycles [15]. Also, the
successful recyclability of w-transaminase from Arthrobacter sp. (AsR-wTA)
immobilized on EziG Amber (semi hydrophobic polymer surface) has been reported
[20]. The immobilized AsR-wTA (10 mg, 10% enzyme loading, w w'!) was used for the
kinetic resolution of rac-methylbenzylamine during 16 consecutive reaction cycles with
excellent conversion and enantioselectivity. On the other hand, poor recyclability was
recently reported [21] for the bioreduction of a-methyl-trans-cinnamaldehyde with a
co-immobilized preparation of old yellow enzyme 3 (OYE3) and glucose
dehydrogenase (GDH) on EziG Opal (OYE3/GDH-EziG Opal). The conversion
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dropped to 56% after only two reaction cycles. However, it is worthy to mention that
after 11 cycles (almost no conversion) the addition of GDH increased the conversion
up to 30% suggesting that GDH was gradually deactivated or leached from the carrier
over the reaction cycles. Also, the synthesis of enantiopure (S)-arylpropinate using
arylmalonate decarboxylase (AMDase) immobilized on three EziG carriers with
different surface hydrophobicity has been reported [22]. The best activity was obtained
with the hydrophilic carrier (EziG Opal). Unfortunately, the enzyme was nearly fully
deactivated after the second reaction cycle for the three EziG carriers. This significant
loss of enzymatic activity was attributed to enzyme leaching or local pH shifts inside

the porous carriers.
4.2.2 Continuous flow reactions

Immobilisation enables the use of enzyme catalysed synthesis reactions in continuous
flow. Several advantages have been reported for this approach such as increased
productivity, enhanced stability, reduced enzyme inhibition and easier downstream
processing [26,36-37]. In addition, the reduced risk of manipulation of hazardous
reagents, such as hydrogen cyanide, due to the smaller reaction volume used for the
biocatalytic reactions is advantageous [28].

AtHNL was immobilised on EziG Opal in accordance with the optimised method
(adsorption + wet AtHNL-EziG Opal) developed for batch reactions and tested in a
continuous flow reactor (CFR). Figure 4 shows the synthesis of (R)-mandelonitrile at
different flow rates. Near complete conversion and excellent enantioselectivity were
achieved at 0.1 mL min-t. An important decrease in enantioselectivity was observed
at flow rates above 0.2 mL mint suggesting that AtHNL on EziG Opal suffers from the
competing chemical background reaction catalysed by the carrier. Indeed, the reduced
enantioselectivity could be explained as the result of the carrier catalysed chemical
reaction (Figure S3). Water content and pH had a major impact on the synthesis of
rac-mandelonitrile. Pure EziG Opal formed circa 5 % of rac-mandelonitrile due to the
chemical background reaction whereas the addition of 306 uL of phosphate buffer pH
7 (same volume used for the enzyme immobilisation) increased its formation up to 26
% at 0.1 mL/min (Figure S3).
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Figure 4. Synthesis of (R)-mandelonitrile using wet AtHNL-EziG Opal (10 U mg?) in a CFR.
Immobilization was performed by adsorption. Conversion (bars), enantiomeric excess (dotted line and
triangles). Conditions: benzaldehyde (0.5 M), HCN solution in citrate/phosphate buffered MTBE (1.5 -
2 M) pH 5, 1,3,5 tri-isopropylbenzene (50 mM, internal standard), a CFR with AtHNL immobilised on
150 mg EziG Opal. Mol ratio of monomeric AtHNL:Fe3* was 1:4. Reactions were performed at room
temperature. Error bars correspond to the standard deviation of triplicates (n=3).

The stability of AtHNL-EziG Opal was evaluated in the synthesis of (R)-mandelonitrile
at 0.1 mL/min during 12 hours on continuous operation. At this flow rate near complete
conversion was achieved with a mol ratio of monomeric AtHNL:Fe3* of 1:4, thus the
robustness of the reaction system could be evaluated. Overall, AtHNL-EziG Opal
displayed good conversion and high enantioselectivity during the stability study (Figure
5). Conversion of 74% and enantioselectivity of 89% respectively were achieved after
12 hours of continuous operation. The decreased conversion and enantioselectivity
after 12 hours might be explained by enzyme deactivation due to the low pH 5 and the
chemical reaction catalysed by the carrier.
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Figure 5. Stability of wet AtHNL-EziG Opal (10 U mg?) in continuous flow at 0.1 mL min-1. Immobilization
was performed by adsorption. Conversion (bars), enantiomeric excess (dotted line and triangles).
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Conditions: benzaldehyde (0.5 M), HCN solution in citrate/phosphate buffered MTBE (1.5 - 2 M) pH 5,
1,3,5 tri-isopropylbenzene (50 mM, internal standard), a CFR with AtHNL immobilised on 150 mg EziG
Opal. Mol ratio of monomeric AtHNL:Fe3* was 1:4. Reactions were performed at room temperature.
Error bars correspond to the standard deviation of duplicates (n=2) during the first 7 hours. From hour
8, error bars correspond to the standard deviation of duplicates (n=2) HPLC samples of the single
experiment.

4.2.3 Comparison between batch and continuous flow systems

The comparison of the performance of the batch and continuous flow systems cannot
be made based on conversions due to the different set ups used. To establish a clear
comparison regarding the performance of AtHNL-EziG Opal in batch and continuous
flow, the specific rate and space-time-yield (STY) at a similar level of conversion were
calculated.

The specific rate at 0.1 mL/min (96% of conversion) was 0.26 mol h™ genzyme™,
surprisingly, it is half of the specific rate calculated in batch. At 0.4 mL/min, a similar
rate (0.53 mol h'! genzyme™®) was observed as compared to the batch system. However,
the reduced conversion (49%) might make downstream processing more problematic.
Higher flow rates did not further improve the specific rate. AtHNL-EziG Opal in batch
displayed higher specific rate (0.51 mol h* genzyme™) compared to AtHNL-Celite [15]
(0.20 mol ht genzyme™) at 96% of conversion. In both cases the reported conversion
was achieved after 30 minutes reaction time.

Previously, AtHNL was immobilised on Celite R-633 [19] and tested for the synthesis
of (R)-mandelonitrile, the reaction in flow using a packed bed reactor did not enhance
the rate of the reaction as compared to the batch system; the best specific rate
calculated for the continuous flow system was 0.04 mol h! genzyme at 0.04 mL/min
(85% of conversion), whereas the batch system showed 0.07 mol ht genzyme™ (circa
91% of conversion). These results are circa 6 and 7 fold lower as compared to the
best specific rate in flow (0.1 mL) and batch respectively reported in this study. In
another study [17], the continuous flow synthesis of (S)-mandelonitrile with
immobilised HbHNL on a siliceous monolith microreactor was 8 times faster as
compared to the batch system and displayed a specific rate of 0.50 mmol min- genzyme™
1 at circa 95% conversion and 0.2 mL/min. This result is twice the specific rate
observed for AtHNL-EziG Opal at a similar level of conversion and might be explained
by diffusion limitation due to the partial blockage of the pores of EziG Opal during the
enzyme immobilisation by adsorption. The irregular structure of the microchannels and

mesopores found in monolith microreactors overcome this limitation.
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The space-time-yield (STY) is a parameter commonly used to compare the
productivity of reactors with different size. Batch systems often require rapid stirring to
reduce mass transfer limitations that may shorten the lifetime of the immobilised
enzyme. On the other hand, stirring is not required in flow, thus this problem is avoided
and better productivities can be achieved [17,25,29]. Indeed, the AtHNL on EziG Opal
catalyzed synthesis of (R)-mandelonitrile in flow displayed a STY of 690 molproduct h™*
Lt genzyme, whereas the batch approach led to only 187 molproduct h™* L™ genzyme™
showing that the flow system greatly enhanced productivity. In batch, a similar
productivity has been achieved previously with AtHNL-Celite (150 molproduct h* L?
Qenzyme™t) [15].

Comparing the results for AtHNL of this study with the literature reports again
demonstrates the advantages of flow chemistry. The synthesis of (S)-mandelonitrile in
a siliceous monolith microreactor utilising either Hevea brasiliensis HNL (11.3 mg total
protein; 1120 U per monolith) or Manihot esculenta HNL (17.4 mg total protein; 1310
U per monolith) showed STYs of 555 and 405 molproduct h™* L genzyme™® [17]. Recently,
a w-transaminase from Arthrobacter sp. (AsR-wTA) was immobilised on EziG Amber
(semi-hydrophobic carrier) for the kinetic resolution of rac-a-methylbenzylamine (rac-
a-MBA) [20]. The enzyme was shown to be highly stable on this carrier and was able
to perform the kinetic resolution of rac-a-MBA during 96 consecutive hours with
excellent enantioselectivity (49% conversion and 99% ee). This flow system achieved
a space time yield of 184 molproduct h™* L™ genzyme™X. The productivities reported in this
study are comparable with the productivities reported for immobilised HNLs on

siliceous carriers and other enzymes on EziG carriers.
4.3 Conclusion

AtHNL was successfully immobilized on EziG Opal by an optimized methodology.
AtHNL-EziG Opal was recycled up to seven times in batch with nearly complete
conversion and excellent enantioselectivity. The continuous flow system displayed
excellent conversion and enantioselectivity at 0.1 mL mint and allowed to increase
four times the productivity for the synthesis of (R)-mandelonitrile as compared to the

batch system.
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4.4 Experimental section
4.4.1 Chemicals

Except when reported otherwise all chemicals were bought from Sigma Aldrich
(Schnelldorf, Germany). Isopropanol and heptane were of HPLC grade (>99%) and
used as HPLC solvents. 1,3,5-triisopropylbenzene (97%) was from Fluka Chemie
(Buchs, Switzerland). Potassium cyanide (KCN, 97%) from J.T. Baker (Deventer, The
Netherlands) was used as cyanide source in the HCN solution. (x)-Mandelonitrile from
Acros Organics (Geel, Belgium) was purified by flash chromatography (PE/MTBE
9:1/3:7).

4.4.2 Heterologous expression of Arabidopsis thaliana HNL (AtHNL)

pET28a-HNL expression plasmid containing the AtHNL gene (GenBank accession
number AAN13041, EC:4.1.2.10) codon optimized for E. coli and with a polyhistidine
tag (Hise-tag) (see Table S1) was obtained from the group of Martina Pohl (Institute of
Bio-and Geosciences, Jilich, Germany). E. coli BL21(DE3) was transformed with the
expression plasmid for the production of the His-tagged AtHNL. A preculture was
prepared by inoculating one single colony of E. coli BL21(DE3)-pET28aAtHNL in 10
mL of Lysogeny Broth (LB) medium with kanamycin (40 pg mL?) and incubated
overnight

(Eppendorf/New Brunswick Scientific Incubator Shaker Excella E24 Series, Nijjmegen,
The Netherlands) at 37 °C, 180 rpm. Subsequently, this preculture was used for the
inoculation of 1 L of Terrific Broth (TB) medium containing kanamycin (40 pg mL™)
and incubated at 37 °C, 120 rpm. When the ODsoo reached 0.7-0.9 the protein
expression was induced by adding 1 mL of 0.1 M isopropyl B-p-thiogalactoside (IPTG)
per liter of culture (0.1 mM IPTG final concentration) and cultivation was continued at
25 °C, 180 rpm for 20 h.

Cells were harvested by centrifugation at 4 °C, 3600 x g rpm during 20 min (Sorvall
RC6, Thermo Fisher Scientific, Landsmeer, The Netherlands). The supernatant was
discarded and the pellets were washed with 30 mL of 10 mM sodium phosphate buffer

pH 7, frozen in liquid nitrogen and stored at - 80 °C.
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4.4.3 Enzyme purification

The pellets containing AtHNL were resuspended in lysis buffer (10 mM potassium
phosphate buffer pH 7.4 + DNase) and lysed in a cell disruptor (Constant Systems
Ltd., Daventry, United Kingdom) at 1.5 kBar and 4°C to avoid protein denaturation.
The cell free extracts were collected by centrifugation at 48000 x g, 1 h, 4°C (Sorvall
RC6, Thermo Fisher Scientific, Landsmeer, The Netherlands). The enzyme was
purified by using a NGC Chromatography system (Bio-Rad, Veenendaal, The
Netherlands) by immobilized metal ion chromatography (IMAC) with chelating Ni%*
Sepharose (HiTrap Chelating HP 5 mL, GE Healthcare) according to the manufacturer
[38]. 20 mM sodium phosphate + 0.5 M NaCl + 20 mM imidazole pH 7.4 was used for
the enzyme binding and 20 mM sodium phosphate + 0.5 M NaCl + 0.5 M imidazole
pH 7.4 was used for the enzyme elution.

The purified AtHNL was concentrated with a 10 kDa MWCO Amicon filter (Millipore,
Amsterdam-Zuidoost, The Netherlands) and desalted with a PD-10 desalting column
(Cytiva, Medemblik, The Netherlands) according to the supplier instructions [39].

4.4.4 Enzymatic activity assay

AtHNL activity was determined spectrophotometrically (Agilent Technologies Cary 60
UV-VIS, Amstelveen, The Netherlands) according to the literature [15] with slight
modifications. The cleavage of rac-mandelonitrile into benzaldehyde and hydrogen
cyanide was followed at 280 nm and 25°C in 1 cm quartz glass cuvettes. Briefly, 1400
puL of 50 mM citrate/phosphate buffer pH 5 and 200 yL of enzyme solution (in 5 mM
phosphate buffer pH 6.5) were mixed and incubated for 30 s at 25 °C. The reaction
was started by adding 400 puL of 60 mM rac-mandelonitrile solution (80 pL of rac-
mandelonitrile in 10 mL 3 mM citrate/phosphate buffer, pH 3.5). The enzymatic activity
was calculated with the molar extinction coeffcient of benzaldehyde (€280 = 1.376 mM-
1 em™) and the background reaction (performed without enzyme) was subtracted in
the final calculation.

One unit of AtHNL activity is the amount of micromoles of rac-mandelonitrile converted

per minute in citrate/phosphate buffer pH 5 at 25 °C.
4.4.5 Synthesis of hydrogen cyanide (HCN) solution in MTBE

A HCN solution in MTBE was made according to earlier studies [15-19,29]. 25 mL
MTBE and 10 mL MilliQ water were mixed in a 100 mL Erlenmeyer and kept at 0 °C.
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0.1 mol potassium cyanide (6.51 g) was dissolved in the mixture and magnetically
stirred for 15 min. 10 mL of 30% (v/v) HCI solution was added slowly and stirring was
continued for 2 min. The HCN solution was allowed to reach room temperature (circa
20 °C). The organic and aqueous phases were separated using a separation funnel
and the organic layer containing HCN was collected. The separation was performed
twice more after adding 7 mL of MTBE each time. Finally, 5 mL of 50 mM
citrate/phosphate buffer pH 5 was added to the organic fraction collected and it was
stored in a dark bottle at 4 °C.

The HCN concentration was determined in accordance to the literature [40]. 1 mL of
HCN solution was added to 5 mL of 2 M NaOH in a 25 mL Erlenmeyer. The mixture
was stirred for 2 min. Potassium chromate was added as indicator. The solution was

titrated with 0.1 M silver nitrate. The cyanide reacts 1:1 with the silver and precipitates.
4.4.6 Immobilization of AtHNL on EziG Opal by adsorption

The immobilization of AtHNL on EziG Opal by adsorption was performed as described
previously [16,18,29]. Given volumes of AtHNL solution were concentrated in Amicon
filters with a 10 kDa MW cut-off, and subsequently added dropwise to 60 mg of EziG
Opal (batch) or 150 mg of EziG Opal (flow). For batch reactions, AtHNL-EziG Opal
was tightly packed in a regular paper tea bag [16,29] and either directly used for
biocatalytic reactions or dried 16 h under vacuum in a desiccator over silica gel before
packing. A magnetic stirrer was attached to the tea bags as reported earlier [16,29] to
ensure tight packing and rapid stirring without mechanical attrition of the carrier.
Reactions in flow were performed with wet AtHNL-EziG Opal (without drying and
packing). The ratio of enzyme solution to carrier (uL:mg) was 2:1 in all cases to ensure
that the enzyme solution was completely absorbed by the carrier. The immobilization
of different enzyme units was achieved by determining the enzyme activity and

adjusting the amount of enzyme solution before its concentration.
4.4.7 Immobilization of AtHNL on EziG Opal by incubation

The immobilization of AtHNL on EziG Opal by incubation was performed according to
the manufacturer (see the instruction manual in the supplementary information). 2 mL
of enzyme solution with the required units to be immobilized was incubated with 60
mg of carrier in an orbital shaker (model RM:2M) at 30 rpm during 2 h at room

temperature. The binding of the enzyme to the carrier was monitored by determining
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the protein concentration of the supernatant after immobilization using the BCA protein
determination (Pierce BCA protein assay kit, Thermo Fisher Scientific, Landsmeer,

The Netherlands) in accordance with the manufacturer instructions [41].

4.4.8 Synthesis of (R)-mandelonitrile in batch

Several (R)-mandelonitrile syntheses were performed with 60 mg of immobilized
AtHNL-EziG Opal. The reaction conditions were as follows: 100 pL benzaldehyde (1
mmol), 27.5 L 1,3,5-triisopropylbenzene (internal standard (I.S.)), 2 mL HCN in 50
mM citrate/phosphate buffered MTBE pH 5 (1.5-2 M), tea bag filled with 60 mg
immobilized enzyme, 900 rpm and room temperature. The ratio benzaldehyde to HCN

solution was 1:4. The mole ratio AtHNL:Fe3* was 1:5.
4.4.9 Enzyme Recyclability in Batch

The enzyme recyclability was determined by several cycles of (R)-mandelonitrile
synthesis according to [15,16,18,29]. The reaction conditions were as follows:
benzaldehyde (100 pL, 1 mmol), 27.5 uL 1,3,5-triisopropylbenzene (1.S.), 2 mL HCN
in 50 mM citrate/phosphate buffered MTBE pH 5 (1.5-2 M), tea bag filled with 60 mg
immobilized enzyme, 900 rpm and room temperature. The ratio benzaldehyde to HCN
solution was 1:4. The mol ratio AtHNL:Fe3* was 1:5. Between each cycle the
immobilized enzyme was washed for 1 min with 50 mM citrate/phosphate buffered
MTBE, pH 5, and stored at 4°C in fresh citrate/phosphate buffered MTBE, pH 5.

4.4.10 Synthesis of (R)-mandelonitrile in continuous flow

One milliliter stainless steel flow reactor (6.4 cm length, 0.45 cm inner diameter) was
used for the continuous synthesis of (R)-mandelonitrile with 150 mg of immobilized
AtHNL on EziG Opal (10 U mg). The reactor was filled with 100 mg of non-porous
glass beads (1 mm diameter) and 150 mg of EziG Opal containing immobilized
enzyme (final reaction volume = 0.3 mL). 10 cm of polytetrafluoroethylene (PTFE)
tubing with 1.5 mm inner diameter was used to connect a syringe pump (Knauer,
Germany) with the reactor. Initial conditions were as follows: 0.5 M benzaldehyde,
1.5-2 M HCN in 100 mM citrate/phosphate buffered MTBE, pH 5 and 50 mM 1,3,5-
triisopropylbenzene as I.S.. The synthesis of (R)-mandelonitrile was evaluated at
different flow rates (from 0.1 to 1 mL mint) by chiral HPLC. The mole ratio AtHNL:Fe3*
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was 1:4. The flow rate was checked at each sampling time by the difference of weight.
Reactions were performed at room temperature. No significant pressure drop or

increase was observed within the timeframe of the experiments.
4.4.11 Enzyme stability in continuous flow

The stability of immobilized AtHNL on EziG Opal (10 U mg?) was evaluated by
performing a synthesis reaction during 12 h at 0.1 mL min! on stream at room
temperature. The mol ratio AtHNL:Fe3* was 25%. Samples were drawn at regular

intervals and analyzed by chiral HPLC.
4.4.12 Analysis

Samples (10 pL) were taken at different times during the reaction run and added to
990 pL of heptane:2-propanol 95:5 in 1.5 mL Eppendorf tubes. A small amount of
anhydrous magnesium sulphate (MgSOas) was used to remove the water from the
solution and the Eppendorf tubes were centrifuged at 13000 x g rpm for 1 min. 850 uL
of the supernatant was transferred to a 4 mL HPLC vial and 10 pL was injected into
the HPLC (Chiralpak AD-H column, column size: 0.46 cm I.D x 25 cm). Heptane and
2-propanol were used as mobile phase with a flow rate of 1 mL mint and the UV
detector was set at 216 nm. The column temperature was set at 40 °C. The samples

in the autosampler were maintained at 4 °C.
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Figure S1. Leaching assay for AtHNL on EziG Opal (2 U/mg). Immobilization was performed by
adsorption and drying. AtHNL on EziG1 was removed after 15 minutes of reaction. Conditions: Ratio
benzaldehyde : HCN in citrate/phosphate buffered MTBE, pH 5, 1:4, benzaldehyde (100 uL, 1 mmol),
2 ml HCN solution in citrate/phosphate buffered MTBE (1.5 - 2 M) pH 5, 27.5 yL (0.1 mmol) 1,3,5-tri-
isopropylbenzene as internal standard (I.S.) and a teabag filled with AtHNL immobilized on 50 mg
EziG1. The reaction was stirred at 900 rpm at room temperature.
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Figure S2. Blank reaction in batch. Conditions: Ratio benzaldehyde : HCN in citrate/phosphate buffered
MTBE, pH 5, 1:4, benzaldehyde (100 uL, 1 mmol), 2 ml HCN solution in citrate/phosphate buffered
MTBE (1.5 -2 M) pH 5, 27.5 pL (0.1 mmol) 1,3,5-tri-isopropylbenzene as I.S. and 50 mg of dried EziG

Opal. The reaction was stirred at 900 rpm at room temperature. Error bars correspond to the standard
deviation of duplicates (n=2).
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Figure S3. Blank reaction in flow. Grey bars are the reactions performed with wet EziG Opal (carrier +
0.306 mL of citrate/phosphate buffer pH 5). Dashed bars are the reactions performed with dried EziG1.
Conditions: Ratio benzaldehyde : HCN in citrate/phosphate buffered MTBE, pH 5, 1:4, benzaldehyde
(200 pL, 1 mmol), 2 ml HCN solution in citrate/phosphate buffered MTBE (1.5 - 2 M) pH 5, 27.5 uL (0.1
mmol) 1,3,5-tri-isopropylbenzene as I.S. and 150 mg EziG1. The reactions were stirred at 900 rpm at
room temperature. Error bars correspond to the standard deviation of duplicates (n=2).
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Figure S4. Recycling of AtHNL immobilised on EziG Opal (20 U/mg) in eight successive cycles.
Immobilization was performed by incubation and drying. Conversion (bars), enantiomeric excess
(dotted line and triangles). Conditions: Ratio benzaldehyde : HCN in citrate/phosphate buffered MTBE,
pH 5, 1:4, benzaldehyde (100 pL, 1 mmol), 2 ml HCN solution in citrate/phosphate buffered MTBE (1.5
-2 M) pH 5, 27.5 pyL (0.1 mmol) 1,3,5-tri-isopropylbenzene as I.S. and a teabag filled with AtHNL
immobilized on 50 mg EziG1. The reaction was stirred at 900 rpm at room temperature. The enzyme
was washed for 1 minute with 100 mM citrate/phosphate buffer saturated MTBE pH 5 after each cycle.
Error bars correspond to the standard deviation of duplicates (n=2).
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Figure S5. HPLC detection of benzaldehyde and 1,3,5 tri-isopropylbenzene during 8 hours of
incubation: Conditions: Ratio benzaldehyde : HCN in buffered MTBE pH 4 -1:4, 100 pL
benzaldehyde (1 mmol), 2 mL HCN in acetate buffered MTBE pH 4. The reaction was stirred at 1000

rom at 5 °C.

Table S1. AtHNL Gene and Aminoacid sequences

AtHNL - Gene sequence

AtHNL - Aminoacid sequence

5'GGRAAATTTACCTCTAGAATAATTTTGTTTACTTTAAGAAG
GAGATATACCATGGGCAGCAGCCATCATCATCATCATCACA
GCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGAGAGGA
AACATCACTTCGTGTTAGTTCACAACGCTTATCATGGAGCCT
GGATCTGGTACAAGCTCAAGCCCCTCCTTGAATCAGCCGG
CCACCGCGTTACTGCTGTCGAACTCGCCGCCTCCGGGATC
GACCCACGACCAATCCAGGCCGTTGAAACCGTCGACGAAT
ACTCCAAACCGTTGATCGAAACCCTCAAATCTCTTCCAGAG
AACGAAGAGGTAATTCTGGTTGGATTCAGCTTCGGAGGCAT
CAACATCGCTCTCGCCGCCGACATATTTCCGGCGAAGATTA
AGGTTCTTGTGTTCCTCAACGCCTTCTTGCCCGACACAACC
CACGTGCCTTCTCACGTTCTGGACAAGTATATGGAGATGCC
TGGAGGTTTGGGAGATTGTGAGTTTTCATCTCATGAAACAA
GAAATGGGACGATGAGTTTATTGAAGATGGGACCAAAATTC
ATGAAGGCACGTCTTTACCAAAATTGTCCCATAGAGGATTA
CGAGCTGGCAAAAATGTTGCATAGGCAAGGGTCATTTTTCA
CAGAGGATCTATCAAAGAAAGAAAAGTTTAGCGAGGAAGGA
TATGGTTCGGTGCAACGAGTTTACGTAATGAGTAGTGAAGA
CAAAGCCATCCCCTGCGATTTCATTCGTTGGATGATTGATA
ATTTCAACGTCTCGAAAGTCTACGAGATCGATGGCGGAGAT
CACATGGTGATGCTCTCCAAACCCCAAAAACTCTTTGACTC
TCTCTCTGCTATTGCCACCGATTATATGTAAGCGGCCGCAC
TCGAGCACCACCACCACCACCACTGAGATCCGGCTGCTAA
CAAGCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTG
AGCAATAACTAGCAWACCCCTTGGGGCCTCTAAACGGTCTT
GAGGGTTTTTTGCTGAAGGAGGAACTATATCCGGATTGGCG
AATGGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGG
G-3

MGSSHHHHHHSSGLVPRGSHMERKHH
FVLVHNAYHGAWIWYKLKPLLESAGHRV
TAVELAASGIDPRPIQAVETVDEYSKPLIE
TLKSLPENEEVILVGFSFGGINIALAADIFP
AKIKVLVFLNAFLPDTTHVPSHVLDKYME
MPGGLGDCEFSSHETRNGTMSLLKMGP
KFMKARLYQNCPIEDYELAKMLHRQGSF
FTEDLSKKEKFSEEGYGSVQRVYVMSS
EDKAIPCDFIRWMIDNFNVSKVYEIDGGD
HMVMLSKPQKLFDSLSAIATDYM
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Batch and flow nitroaldol synthesis catalysed
by Granulicella tundricola hydroxynitrile lyase
Immobilised on Celite R-633

The triple variant GtHNL-A40H/V42T/Q110H (GtHNL-3V) was immobilised on Celite
R-633 for the synthesis of (R)-2-nitro-1-phenylethanol (NPE) in batch and continuous
flow systems. Nitromethane was used as nucleophile. 82% of (R)-NPE and excellent
enantioselectivity (> 99%) were achieved in batch after 24 hours of reaction time.
GtHNL-3V on Celite R-633 was successfully recycled 5 times. The use of a flow
system enabled the continuous synthesis of (R)-NPE. 15% formation of (R)-NPE was
reached using a flow rate of 0.1 mL min; unfortunately, the enzyme was not stable
and the yield decreased to 4% after 4 hours on stream. A similar yield was observed
during 15 hours at a rate of 0.01 mL min-t. Surprisingly the use of a continuous flow
system did not facilitate process intensification. In fact, the batch system displayed a
space-time-yield of 0.10 g L* h't mgenzyme* Whereas the flow system displayed 0.02
and 0.003 g L* ht mgenzyme?at 0.1 and 0.01 mL min respectively. In general, the
addition of 1 M nitromethane potentially changed the polarity of the reaction mixture
affecting the stability of celite-GtHNL-3V. The nature of the batch system maintained

the reaction conditions better than the flow system.

This chapter is based on

José Coloma, Lidwien Teeuwisse, Muhammad Afendi, Peter-Leon Hagedoorn and
UIf Hanefeld

Catalysts, 2022, 12, 161. DOI:10.3390/catal12020161
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5.1 Introduction

Chiral B-nitro alcohols are compounds containing two versatile functional groups, a
hydroxyl and a nitro group, attached to adjacent carbon centers of which either one or
both are asymmetric. These compounds are precursors of chiral 3-amino alcohols,
which are important chiral building blocks for the synthesis of bioactive compounds
used as pharmaceutical ingredients such as bestatin, ephedrine, norephedrine and
sphingosine [1-2]. The synthesis of B-nitro alcohols is base catalysed and many bases
have been evaluated. Unfortunately, unwanted side reactions such as aldol reactions,
Cannizzaro disproportionation and water elimination catalysed by these strong bases
hamper their application [3]. Biocatalysis is an alternative method for producing B-nitro
alcohols with high selectivity under mild reaction conditions. Six biocatalytic
approaches [4-24] have to date been described as recently reviewed [1]. Of these, the
HNL catalysed Henry reaction is particularly attractive as a new carbon-carbon bond
and a stereocentre are established simultaneously. This promiscuous HNL activity is
based on the similar pKa value of hydrogen cyanide (pKa = 9.21) and nitromethane
(pKa = 10.2) (Scheme 1).

T’ OH

+ CH;NO, GtHNL-3V ®)

MTBE saturated
with KPi buffer pH 7 NO,

Scheme 1: Synthesis of (R)-2-nitro-1-phenylethanol catalysed by GtHNL-3V

The synthesis of (R)-2-nitro-1-phenylethanol catalysed by GtHNL-3V, a more active
and stable variant compared to the wild type enzyme, was reported using a biphasic
system in a batch process [12]. Long reaction times (24 h) were needed to achieve
72.8% of conversion and 94.5% of enantiomeric excess. Flow chemistry is an
important tool for process intensification and has been reported to reduce reaction
times concomitantly improving enantioselectivities by suppressing undesired side
reactions. Additionally, it enhances safety and among others reduces reaction
volumes [25-32]. At the same time, it requires the enzymes to be immobilised, which
often improves enzyme stability. Celite is an environmentally friendly, food grade
carrier that has been used for the immobilisation of several HNLs with good results

[33-35]. This cheap hydrophilic carrier has the ability to bind water efficiently. This
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enables a local aqueous environment around the enzyme and avoids the use of
chemicals during the enzyme immobilisation which might affect the enzyme stability
[36]. Indeed, the successful immobilisation of GtHNL-3V on Celite R-633 for the
synthesis of (R)-mandelonitrile in batch and flow systems has been reported [37].
Good conversion, excellent enantioselectivity and high stability were achieved in both
systems. In addition, the continuous flow system enabled an important increase in
space-time-yield (65 times) compared to the batch system.

Herein, we aim to evaluate the GtHNL-3V catalysed nitroaldol reaction for the
synthesis of (R)-2-nitro-1-phenylethanol in batch and flow systems. For this, GtHNL-
3V was immobilised on Celite R-633. Monophasic MTBE saturated with 100 mM KPi
buffer pH 7 was employed as reaction medium. The activity, stability and productivity
of batch and flow systems were investigated.

5.2 Results and discussion

GtHNL-3V was successfully overexpressed in E. coli BI21(DE3) and purified by a heat
treatment. It displayed a specific activity of 2.2 + 0.05 U mg* for the cleavage of rac-
mandelonitrile into benzaldehyde and hydrogen cyanide. The enzyme was
immobilised on Celite R-633 by adsorption of an enzyme solution in 100 mM
potassium phosphate buffer pH 7 as described earlier [37]. The synthesis of (R)-NPE
(Scheme 1) was performed with MTBE saturated with the same buffer both for batch
and flow systems.

5.2.1 Batch reactions

The initial experiments were directed towards rigorously establishing a system that
enabled recycling experiments. The immobilisation of GtHNL-3V on Celite R-633 was
therefore evaluated by a leaching test under reaction conditions. The immobilised
enzyme was removed from the reaction mixture after 2 hours and samples were taken
shortly after removing the enzyme and after 4 hours. If the enzyme does not leach
from the carrier, no further conversion is expected. Indeed, this was the case. GtHNL-
3V did not leach from Celite R-633 into the reaction medium (Figure 1). Different
hydroxynitrile lyases (HNLs) such as Prunus amygdalus HNL (PaHNL) [35], Manihot
esculenta HNL [34], Arabidopsis thaliana HNL (AtHNL) [33] and GtHNL [37] have been

immobilised on Celite for the synthesis of cyanohydrins using buffer saturated organic
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solvents as reaction medium. In all cases, the enzyme did not leach from Celite. The

insolubility of the enzyme in organic solvents explains these results.
60 -

50

Yield (R)-NPE (%)
N w N
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=
o

o

Time (h)

Figure 1. Leaching assay for GtHNL on Celite R-633 (10 U/50 mg Celite R-633). Conditions: Ratio
benzaldehyde : nitromethane, 1:50, 20 mM benzaldehyde in MTBE saturated with 100 mM KPi pH 7, 1
M nitromethane, 20 mM 1,3,5-tri-isopropylbenzene as internal standard (1.S) in MTBE saturated with
100 mM KPi pH 7 and GtHNL-3V immobilised on 50 mg Celite R-633. The immobilised GtHNL was
freely placed into the glass reaction vial. Reaction volume 1 mL. The reaction was shaken at 1200 rpm
at 30 °C. Continuous line and diamonds is the enzyme catalysed reaction (10 U), dashed line and
diamonds is the reaction where the immobilised enzyme (10 U) was removed after 2 hours. Error bars
correspond to the standard deviation of duplicates (n=2). The yield of (R)-NPE was calculated by the
ratio of (R)-NPE concentration to the initial benzaldehyde concentration.

Having established that GtHNL-3V does not leach from Celite R-633 under reaction
conditions, time studies with different enzyme loadings of immobilised GtHNL-3V were
performed (Figure 2). 75% formation of (R)-NPE and excellent enantioselectivity (>
99%) were achieved with 22 U of GtHNL-3V (5.74 mg) on 50 mg Celite R-633 after 4
hours. Commonly a low pH is used for the HNL catalysed synthesis of cyanohydrins
to avoid the chemical racemic background reaction. This non-selective product
formation is not relevant for the nitroaldol reaction, most probably due to the reduced
solubility of nitromethane in the aqueous phase [9, 15]. Therefore, 100 mM potassium
phosphate buffer pH 7 was used for the saturation of MTBE. This enables higher
GtHNL-3V activity as it is in the ideal pH range of the enzyme. Neither Celite R-633
nor 0.25 mM MnCl2 (negative controls) catalysed the non-selective nitroaldol reaction
in the absence of GtHNL-3V (data not shown). An earlier report [12] showed 30%
formation of (R)-NPE and enantioselectivity of 95.8% after equal reaction time using

0.5 mg of GtHNL-3V, however in a biphasic system.
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Figure 2: Synthesis of (R)-2-nitro-1-phenylethanol using different enzyme loadings on 50 mg of Celite
R-633. Solid line (22 U, final ee > 99%), dashed line (10 U, final ee > 99%) and dotted line (1 U, final
ee > 99%). Conditions: Ratio benzaldehyde : nitromethane, 1:50, 20 mM benzaldehyde in MTBE
saturated with 100 mM KPi buffer pH 7, 1 M nitromethane, 20 mM 1,3,5-tri-isopropylbenzene in MTBE
saturated with 100 mM KPi buffer pH 7 as internal standard (1.S) and GtHNL-3V immobilised on 50 mg
Celite R-633. The immobilised GtHNL-3V was freely placed into the glass reaction vial. Reaction volume
1 mL. The reaction was shaken at 1200 rpm at 30 °C. Error bars correspond to the standard deviation
of duplicates (n=2). The yield of (R)-NPE was calculated by the ratio of (R)-NPE concentration to the
initial benzaldehyde concentration.

The Hevea brasiliensis HNL (HbHNL) catalysed synthesis of several chiral [3-
nitroalcohols in a biphasic system [9] gave 63% of (S)-NPE with 92% ee. In kinetic
resolutions, another approach commonly used to synthesise chiral B-nitroalcohols with
HNLs, the (S)-selective HNL from Hevea brasiliensis (HbHNL) catalysed the
decomposition of (S)-NPE yielding (R)-NPE [13]. The resolution was conducted to
almost completion (49%) with excellent enantioselectivity (95%). Product inhibition
due to the aldehyde formed during the reaction was overcome by adding hydrogen
cyanide to the reaction mixture, this enabled the formation of the less inhibitive
mandelonitrile. Likewise, the AtHNL catalysed kinetic resolution of racemic NPE was
reported [15]. AtHNL (27 U) immobilised on Celite R-545 was used in a biphasic
system which resulted in 47% of conversion and 97% of enantiomeric excess after six
hours of reaction time. Overall, the good yield and excellent enantioselectivity
achieved by GtHNL-3V on Celite using buffer saturated MTBE as reaction medium
surpass the reduced ee, mass transfer and work-up limitations of the biphasic

approach as well as the limited yield (50%) of kinetic resolutions.
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In the cyanohydrin synthesis reactions the Celite immobilised HNLs all had to be dried
before their application in buffer saturated solvents. Here the opposite was observed.
GtHNL-3V on Celite R-633 was not dried after immobilisation. When dried after
immobilisation, the synthesis of (R)-NPE dropped to 41.12% + 0.62 even after
prolonged reaction times (24 h). The water content and more accurately the water
activity (aw) of Celite-GtHNL-3V is a crucial parameter in biocatalysis since enzymes,
excluding lipases [38], need some water for conformational flexibility. Earlier studies
[33] have shown the influence of the water content on the activity of immobilised AtHNL
on Celite R-633, where 10% (w/w) water content inside AtHNL-Celite was needed for
optimal enzymatic activity. Similarly, the stability of MeHNL as CLEA or immobilised
on Celite R-633 is highly dependent on the water content entrapped in the carrier [34].
In general, the use of buffer saturated organic solvent provides the water that enzymes
need for flexibility and facilitate reproducibility. However, in this reaction a high
concentration of nitromethane is used. This compound has a low log P of — 0.24 [39]
and influences the overall polarity of the reaction mixture. While buffer saturated MTBE
would normally represent an aw of 1, this is no longer the case at high nitromethane
concentrations. Thus, the water entrapped in Celite-GtHNL-3V can diffuse into the
reaction mixture, as a result, the enzyme was deactivated rapidly. Earlier, the effect of
aw on enzymes in organic media was reported [40]. The activity and enantioselectivity
of MeHNL-CLEA in organic solvents with different polarity at different aw were
investigated. The release of water from MeHNL-CLEA (and subsequent deactivation)
depended on changes in polarity of the solvent due to the addition of reagents. The
negative effect of dehydration on the catalytic activity of enzymes has been extensively
studied [41-43].

Omitting the drying step after the enzyme immobilisation enabled high catalytic activity
and excellent enantioselectivity. The stability of GtHNL-3V on Celite R-633 for the
synthesis of (R)-NPE in batch was evaluated by a recycling study (Figure 3). An
enzyme loading of 10 U/50 mg Celite was used to observe any loss of activity due to
enzyme deactivation. Higher activity and stability were observed when Celite-GtHNL-
3V was rehydrated with 50 pL of 100 mM potassium phosphate buffer pH 7 after each
cycle (Figure 3, blue bars). The increasing yield during the first 3 cycles might be
related to the addition of buffer after each cycle and suggests that the aw was not
optimal for the enzymatic activity during the first 2 cycles. After 5 cycles a significant

decrease in activity was observed. In contrast, the experiments without buffer addition
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between cycles displayed lower yields and lower recyclability (Figure 3, dashed bars).
Remarkably, an excellent enantiomeric excess was achieved under all conditions
evaluated. The recyclability of GtHNL-3V immobilised on Celite R-633 for the
synthesis of (R)-mandelonitrile has been reported for the cyanohydrin synthesis [37].
High stability was observed. The biocatalyst was recycled 8 times with excellent
enantioselectivity whereas yields gradually dropped to > 70% over all cycles. Recently,
the stability of AtHNL on Celite R-545 for the kinetic resolution of racemic NPE was
reported [15]. The immobilised enzyme was stable during 4 cycles but a decrease in
enantioselectivity (from 97% to 40%) was reported. According to the authors, enzyme
leaching might be a possible explanation since the reaction was performed in a
biphasic system and the immobilisation of AtHNL on Celite R-545 involves weak
interactions such as hydrogen bonding and van der Waals forces. The use of buffer
saturated organic solvent as reaction medium is a straightforward approach to

circumvent this limitation.
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Figure 3. Recycling of GtHNL-3V on Celite R-633 (10 U/50 mg) for the synthesis of (R)-2-nitro-1-
phenylethanol in eight successive cycles. Blue bars (yields with the addition of 50 pL of 100 mM
potassium phosphate buffer pH 7 after the first cycle), dashed bars (yields without addition of 2100 mM
potassium phosphate buffer pH 7 between cycles), enantiomeric excess (dotted line and diamonds).
Conditions: Ratio benzaldehyde : nitromethane, 1:50, 20 mM benzaldehyde in MTBE saturated with
100 mM KPi buffer pH 7, 1 M nitromethane, 20 mM 1,3,5-tri-isopropylbenzene in MTBE saturated with
100 mM KPi buffer pH 7 as internal standard (1.S) and GtHNL-3V immobilised on 50 mg Celite R-633.
The immobilised GtHNL-3V was freely placed into the glass reaction vial. Reaction volume 1 mL. The
reaction was shaken at 1200 rpm at 30 °C. Error bars correspond to the standard deviation of duplicates
(n=2). The enzyme was washed for 1 minute (twice) with MTBE saturated with 100 mM KPi buffer pH
7 after each cycle. Reaction time: 2 hours. Error bars correspond to the standard deviation of duplicates
(n=2). The vyield of (R)-NPE was calculated by the ratio of (R)-NPE concentration to the initial
benzaldehyde concentration
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5.2.2 Continuous flow reactions

The immobilisation of GtHNL-3V allows the continuous synthesis of (R)-NPE leading
potentially to process intensification. The enzyme was tested in flow either re-hydrated
or not dried after immobilisation with a flow rate of 0.1 mL min-t or 0.01 mL min-!
respectively (Figure 4). Figure 4A shows that the enzyme is not stable at 0.1 mL min-
land a steady decrease in yield was observed over time during 4 hours on stream.
The use of lower flow rate (0.01 mL min?) (Figure 4B) allowed the continuous
synthesis of (R)-NPE over a period of 15 hours. The potentially enhanced stability at
lower flow rate might be explained by the improved ability of Celite to keep the water
entrapped whereas higher flow rate removes the water inside Celite-GtHNL-3V more
rapidly. This suggest that higher yield might be possible at longer residence times.
Indeed, when GtHNL-3V on Celite R-633 and substrates were allowed to react during
2 h or even 20 h in the flow reactor the yield increased to 47.5% and 80.3%

respectively (Table 1). This pulsed flow approach can solve the problem of water

removal.
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Figure 4. Stability of GtHNL-3V on Celite R-633 for the continuous synthesis of (R)-2-nitro-1-
phenylethanol in a packed bed reactor. A: Conditions: Ratio benzaldehyde : nitromethane, 1:50, 20 mM
benzaldehyde, 1 M nitromethane, 20 mM 1,3,5-tri-isopropylbenzene as internal standard (I.S) in MTBE
saturated with 100 mM KPi buffer pH 7 with GtHNL-3V (400 U) immobilised on 300 mg Celite R-633.
The flow rate was 0.1 mL min-t. The enzyme was dried 24 h under vacuum in a desiccator over silica
gel and re-hydrated with 1 mL 100 mM potassium phosphate buffer pH 7 prior to the reaction. B:
Conditions: Ratio benzaldehyde : nitromethane, 1:50, 20 mM benzaldehyde, 1 M nitromethane, 20 mM
1,3,5-tri-isopropylbenzene as internal standard (1.S) in MTBE saturated with 100 mM KPi buffer pH 7
with GtHNL-3V (450 U) immobilised on 500 mg Celite R-633. The flow rate was 0.01 mL min-l. The
enzyme was not dried after its immobilisation. C: Conditions: Ratio benzaldehyde : nitromethane, 1:50,
40 mM benzaldehyde, 2 M nitromethane, 40 mM 1,3,5-tri-isopropylbenzene as internal standard (1.S)
in MTBE saturated with 100 mM KPi buffer pH 7, 100 mM KPi buffer pH 7 with GtHNL-3V (450 U)
immobilised on 500 mg Celite R-633. The reaction was performed in a biphasic 50/50% system. The
flow rate was 0.1 mL min. The enzyme was not dried after its immobilisation. Yield (bars) and
enantiomeric excess (dashed lines). Error bars correspond to the standard deviation of duplicates (n=2).
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The yield of (R)-NPE was calculated by the ratio of (R)-NPE concentration to the initial benzaldehyde
concentration

Likewise, the development of a biphasic system is another approach to maintain
Celite-GtHNL-3V constantly hydrated over time. Figure 4C shows a higher yield of (R)-
NPE (44%) during the first 30 minutes of reaction time. Unfortunately, the biphasic
system (50/50%) was not stable and a significant decrease in yield was observed after
1 hour. This can be explained by the leaching of the enzyme to the reaction medium
due to the weak interactions between Celite-GtHNL-3V and the solubility of the
enzyme in the reaction medium as observed earlier for a similar system [15]. The
immobilization of GtHNL-3V by covalent attachment might be a viable alternative to
overcome the leaching limitation observed in this biphasic system. Remarkably, the

enantiomeric excess is excellent in all conditions evaluated.

Table 3: Influence of residence time on the continuous synthesis of (R)-NPE catalysed by GtHNL-3V
on Celite R-633 in potassium phosphate buffer (100 mM, pH 7) saturated MTBE as reaction medium

Flow rate Residence Enzyme Yield (R)-NPEP ee
(mL min-t) time? (min) loading (V) (%) (%)
0.1 7.3 400 15.7¢ >909
0.01 43.8 450 16.2¢ >99
0.01 120¢ 450 47.5 >99
0.01 1200° 450 80.3 >99

a Calculated as the ratio of reaction volume to flow rate. The reaction volume was calculated based on
the pore volume of Celite R-633 (1.46 mL g [38] and the amount (g) of carrier used. ? Calculated by
the ratio of (R)-NPE concentration to the initial benzaldehyde concentration. ¢ Calculated after 30 min
reaction time. ¢ Average of 15 hours of reaction time. ¢ The pump was turned off to allowed the desired
retention time.

5.2.3 Comparison between batch and continuous flow systems

A fair comparison between batch and continuous flow systems can be made based on
their space-time-yields (STY). The product formation over time is not a linear function
in batch and flow systems; thus, the comparison must be made at the same level of
conversion [25]. Table 2 shows the STYs of the batch and continuous flow systems

using MTBE saturated with 100 mM KPi buffer pH 7 as reaction medium.
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Table 2: Comparison of batch and flow systems based on their productivity

Batch Flow

b
STY2 (g L? h?) 060 43t
0.69°¢
.02b
STY?2 (g Ltht MQ enzyme '1) 0.10 00_00030

a Calculated at similar yield levels (circa 16%)  Calculated at 0.1 mL min-1. ¢ Calculated at 0.01 mL
min-2,

The batch and flow systems displayed similar productivity at 0.01 mL mint. The use
of a higher flow rate (0.1 mL min-t) improved the STY (g L* h'!) 7 times. However, the
enzyme is not stable at this flow rate (Figure 4A). When the amount of enzyme used
for the reactions is taken into account, the productivity of the batch system is 5 and 37
times higher compared to both flow rates (0.1 mL min' and 0.01 mL min?)
respectively. The reaction conditions for the Celite-GtHNL-3V catalysed synthesis of
(R)-NPE evaluated in this study are more stable and controlled in batch. This explains
its higher productivity. This result is unexpected since flow systems commonly allowed
process intensification [25-26, 37, 45-46]. However, the high concentration (1 M) and
low polarity (log P = -0.24) of nitromethane might not allow to keep a constant aw on
Celite-GtHNL-3V. While significant fluctuations in enzyme activity and therefore yield
were observed, remarkably the enantioselectivity of the reaction was unaffected and

always excellent.
5.3 Experimental section

5.3.1 Chemicals

Except when reported otherwise all chemicals were bought from Sigma Aldrich
(Schnelldorf, Germany). Isopropanol and heptane were of HPLC grade (=99%) and
used as HPLC solvents. 1,3,5-triisopropylbenzene (97%) was from Fluka Chemie
(Buchs, Switzerland). (£)-Mandelonitrile from Across Organics (New Jersey, USA) was
purified by flash chromatography (PE/MTBE 9:1/3:7). (x)-2-nitro-1-phenylethanol was

prepared according to the literature [47].

5.3.2 Cloning and heterologous expression of Granulicella tundricola HNL
(GtHNL)
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The pUC57 shuttle vector containing the gene encoding GtHNL-A40H/V42T/Q110H,
codon optimised for E. coli was obtained from Bio Basic INC (Canada) and used to
transform E. coli Top 10. The gene encoding GtHNL-A40H/V42T/Q110H gene was
cloned into pET28a expression vector using Ncol and Hindlll restriction enzymes. The
resulting pET28a-GtHNL-A40H/V42T/Q110H expression vector was cloned into E.
coli TOP 10 to obtain a stable host for plasmid DNA and sequenced to ensure the
successful introduction of the H96A mutation (Table 3). Finally, pET28a-GtHNLA-
40H/V42T/Q110H was used to transform the expression host E. coli BL21(DE3). The
enzyme cultivation was performed in accordance to the literature [37]. A preculture
was prepared by inoculating one single colony of E. coli BL21(DE3)-pET28aGtHNL in
10 mL of LB medium with kanamycin (40 pg/mL) and incubated overnight (New
Brunswick Scientific Incubator Shaker Excella E24 Series) at 37°C, 180 rpm. Then,
this preculture was used for the inoculation of 1 L of LB medium containing kanamycin
(40 pg/mL) and incubated at 37°C, 120 rpm. When the OD600 reached 0.7 — 0.9 the
gene expression was induced by adding 1 mL of 0.1 M isopropyl B-D-thiogalactoside
(IPTG) per liter of culture (0.1 mM IPTG final concentration) and cultivation was
continued overnight at 25°C, 120 rpm. Moreover, 100 pL of 1 M MnCl2 was added per
liter of culture at the induction time (0.1 mM Mn?* final concentration). Cells were
harvested at 4°C, 5000 rpm during 20 minutes (Sorvall RC6, Thermo Scientific). The
supernatant was discarded and the pellet was washed with 20 mL of 10 mM sodium
phosphate buffer, pH 7, and stored at -80 °C.

Table 3: GtHNL- A40H/V42T/Q110H gene sequence

GtHNL-A40H/V42T/Q110H GtHNL-A40H/V42T/Q110H -
Aminoacid sequence

5'CCATGGAGATTAAACGTGTTGGTTCTCAGGCTT | MEIKRVGSQASGKGPADWFTG
CTGGTAAAGGTCCGGCTGATTGGTTCACTGGTAC | TVRIDPLFQAPDPALVAGHSTT
TGTTCGTATCGATCCGCTGTTTCAGGCTCCGGAT | FEPGARTAWHTHPLGQTLIVTA
CCGGCATTAGTAGCTGGTCACTCTACTACCTTTG GCGWAQREGGAVEEIHPGDVYV
AACCGGGTGCTCGTACTGCTTGGCATACTCATCC | WFSPGEKHWHGAAPTTAMTHL
GTTAGGTCAGACTCTGATTGTAACTGCTGGTTGT AIHERLDGKAVDWMEHVTDEQ
GGTTGGGCTCAGCGTGAAGGTGGTGCTGTTGAA | YRRA
GAAATTCATCCGGGTGATGTTGTATGGTTCTCTC
CAGGTGAAAAACACTGGCATGGTGCTGCACCAAC
TACCGCTATGACCCACCTGGCTATCCACGAACGT
CTGGATGGTAAAGCTGTTGATTGGATGGAACACG
TTACTGATGAACAGTACCGTCGTTAAGCTT -3

Aminoacids in red show the mutations at positions 40, 42 and 110.
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5.3.3 Enzyme purification

The pellets of GtHNL-3V were resuspended in lysis buffer (50 mM potassium
phosphate buffer + DNAse) pH 7 and lysed in a cell disruptor (Constant Systems Ltd.,
United Kingdom) at 20 kPSI and 4°C to avoid protein denaturation. The cell free extract
(CFE) was collected as the supernatant after centrifugation at 4500 g, 1 h, 4°C, heated
during 30 min at 65°C, and centrifuged during 15 min at 4500 g. The purified enzyme
is found as the supernatant.

5.3.4 Enzymatic activity assay

GtHNL-3V activity was measured spectrophotometrically (Agilent Technologies Cary
60 UV-VIS) using a method previously reported [48]. The cleavage of rac-
mandelonitrile into benzaldehyde and hydrogen cyanide was followed at 280 nm and
25°C in quartz glass cuvettes. To 1300 uL of reaction buffer (100 mM sodium oxalate
buffer, pH 5), 200 pL of enzyme solution (diluted in reaction buffer) and 500 pL of 60
mM rac-mandelonitrile solution (dissolved in 3 mM oxalic acid, pH 3) were added. The
background reaction was evaluated without enzyme and its slope was subtracted in
the final calculation. The activity was calculated based on the following equation:

Activity = (2.0 x AA/min)/(g2s0 X 1 x 0.2) [U/ml diluted sample]

Where

AA/min = AA/minsample - AA/Minbiank

€280 = 1.376 [MM! x cm™]
One unit of HNL activity is defined as one micromole of rac-mandelonitrile converted

per minute in 100 mM sodium oxalate buffer pH 5 at 25°C.

5.3.5 Immobilisation of GtHNL-3V on Celite R-633 by adsorption

Enzyme immobilisation on Celite R-633 was performed according to literature [34, 37]
with slight modifications. Celite R-633 has a pore diameter of 6.5 um, a pore volume
of 1.47 mL g and a water absorption capability of 240%. It was washed with 100 mM
potassium phosphate buffer pH 7 using a Bichner funnel and dried 24 h under vacuum
in a desiccator over silica gel or used directly. Given volumes of GtHNL-3V were

concentrated with Amicon ultrafiltration filters with a 10 kDa MW cut-off, and
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subsequently added dropwise to Celite R-633 and dried 24 h under vacuum in a
desiccator over silica gel. The ratio of enzyme solution to carrier (uL:mg) was 2:1. The
enzyme concentration in solutions was adjusted to the required amount of enzyme for
the immobilisation. By using this ratio of enzyme solution to Celite, the enzyme solution
was completely absorbed by the carrier, ensuring that all the enzyme was immobilised
into the porous material. The immobilised enzyme was stored in the fridge at 4°C when

needed.
5.3.6 Synthesis of (R)-2-nitro-1-phenylethanol in batch

Several (R)-2-nitro-1-phenylethanol synthesis were performed with 50 mg of
immobilised GtHNL-3V on Celite R-633. The reaction conditions were as follow: 20
mM benzaldehyde, 20 mM 1,3,5-tri-isopropylbenzene (internal standard), 1 M
nitromethane and MTBE saturated with 100 mM KPi buffer pH 7, 50 mg immobilised
enzyme, 1200 rpm and 30°C. Shaking and temperature were controlled by using an
Eppendorf thermomixer (Germany). Saturated MTBE was prepared by adding 5 mL
of 100 mM KPi buffer pH 7 to 25 mL of dry MTBE. Reaction volume: 1 mL. The ratio
benzaldehyde to nitromethane was 1:50. The immobilised GtHNL-3V was freely

placed into the glass reaction vial.
5.3.7 Enzyme recyclability in batch

The enzyme recyclability was determined by several cycles of (R)-2-nitro-1-
phenylethanol synthesis according to the literature [34, 37]. Between each cycle the
immobilised enzyme was washed twice for 1 minute with MTBE saturated with 100
mM KPi buffer pH 7. When required, 50 pL of 100 mM KPi buffer were added to the
immobilised enzyme. At the end of the working day the immobilised enzyme was
stored at 4°C in fresh MTBE saturated with 100 mM KPi buffer pH 7. The immobilised
GtHNL-3V was freely placed into the glass reaction vial. Saturated MTBE was
prepared by adding 5 mL of 200 mM KPi buffer pH 7 to 25 mL of dry MTBE.

5.3.8 Enzyme stability in continuous flow in a monophasic KPi saturated MTBE

system

1 mL stainless steel flow reactor was used for the continuous synthesis of (R)-2-nitro-

1-phenylethanol. 10 cm of polytetrafluoroethylene (PTFE) tubing with 1.5 mm inner

111



diameter connect a syringe pump (Knauer, Germany) with the reactor. The stability of
400 U of immobilised GtHNL-3V on 300 mg Celite R-633 was evaluated by performing
a synthesis reaction during 4 hours at 0.1 mL min' (reaction volume = 0.73 mL).
Likewise, the stability of 450 U of immobilised GtHNL-3V on 500 mg Celite R-633 was
evaluated during 15 hours at 0.01 mL min! (reaction volume = 0.44 mL). Ratio
benzaldehyde : nitromethane, 1:50, 20 mM benzaldehyde, 1 M nitromethane, 20 mM
1,3,5-tri-isopropylbenzene as internal standard (I.S) in MTBE saturated with 100 mM
KPi buffer pH 7. Reactions were performed at room temperature. Saturated MTBE
was prepared by adding 5 mL of 100 mM KPi buffer pH 7 to 25 mL of dry MTBE.
Samples were drawn at regular intervals and analysed by chiral HPLC. The flow rate

was checked at each sampling time by the difference of weight.
5.3.9 Enzyme stability in continuous flow in a biphasic system

A similar set up as described in 3.8 was used. In this case, two syringes were
connected to a mixing unit (T-piece assembly) to ensure a mixture of substrates and
buffer. Syringe 1 was used for 40 mM benzaldehyde, 2 M nitromethane and 40 mM in
1,3,5-tri-isopropylbenzene in MTBE saturated with 100 mM KPi pH 7. Syringe 2 was
used for 100 mM KPi pH 7. The stability of 450 U of immobilised GtHNL-3V on 500
mg Celite R-633 was evaluated by performing a synthesis reaction during 3 hours at
0.1 mL min (reaction volume = 0.73 mL). The reaction was performed in a biphasic
50/50% system. The enzyme was not dried after its immobilisation. Reactions were
performed at room temperature. Saturated MTBE was prepared by adding 5 mL of
100 mM KPi buffer pH 7 to 25 mL of dry MTBE. Samples were drawn at regular
intervals and analysed by chiral HPLC. The flow rate was checked at each sampling

time by the difference of weight.
5.3.10 Analysis

Samples (50 pL) were taken at different times during the reaction run and added to
450 L of heptane:2-propanol 90:10 in 1.5 mL Eppendorf tubes. A small amount of
anhydrous magnesium sulphate (MgSO4) was used to remove the water from the
solution and the Eppendorf tubes were centrifuged at 13000 rpm for 1 min. The
supernatant was transferred to a 1.5 mL HPLC vial and 10 pL was injected into the
HPLC (Chiralcel OD column, column size: 0.46 cm 1.D x 25 cm). Heptane and 2-
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propanol were used as mobile phase with a flow rate of 1 mL/min and the UV detector
was set at 210 nm. The column temperature was set at 40°C. The samples in the

autosampler were maintained at 4°C.
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Supplementary information
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Figure S1. HPLC detection of 1,3,5 tri-isopropylbenzene (internal standard), (R)-NPE and (S)-NPE
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Figure S2. HPLC detection of benzaldehyde, 1,3,5 tri-isopropylbenzene, nitromethane and (R)-NPE
Conditions: Ratio benzaldehyde : nitromethane, 1:50, 20 mM benzaldehyde, 1 M nitromethane, 20 mM
1,3,5-tri-isopropylbenzene as internal standard (1.S) in MTBE saturated with 100 mM KPi buffer pH 7
with GtHNL-3V (22 U) immobilised on 500 mg Celite R-633. Reaction volume: 1 mL.
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Oxidative cleavage of styrenes: Expanding the
potential of Granulicella tundricola
hydroxynitrile lyase (GtHNL)

Granulicella tundricola hydroxynitrile lyase (GtHNL) is a manganese dependent cupin
that catalyses the enantioselective synthesis of cyanohydrins. The analysis of its
active site showed high similarity with the active site of cupin Thermotoga maritima
1459, an enzyme that catalyses the oxidative cleavage of styrene derivatives. Based
on the molecular analysis of the active site the variants GtHNL-H96A, GtHNL-H96F
and GtHNL-A40H/V42T/H96A/Q110H were evaluated. This mutation provides an
additional manganese coordination site and a larger active site. Remarkably, all
variants were able to catalyse the oxidative cleavage of a-methyl styrene. However,
the best results were observed using GtHNL-H96A as catalyst. GtHNL-H96A
displayed higher vyield of acetophenone (42%) as compared to GtHNL-
A40H/V42T/HI96A/Q110H (12%) and GtHNL-H96F (11%) after 20 hours of reaction
time. Control reactions using 0.1 and 0.5 mM of MnClz were performed. The precise
reaction mechanism remains unknown. Electron paramagnetic resonance (EPR)
studies did not confirm the oxidation of Mn(ll) to Mn(lll), while evidence for a radical

mechanism is presented.

Manuscript in preparation

José Coloma, Peter-Leon Hagedoorn and Ulf Hanefeld
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6.1 Introduction

Oxidative alkene cleavage is an important reaction in organic chemistry for the
synthesis of aldehydes and ketones, important volatile compounds that are extensively
employed in fragrances A | as flavours for the food and cos B :ic industry. The
reactivity of the carbonyl functionality allows its transformation to valuable precursors
for the pharmaceutical and chemical industry [1-3]. Ozonolysis and metal-based
oxidant catalysis are methods commonly used to obtain aldehydes and ketones.
However, the explosive characteristic of ozonides, over-oxidation of aldehydes and
poor regioselectivity are disadvantages commonly reported for both approaches [4-6].
Biocatalysis offers an alternative method to synthesize aldehydes or ketones.
Peroxidases such as the one from Caldariomyces fumago (CPO) [7] or mammalian
myeloperoxidase (MPO) [8] catalyse the oxidation of alkenes. Unfortunately, the
oxidative cleavage reaction is commonly a secondary activity of these enzymes
characterized by a low catalytic efficiency [1]. For this reason, the development of new
biocatalytic approaches is highly desirable. Recently, the ability of Granulicella
tundricola hydroxynitrile lyase (GtHNL) for the synthesis of enantiopure (R)-
cyanohydrins was reported [9-11]. GtHNL is a Mn(ll) dependent cupin superfamily
enzyme [12] with an excellent activity towards (R)-cyanohydrin synthesis (Figure 1A).
Likewise, the discovery [13] and improvement [14] of a Mn(ll) dependent cupin
superfamily enzyme from Thermotoga maritima (TM1459) with oxidative cleavage
activity towards styrene derivatives has been reported. It was speculated that a Mn(lll)
active site species is responsible for this catalytic activity by a yet unknown reaction
mechanism. Interestingly, GtHNL and TM1459 have similar active sites. The metal in
GtHNL is penta-coordinated by four histidine nitrogens and one glutamine oxygen
whereas in TM1459 the metal is tetra-coordinated by four histidine nitrogens in
equivalent positions to the three histidines and the glutamine in GtHNL (Figure 1B).
Based on the fact that enzymes often have promiscuous capabilities by nature and
that one single amino acid substitution may be enough (and more likely) to introduce
a new functionality to a former enzyme [15], we hypothesised that providing an
additional coordination site to the Mn(Il) in GtHNL for substrate binding might enable
it to catalyse the oxidative cleavage of styrene derivatives (Scheme 1). Herein, we
examined a new, non-natural reaction catalysed by GtHNL. Electron paramagnetic

resonance (EPR) studies were performed to explore the mechanism of this reaction.
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Figure 1: A: GtHNL active site (PDB code: 4UXA). The manganese ion (pink sphere) is coordinated by
four histidines and one glutamine. B: Superimposition of GtHNL (PDB code: 4UXA) and Thermotoga
maritima 1459 (PDB code: 1VJ2) active sites. The manganese ion (pink sphere) is pentacoordinated
by four histidines and one glutamine in GtHNL whereas the manganese ion (purple sphere) is

tetracoordinated in TM1459. The images were created using PyMOL molecular graphic system.

R' R!
N 0
GHNL o /H\
N +
R* TBHP, O, R R
R? R2
la-8a 1b - 8b

laR'=Me,R?=H,R*=H,R*=H 1bR'=Me, R*=H
2aR'=Me, R*=Me, R*=H,R*=H 2b R'=Me, R? = Me,
3aR'=Me, R*=CLR*=H,R*=H 3bR'=Me, R?=Cl
4aR'=H,R2=H, R® = H, R* = Me 4bR'=H,R*=H
5aR'=H,R>=Me, R’=H,R*=H 5b R'=H, R?=Me
6aR'=H,R>=F, R*=H,R*=H 6bR!=H,R?>=F
7aR'=H,R?=H,R*=H,R*=H 7bR'=H,R*=H
8aR'=H,R*=H,R*=Me,R*=H 8bR'=H,R?=H

Scheme 1: GtHNL-catalysed oxidative cleavage of styrene derivatives 1la — 9a

6.2 Results and Discussion
6.2.1 Time course reactions

The incorporation of rational design in biocatalysis is a powerful strategy to improve
enzyme stability, substrate scope, stereospecificity and to introduce novel
functionalities in enzymes [16]. The rational design performed in this study was based
on the analysis of the molecular structures of GtHNL and TM1459. The mutation H96A
was introduced to GtHNL wild type (GtHNL-WT) and GtHNL-A40H/V42T/Q110H
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(GtHNL-3V), a more active and stable variant for the synthesis of (R)-cyanohydrins
compared to the wild type enzyme [10-11]. GtHNL has a pentacoordinated Mn(ll) ion
within its active site. Thus, this mutation (H96A) enables a wider active site and
provides an additional coordination site for substrate binding, without affecting the
incorporation of manganese during the enzyme overexpression [9]. Also, the mutation
H96F was introduce into GtHNL-WT since a phenylalanine is located in close proximity
to Mn(ll) in TM1459 enzyme active site. a-methyl styrene was used as model
substrate. To our delight, initial experiments showed that GtHNL-H96A and GtHNL-
A40H/V42T/HI96A/Q110H (GtHNL-4V) were able to catalyse the oxidative cleavage of
a-methyl styrene with yields of 18.8% and 9.3% respectively after 20 hours of reaction
time. A small amount of sodium bisulfite (circa 50 — 70 mg) was used to stop the
reactions. Conversely, higher yields were observed when the reactions were not
guenched with sodium bisulfite and instead were analysed rapidly without chemical
guenching. GtHNL-H96A reached 31% yield of acetophenone after 20 hours of
reaction time, similar to the 30% conversion that has been reported for TM1459 under
similar reaction conditions [14]. The lower conversion of the reactions that were
chemically quenched might be explained by the potential formation of bisulfate
adducts. GtHNL-4V and GtHNL-H96F reached only 12% and 11% vyield of
acetophenone respectively; therefore the variant GtHNL-H96A was chosen for further
analysis. The improved catalytic activity of GtHNL-H96A compared to GtHNL-H96F
might be explained by its more open active site. The bulky phenylalanine potentially
blocks the active site entrance. Larger active sites have been reported as one of the
mechanisms of catalytic promiscuity because the substrates can adopt different
orientations within the active site [17]. Control reactions using either 0.1 mM MnClz or
without MnCl2 displayed 4.1 + 0.65 % and 1.43 + 0.01% yield of acetophenone
respectively after 20 hours reaction time.

The enzymatic reactions are clearly distinguishable compared to the control reaction
(Figure 2). ICP-OES analysis revealed a Mn(ll) loading of 9.3% and 25% for GtHNL-
H96A and GtHNL-4V overexpressed with 0.1 mM MnClz respectively.
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Figure 2: Oxidative cleavage of a-methyl styrene catalysed by GtHNL. Continuous yellow line (GtHNL-
H96A overexpressed in the presence of 0.5 mM MnClz), dashed blue line (GtHNL-H96A overexpressed
in the presence of 0.1 mM MnCl2), dashed red line (GtHNL-A40H/V42T/H96A/Q110H) overexpressed
in the presence of 0.1 mM MnClz2) and dotted line (control reaction — 0.1 mM MnClz). Reaction
conditions: 50 mM a-methyl styrene, 150 mM tert-butyl hydroperoxide (TBHP), 2 mg GtHNL-H96A or
GtHNL-A40H/V42T/H96A/Q110H, 50 mM sodium phosphate buffer pH 7, 30°C, 1000 rpm. Reaction
volume: 1 mL

Since manganese is essential for the catalytic activity of GtHNL for the synthesis of
cyanohydrins [9], different MnCl2 loadings were investigated during GtHNL-H96A
overexpression (from 0.1 to 1 mM) to potentially improve the catalytic activity of
GtHNL-H96A. Higher yields of acetophenone were achieved when GtHNL-H96A was
obtained from cells in which the enzyme was overexpressed in the presence of 0.5
mM MnClIz (Figure 2 and Figure 3). In addition, the in-vitro incubation of GtHNL-H96A
(obtained from cells in which the enzyme was overexpressed in the presence of 0.1
mM MnCl2) with 10 molar equivalents of MnClz during five hours allowed higher
manganese loadings (ICP-OES 30%) and the product yield increased from 31.5% to
35% (Figure 3, yellow bar). Similarly, GtHNL-4V was incubated with 10 molar
equivalents of MnCl2> without significant improvement on the acetophenone yield
(15%) after 20 hours of reaction time. In this case, the final Mn(ll) concentration in the
enzyme was not determined. Overall, GtHNL-H96A proved to be a better variant for
the oxidative cleavage of a-methyl styrene although the manganese loading was lower
than the observed in GtHNL-4V. Remarkably, this is the first time any HNL catalysed
the oxidative cleavage of styrene derivatives, a completely different and, to the best of

our knowledge, not previously reported activity for HNLs.
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Figure 3: Influence of different MnClz concentrations on the GtHNL-H96A catalysed oxidative cleavage
of a-methyl styrene. Solid light blue bars are the yield of acetophenone with different MnClz during
overexpression. Yellow bar is the yield of acetophenone with GtHNL-H96A overexpressed with 0.1
MnClz plus incubation with 10 molar equivalents of MnClz during 5 hours. Red bars are control reactions
with different MnCl2 concentrations. A control reaction with 0.25 MnClz was not performed. Reaction
conditions: 50 mM substrate, 150 mM TBHP, 2 mg GtHNL-H96A, 50 mM sodium phosphate buffer pH
7, 30°C, 1000 rpm. Reaction volume: 1 mL

6.2.2 Reaction optimisation

The reaction was optimised by evaluating different parameters such as tert-butyl
hydroperoxide (TBHP) concentration, pH, temperature, co-solvents and buffers
(Figure 4). Significantly higher yields of acetophenone were reached at concentrations
of TBHP higher than 50 mM, i.e. with an excess of TBHP. Additionally, the chemical
reaction was slightly accelerated (Figure 4A). GtHNL-H96A did not catalyse the
oxidative cleavage of styrenes in absence of TBHP (data not shown). When the
reaction was performed in the absence of oxygen the yield of acetophenone
decreased to 6.75%. The known decomposition of TBHP into alkoxy radicals and
molecular oxygen during the Mn catalytic cycle [18-19] suggests a low oxygen
concentration environment while not being strictly anaerobic. This proposes that both
TBHP and oxygen are important for the GtHNL-H96A catalysed oxidative cleavage of

styrene derivatives.
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Figure 4. Reaction optimization for the oxidative cleavage of a-methyl styrene catalysed by GtHNL-
H96A. Solid light blue bars are the enzymatic reactions and red bars are control reactions. A: Influence
of different TBHP concentrations. Reaction conditions: 50 mM substrate in ethyl acetate, 50-200 mM
TBHP, 2 mg GtHNL-H96A, 50 mM sodium phosphate buffer pH 7, 30°C. B: Influence of different pH.
Reaction conditions: 50 mM substrate in ethyl acetate, 150 mM TBHP, 2 mg GtHNL-H96A, 50 mM
sodium phosphate buffer pH 6-8, 30 C. C. Influence of temperatures. Reaction conditions: 50 mM
substrate in ethyl acetate, 150 mM TBHP, 2 mg GtHNL-H96A, 50 mM sodium phosphate buffer pH 7,
10-50 °C. D. Influence of different co-solvents. Reaction conditions: 50 mM substrate in different co-
solvents, 150 mM TBHP, 2 mg GtHNL-H96A, 50 mM sodium phosphate buffer pH 7, 30 °C. E. Influence
of different buffers. Reaction conditions: 50 mM substrate in ethyl acetate, 150 mM TBHP, 2 mg GtHNL-
H96A, 50 mM sodium phosphate, MES, HEPES, MOPS or Bis-Tris buffers pH 7, 30 °C. Control
reactions were performed with 0.5 mM MnCl2. All reactions were performed in 1 mL reaction volume
and shaked at 1000 rpm.

The influence of different pH was evaluated for the synthesis of acetophenone.
GtHNL-H96A displayed higher yield at slightly basic pH (7-8) (Figure 4B). An earlier
report showed that GtHNL is active and more stereoselective at low temperatures for
the synthesis of (R)-mandelonitrile [10-11]. On the other hand, during preliminary
experiments GtHNL-3V displayed a high thermostability. For this reason, the effect of
different temperatures (10, 30 and 50°C) was evaluated. Higher yield of acetophenone
was observed at 30°C (Figure 4C). The decrease in conversion observed at 50°C
could be explained either by the degradation or evaporation of the substrates or

product at this temperature. Indeed, the flash point of TBHP is 38°C. The mass
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balance analysis of the reactions showed that it was accomplished only for the
reactions performed at 10°C suggesting that higher temperatures induces loss or
degradation of substrates or product.

50 mM of a-methyl styrene was dissolved in 5 different co-solvents to evaluate their
influence on the synthesis of acetophenone. The reactions were performed with 5%
(v/v) of co-solvent. Ethyl acetate and acetone with log P of 0.71 and -0.24 respectively
displayed the highest yields of acetophenone (Figure 4D). No clear relation between
log P and yield was observed. Special attention must be taken when TBHP is mixed
with acetone to avoid explosions. Organic peroxides are known as highly flammable,
extremely reactive and toxic. When TBHP is mixed with organic solvents under acidic
conditions, a violent decomposition will occur. In addition, the temperature must not
exceed 55.6°C to assure safety [20]. Different buffers at 50 mM in the same pKa range
(~7) were used to evaluate their influence on the catalytic activity of GtHNL-H96A
(Figure 4E). The highest yield was reached with sodium phosphate buffer pH 7 and
an important decrease in yield was observed with Bis-Tris buffer as reaction medium.

6.2.3 Substrate scope

Having established the best reaction conditions for the GtHNL-H96A catalysed
oxidative cleavage of a-methyl styrene, the substrate scope was evaluated. GtHNL-
H96A was active and chemoselective for the oxidative cleavage of a range of styrene
derivatives. Control reactions with 0.5 mM of MnCl2 showed lower conversions
compared to the enzymatic reactions (Table 1). The presence of a methyl group at the
a position (1a, 2a and 3a) favoured the oxidative cleavage. The corresponding ketones
were formed in yields of 37.7%, 31.8% and 37.1% respectively and identified by Gas
Chromatography Mass Spectrum (GC-MS) (Figure 5). The absence of a methyl group
at the a-position (5a, 6a, 7a) or location of at B-position (4a) resulted in a drastic
decrease in conversion. Electron donating (5a) or withdrawing groups (6a) on the
phenyl ring did not further improve the yields. Overall the presence of a methyl group
at the alpha position exerted the highest influence on the yields achieved. This suggest
that an electron donor on the double bond at the alpha position might stabilise a radical
potentially formed during the catalytic cycle. Further details are shown in the reaction
mechanism studies. Table 1 shows that aldehydes and ketones are accessible.
GtHNL-H96A did not catalyse the oxidative cleavage of aliphatic alkenes.

128



1 0l10.000)
05
7 /O
075]
050
s O w
0.25]
43
o i ‘ : 491 5 . g e ; 7\"‘. - ‘ g9 9L ‘ L I < . i |
400 450 50.0 55.0 60.0 650 700 750 80.0 850 900 95.0 1000 1050 1100 1150 1200
1,00(X10.000)
s 39
0
0.75]
B 11
050]
75
0254 50 154
i 74 cl
‘ ‘\ 55 Y Nl & 8 % 1 ‘ 125 | |
400 450 500 550 600 650 700 750 80 850 90 90 1000 1050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550
(10,000)
10 75
0
7
075] o
050 C
N 1
0.25 e ‘
43 63 ‘ 120
51 89
| 45 I 59, | 1 Ll 103 105 | 135

a0

‘45‘0‘ o

‘50‘,0‘ o

‘55‘0‘ o ‘60‘0‘ " ‘65;0‘ o ‘70‘.0‘ T

75‘0‘ o

‘BO‘O‘ o ‘85‘0‘ o ‘90‘0‘ o ‘95:.0‘ "

Tl00

1050 100 150 1200

Toko

1300 1350

Figure 5: GC-MS chromatograms of acetophenone, 4-Cl-acetophenone and 4-methyl acetophenone of
GtHNL-H96A catalysed oxidative cleavage of styrene derivatives. A: identification of acetophenone. B:
identification of 4-Cl-acetophenone. C: identification of 4-methyl acetophenone.

The data in table 1 shows that the oxidative cleavage product is around 50% of the

reacted substrate for most of the styrenes evaluated. Minor products identified by GC-

MS during the oxidative cleavage of 1a, 2a and 3a are shown in table 2.

Table 1: Oxidative cleavage of styrene derivatives catalysed by GtHNL-H96A

Reaction Substrate Product Substrate Product
Conversion (%)?  Yield (%)°
GtHNL-H96A la b 70.66 + 3.36 37.7 £0.85
o)
Control 32.80 £ 0.53 3.91+0.13
GtHNL-H96A 2a 2b 74.32 +0.38 31.8+0.7
o)
Control 23.63+1.71 1.3+0.07
GtHNL-H96A 3a 3b 64.94 + 1.86 37.1 £0.3
0
Control 21.27 £ 0.17 8.6+0.2
cl cl
GtHNL-H96A 4a 4b 53.77 £7.00 12.3+2
X X0
Control 38.17 £ 0.76 0
GtHNL-H96A 5a 5b 59.26 + 3.60 24.4+1.3
AN X0
Control 30.73 £ 2.80 3.1+0.1
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GtHNL-H96A 6a 6b 65.58 + 7.32 25.6 + 2.47
AN o
Control 38.48 +7.88 2.3+0.1
F F
GtHNL-H96A 7a 7b 61.37 £5.19 26.7 £1.07
AN )
Control 40.44 + 4.97 1.1+0.09
GtHNL-H96A 8a 8b 61.44 + 3.50 25.9+0.6
AN o
Control O/\/ O/\ 27.42 £0.43 0

Reaction conditions: 50 mM substrate, 150 mM TBHP, 2 mg GtHNL-H96A, 50 mM sodium phosphate
buffer pH 7, 30 °C, 1000 rpm. Control reactions were performed with 0.5 mM MnClz. 2Based on
reacted substrate, PBased on the product concentration relative to the initial substrate concentration.
Reaction time: 16 h. Reaction volume: 1 mL

Table 2: Minor products identified by GC-MS during the oxidative cleavage of 1a, 2a and 3a catalysed
by GtHNL-H96A

Substrate Minor products identified by GC-MS
la OH o o
OH
H OH
O/\/\OH
2a OH
H
[e]
Cl Cl
3a OH

g/OH %
OH

6.2.4 Reaction mechanism

Earlier reports have presented that Mn(lll) is the active species for the oxidative
cleavage of alkenes catalysed by the enzyme TM1459 [13] or a cell free preparation
of Trametes hirsuta [21]. Previous electron paramagnetic resonance (EPR) studies
have shown that Mn(ll) (spin state S = 5/2) is the active species in GtHNL and plays a
crucial role for the synthesis of chiral cyanohydrins [12]. Therefore, the nature of the
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manganese under the influence of TBHP as oxidant during the oxidative cleavage of
a-methyl styrene was explored by EPR studies. Figure 6A shows the spectrums of
GtHNL-H96A before and after the addition of TBHP and a-methyl styrene in
perpendicular mode. Additional low field signals appear after addition of the oxidant
which we putatively attribute to Mn(IV) (S = 3/2) (Figure 6B). However, the Mn(IV) and

Mn(Il) signals overlap and are difficult to distinguish.

A B C

MnCl; 1 MnCl; “hMnqny aHnLy M

1BUDOH: t = 0 hr 1BuOCH: t=0hr W centra
SHHML-1Y
SHANLAY o '

I m Aty GIHML-AY
GtHML-1V T
GtHML-1Y
tBuQOH; t=0 hr

tBuQOH; t = 0 hr
tBUCOH: t=0hr

dxX"/dB
dxX"/dB
dx"/dB

GtHML-1Y ) e ““nan(iy GHNL-1W
tBuQOH + substrate; t = 0 hr mmm fBuCOH + substrate

T T T T T T T T T T T T T T
1000 2000 3000 4000 5000 500 1000 1500 2000 1000 2000 3000 4000 5000
B (Gauss) B (Gauss) B (Gauss)

Figure 6: EPR spectrums of GtHNL-H96A. A: Perpendicular mode, B: Perpendicular mode with
amplification between 0 and 2000 B (Gauss). Dotted lines give the difference spectrum with the control
sample (without tBuOOH) and thereby the putative Mn(IV) and C: parallel mode. EPR conditions:
microwave frequency 9.624 GHz (perpendicular mode), 9.295 (parallel mode); microwave power 20
mW; modulation frequency 100 kHz; modulation amplitude 10 G; temperature 12.5 K. Each spectrum

was averaged four times (perp mode) or nine times (para mode).

A control reaction using MnClz2 and TBHP as oxidant did not show the low field signals
observed with GtHNL-H96A (Figure 6A and 6B). Performing EPR spectroscopy in
parallel mode enables the identification of integer spin values such as Mn(lll) species
(Figure 6C). A spectrum of GtHNL-H96A + TBHP showed the characteristic 6 line
pattern for Mn(lll) at around 1200 Gauss (g = 5). However, the control reaction using
GtHNL-H96A whithout any oxidant showed the same pattern. We therefore attribute
this signal to the spin forbidden ms = £2 transition of Mn(Il) and not due to Mn(lll)
(Figure 6C). The EPR studies did not demonstrate the expected oxidation of
manganese from Mn(ll) to Mn(lll) but suggest the possibility of Mn(lV). Organic
radicals were not observed in any of the EPR spectra which indicates that these may
be too short lived and do not sufficiently accumulate in the samples. However, the best
substrates for the oxidative cleavage bear a methyl group at the alpha position which
might stabilize the more stable benzyl radical potentially formed after the addition of
tert-butylperoxy radical. If the reasoning of a radical mechanism is correct, then the

addition of a radical scavenger should suppress the reaction. Indeed, this was the
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case. One equivalent of a radical scavenger such as butylated hydroxytoluene (BHT)

suppressed the reaction and resulted in only 2% yield of acetophenone (Figure 7).
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Figure 7: Influence of butylated hydroxytoluene (BHT) as radical scavenger on the synthesis of
acetophenone catalysed by GtHNL-H96A. Reaction conditions: 50 mM a-methyl styrene, 150 mM
TBHP, 2 mg GtHNL-H96A (overexpressed with 0.5 mM MnClz), 50, 150 or 300 mM BHT, 50 mM sodium
phosphate buffer pH 7, 30°C, 1000 rpm. Reaction time: 20 h. Reaction volume: 1 mL

Thus, the formation of tert-butylperoxy radical is crucial for the enzymatic oxidative
cleavage of styrene derivatives catalysed by GtHNL-H96A. This supports the radical
mechanism of this reaction. The formation of radicals during the catalytic cycle of
oxidative enzymatic alkene cleavage is not surprising. Earlier, the formation of alkoxy
radicals with the incorporation of two different oxygen atoms from two different oxygen
molecules has been reported for the alkene cleavage catalysed by an enzyme
preparation of Trametes hirsuta [22]. Moreover, radical formation has been reported
for the oxidative cleavage of alkenes catalysed by a chloroperoxidase (CPO) from
Caldariomyces fumago [23] and horseradish peroxidase [23]. Manganese-(ll)
complexes can activate oxygen, hydrogen peroxide (H202) or TBHP and have been
reported to catalyse the oxidation of cyclohexene. It was observed that the Mn(ll)
complex is initially oxidised by either H2020r TBHP to produce a Mn(lll) complex which
is reduced back to Mn(ll) by cyclohexene. The formation of Mn(lll) and Mn(IV)
complexes was confirmed [25]. The ability of Mn(ll) complexes to catalyse the
superoxide (O2’) disproportionation with the subsequent oxidation of Mn(ll) to Mn(lII)
has been reported [26]. Similarly, many years ago [27] it was demostrated that Oz
does oxidise Mn(ll) to Mn(lll) and also reduce Mn(lll) complexes with the consequent

cycling of the metal between the divalent and trivalent states. The latter observation

132



suggests that the alkoxy radical potentially formed during the oxidative cleavage of
styrene derivatives allows the oxidation/reduction of Mn(1)/Mn(lll).

Synthesis reactions of (R)-mandelonitrile were performed to evaluate if GtHNL-H96A,
GtHNL-H96F and GtHNL-4V switch their natural cyanogenesis activity to a
peroxidase-like enzyme or the oxidative cleavage activity was added to its natural
activity. The three variants maintained their natural activity. GtHNL-HO96A displayed a
conversion of 47% + 0.008 (ee = 19%). GtHNL-4V and GtHNL-H96F showed almost
full conversion (98%) but their enantioselectivities were 98% and 2.6% respectively.
The excellent enantioselectivity observed for GtHNL-4V is not surprising since the
former GtHNL-3V is an excellent enzyme for the synthesis of chiral cyanohydrins [10-
11]. The improved deprotonation of hydrogen cyanide facilitated by additional
histidines, a narrower active site and and tightly bound manganese can explain this

result.

This indicates that the introduction of the mutation H96A enables a new activity to
GtHNL. Another remarkable example where one single amino acid substitution
allowed promiscuous activity was reported earlier [28]. An esterase from Burkholderia
gladiolis with significant homology to HNLs from Hevea brasiliensis and Manihot
esculenta was converted to an HNL-like enzyme by introducing the single mutation
S276L. The introduced positively charged aminoacid is necessary for the stabilization
of the negatively charged cyanide ion. 70% conversion was achieved for the synthesis
of mandelonitrile with poor enantioselectivity (value not reported). Recently, the
promiscuous esterase activity of an ancestral hydroxynitrile lyase (HNL1) from the a/f3-
hydrolase-fold has been reported [17]. In this case, three amino acid substitutions
(Thr11Gly, Lys236Gly, Glu79His) were introduced to HNL1. The analysis of the X-ray
crystal structure of this ancestral enzyme variant revealed a larger and more flexible

active site compared to the modern Hevea brasiliensis HNL.

6.3 Conclusions

The oxidative cleavage of styrenes, a new non-natural activity for hydroxynitrile lyases
was introduced in GtHNL. 41% of acetophenone was reached after 20 hours of
reaction time by using GtHNL-H96A. The enzyme catalysed the oxidative cleavage of
several styrenes derivatives with yields ranging from 12% to 37% after 16 hours of

reaction time. EPR studies did not show the oxidation of Mn(Il) to Mn(lIl). The reaction
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mechanism remains unknown. However, a radical mechanism involving at least a

Mn(IV) as the active species is probable.

The development of new biocatalysts by changing or adding new activities in former
enzymes is a fascinating idea. Using this approach, new and better biocatalysts will
be developed and used for inefficient or challenging reactions contributing to the

further development of biocatalysis.

6.4 Experimental section
6.4.1 Chemicals

All chemicals were bought from Sigma Aldrich (Schnelldorf, Germany) unless reported

otherwise.

6.4.2 Cloning and heterologous production of GtHNL-H96A and GtHNL-H96F

pET28a(+)-GtHNL expression plasmids containing GtHNL-H96A genes codon
optimized for E. coli were ordered to Bio Basic (Canada). Then, E. coli BL21(DE3) was
transformed with the expression plasmids for the overexpression of GtHNL-H96A and

sequenced (Table 3).
Table 3: Sequencing results of GtHNL- H96A

>template — GtHNL-WT GtHNL-H96A

MEIKRVGSQASGKGPADWFTGTVRIDP | MEIKRVGSQASGKGPADWEFTGTVRIDP
LFQAPDPALVAGASVTFEPGARTAWHT | LFQAPDPALVAGASVTFEPGARTAWHT
HPLGQTLIVTAGCGWAQREGGAVEEIH | HPLGQTLIVTAGCGWAQREGGAVEEIH
PGDVVWEFSPGEKHWHGAAPTTAMTHLA | PGDVVWESPGEKHWAGAAPTTAMTHLA
IQERLDGKAVDWMEHVTDEQYRRA IQERLDGKAVDWMEHVTDEQYRR

For the heterologous production of both enzymes, a preculture was prepared by
inoculating one single colony of E. coli BL21(DE3)-pET28aGtHNL-H96A in 10 mL of
Lysogeny Broth (LB) medium with kanamycin (50 pg/mL) and incubated overnight
(New Brunswick Scientific Incubator Shaker Excella E24 Series) at 37°C, 120 rpm.
Subsequently, this precultures were used for the inoculation of 1 L of TB medium
containing kanamycin (50 pg/mL) and incubated at 37°C, 120 rpm. When the ODsoo
reached 0.6 — 0.8 the gene expression was induced by adding 1 mL of 0.1 M isopropy!
B-D-thiogalactoside (IPTG) per liter of culture (0.1 mM IPTG final concentration).
Moreover, 100-1000 pL of 1 M MnCl2 was added per liter of culture at the induction
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time (0.1 - 1 mM Mn(ll) final concentration) and cultivation was continued at 25°C, 120
rpm for 20 hours. Cells were harvested at 4°C, 5000 rpm during 20 minutes (Sorvall
RC6, Thermo Scientific). The supernatant was discarded and the pellets were washed
with 30 mL of 50 mM sodium phosphate buffer pH 7, frozen in liquid nitrogen and
stored at -80°C. Identical methodology was followed for the cloning and production of
GtHNL-H96F.

6.4.3 Cloning and heterologous production of GtHNL-A40H/V42T/Q110H/H96A
(GtHNL-4V)

pET28a(+)-GtHNL-A40H/V42T/Q110H was used as template for the cloning of
GtHNL-4V. The mutation H96A was introduced by overlap-extension PCR. GtHNL-4V
gene was cloned into pET28a expression vector using Ncol and Hindlll restriction
enzymes. The resulting pET28a-GtHNL-4V expression vector was cloned into E. coli
TOP 10 and sequenced to ensure the successful introduction of the H96A mutation
(Table 4). Finally, the expression host E. coli BL21(DE3) was transformed with
pET28a(+)-GtHNL-4V for the overexpression of the GtHNL-4V enzyme. The
heterologous production and harvesting of GtHNL-4V followed the same methodology
described for GtHNL-H96A.

Table 4: Sequencing results of GtHNL- 4V

>template — GtHNL- A40H/V42T/Q110H >sample_ GtHNL-4V

MEIKRVGSQASGKGPADWETGTVRIDPLEFQ MEIKRVGSQASGKGPADWEFTGTVRIDPLFQ
APDPALVAGHSTTFEPGARTAWHTHPLGQT APDPALVAGHSTTFEPGARTAWHTHPLGQT
LIVTAGCGWAQREGGAVEETIHPGDVVWESP LIVTAGCGWAQREGGAVEETIHPGDVVWESP
GEKHWHGAAPTTAMTHLAIHERLDGKAVDW GEKHWAGAAPTTAMTHLATIHERLDGKAVDW
MEHVTDEQYRR MEHVTDEQYRR

6.4.4 Purification of GtHNL-H96A, GtHNL-H96F and GtHNL-4V

The pellets of GtHNL-H96A, GtHNL-H96F and GtHNL-4V were resuspended in lysis
buffer (50 mM sodium phosphate buffer + DNAse) pH 7 and lysed in a cell disruptor
(Constant Systems Ltd., United Kingdom) at 20 kPSI and 4°C to avoid protein
denaturation. The cell free extract (CFE) was collected as the supernatant after
centrifugation at 4500 g, 30 min, 4°C, heated during 30 min at 65°C, and centrifuged
during 15 min at 4500 g. The purified enzyme was obtained as the supernatant. For

the EPR studies, GtHNL-H96A was further purified by anion exchange
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chromatography with Q Sepharose Fast Flow columns (HiTrap Q FF, 70 mL; GE
Healthcare, Uppsala, Sweden) [11]. 50 mM Bis-Tris buffer + 30 mM NaCl, pH 7.2
(buffer A) and 50 mM Bis-Tris buffer + 1 M NaCl, pH 7.2 (buffer B) were used as
binding and elution buffers respectively. An isocratic step of 10% buffer B allowed the
elution of pure GtHNL-H96A.

6.4.5 Alkene cleavage reactions

The reactions were performed in a biphasic system in 2 mL plastic reaction tubes in
accordance with an earlier report [13] with slight modifications. 50 yuL of 1 M substrate
in ethyl acetate or other (50 mM final concentration) and 50 pL of 3 M TBHP in n-
Decane (150 mM final concentration) were supplemented with 2 mg of GtHNL-H96A,
GtHNL-H96F or GtHNL-4V enzyme and 50 mM sodium phosphate buffer pH 7. As
result, the final reaction volume was 1 mL. A thermomixer was used to shake the
reaction tubes at 1000 rpm and to maintain 30°C. A small amount of sodium bisulfite
(circa 50 — 70 mg) was used to quench the reactions. Later on, it was noticed a
negative impact of quenching on the product yield. Therefore, this step was omitted.
The product was extracted twice with ethyl acetate spiked with 10 mM n-Dodecane as
internal standard (1x350 puL and 1x500 pL). The combined organic phases were dried
using anhydrous MgSO4 and injected for gas chromatography (GC) analysis.

6.4.6 Concentration of tert-butyl hydroperoxide (TBHP)

The concentration of TBHP was determined by iodometric titration with thiosulfate in
accordance with the literature [29]. Briefly, 100 puL of TBHP were dissolved in 10 mL
acetic acid:chloroform (3:2) and nitrogen was sparged through the solution for 2
minutes to remove oxygen. 500 uL of saturated potassium iodide solution were added
and the head space was flushed with nitrogen for 1 minute. Then, 15 mL of distilled
water (sparged with nitrogen) and 4 drops of 1% starch (indicator) were added to
produce a noticeable purple color. The sample was titrated with 0.01 N sodium

thiosulfate until the purple color disappeared.

6.4.7 Inductively Couple Plasma Optical Emission Sprectrometry (ICP-OES)

0.5 mg of sample were destructed in 4.5 ml milliQ water +1.5 ml 65% HNO3 using a
microwave PRO during 60 minutes at maximum power. Then, the samples were
analysed with ICP-OES (Perkin EImer Optima 5300 DV).
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6.4.8 Electron paramagnetic resonance (EPR) studies

EPR spectra were recorded on a Bruker EMXplus spectrometer using a dual-mode
resonator (Bruker ER 4116DM) with a helium-flow cryostat [30—31] using the following
EPR parameters: microwave frequency 9.624 GHz (perpendicular mode), 9.295 GHz
(parallel mode); microwave power 20 mW; modulation frequency 100 kHz; modulation
amplitude 10 Gauss; temperature 12.5 K. Perpendicular mode spectra were 4 times

averaged, parallel mode spectra were 9 times averaged.
6.4.9 Analysis

Gas chromatography (GC) analysis were performed on a GC-2014 (Shimadzu)
equipped with a AOC-20i auto injector by using a N2 as carrier gas, a cp wax 52 CB
column (length: 50 m, I.D: 0.53 mm, film thickness: 2 um, max temp: 250 °C) and a
FID detector. Table 5 shows the temperature profile used:

Table 5: Temperature profile

Rate (°C/min) | Temperature °C | Time (min)

100 3
20 From 100 to 245 7.25
245 1
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Supplementary information

Datafile Name:2 mg GtHNL overexp 0.5 mM MnCI2, 50 mM a-MeSty, 16 h (1)_002.gcd
Sample Name:2 mg GtHNL overexp 0.5 mM MnCI2, 50 mM a-MeSty, 16 h (1)
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Figure S1. GC detection of dodecane (internal standard), tert-butyl hydroperoxide, a-methyl styrene
and acetophenone. 50 mM a-methyl styrene, 150 mM tert-butyl hydroperoxide (TBHP), 2 mg GtHNL-
H96A, 50 mM sodium phosphate buffer pH 7, 30°C, 1000 rpm. Reaction volume: 1 mL

Datafile Name:2 mg GtHNL overexp 0.5 mM MnCI2, 50 mM p-a-DiMeSty, 16 h (1)_006.gcd
Sample Name:2 mg GtHNL overexp 0.5 mM MnCI2, 50 mM p-a-DiMeSty, 16 h (1)
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Figure S2. GC detection of dodecane (internal standard), tert-butyl hydroperoxide, p-a-dimethyl styrene
and p-acetophenone. 50 mM p-a-dimethyl styrene, 150 mM tert-butyl hydroperoxide (TBHP), 2 mg
GtHNL-H96A, 50 mM sodium phosphate buffer pH 7, 30°C, 1000 rpm. Reaction volume: 1 mL

Datafile Name:2 mg GtHNL overexp 0.5 mM MnCI2, 50 mM 4-Cl-a-MeSty, 16 h (2)_005.gcd
Sample Name:2 mg GtHNL overexp 0.5 mM MnCI2, 50 mM 4-Cl-a-MesSty, 16 h (2)
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Figure S3. GC detection of dodecane (internal standard), tert-butyl hydroperoxide, 4-Cl-a-methyl
styrene and 4-Cl-acetophenone. 50 mM 4-Cl-a-methyl styrene, 150 mM tert-butyl hydroperoxide

(TBHP), 2 mg GtHNL-H96A, 50 mM sodium phosphate buffer pH 7, 30°C, 1000 rpm. Reaction volume:
1mL
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This thesis was aimed to explore the use of flow biocatalysis and enzyme
immobilisation as valuable tools for high productivity and stability in biocatalysis. The
improved hydroxynitrile lyase (HNL) from Granulicella tundricola (GtHNL-
A40H/V42T/Q110H) was immobilised on Celite R-633 by adsorption. It was active,
stable and enantioselective for the synthesis of (R)-mandelonitrile in batch and
continuous flow systems. Moreover, significant process intensification, reduced
volume and safer process conditions were achieved in flow. The use of buffer
saturated organic solvent as reaction medium allowed high substrate loading (500
mM) and suppressed the racemic background reaction efficiently. In a similar fashion,
the acid-sensitive HNL from Arabidopsis thaliana (AtHNL) was immobilised on EziG
Opal, a controlled porosity glass material with non-toxic Fe3* on the carrier surface.
High activity, enantioselectivity and stability were observed in batch and flow systems.
Likewise, the continuous flow system achieved higher productivity compared to the
batch system. These two examples highlight the potential of flow biocatalysis and
immobilisation for the synthesis of chiral cyanohydrins. Moreover, immobilised
enzymes in buffer saturated organic solvents as reaction medium are able to perform

as well as in an aqueous system, at least these systems.

The promiscuous catalytic activity of GtHNL allows the synthesis of chiral B-nitro
alcohols using nitromethane as nucleophile. This is possible due to the similar pKa
values of hydrogen cyanide and nitromethane. GtHNL-3V was immobilised on Celite
R-633 and evaluated for the synthesis of (R)-2-nitro-1-phenylethanol (NPE) in batch
and flow systems. Surprisingly, if the enzyme was dried after immobilisation (as for the
cyanohydrin synthesis), the synthesis of (R)-NPE dropped from 80% to 42% after 24
hours of reaction time. Unexpectedly, the flow system did not allow process
intensification even using low flow rates (0.01 mL min-1). This can be explained by the
addition of nitromethane in high concentration changed the polarity of the reaction
mixture due to its low log P of -0.24. Thus, the water entrapped in celite-GtHNL-3V
diffused into the reaction mixture. This changed the water activity in celite-GtHNL-3V
with its consequent deactivation. The development of a 50/50% biphasic system
resulted in higher yield during the first 30 minutes but the system was not stable over
time. The leaching of the enzyme in the biphasic system may explain the instability. In
general, the HNL catalysed synthesis of B-nitro alcohols requires more water for

optimal enzymatic activity. A potential solution can be the development of a continuous
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biphasic system to keep the enzyme constantly hydrated. For this, the enzyme has to
be immobilised by a different method where the enzyme is bound more tightly to the

carrier (i.e covalent immobilisation).

A new non-natural activity for HNLs was introduced into GtHNL. The mutation H96A
opened an additional binding site of the substrate to the catalytic manganese cofactor
and created more space in the active site in GtHNL. Remarkably, this enabled the
oxidative cleavage of a range of styrene derivatives. Electron paramagnetic resonance
(EPR) studies did not provide evidence of a Mn(lll) species that was anticipated. The
reaction was supressed in the presence of a radical scavenger. This suggests a radical
mechanism for this reaction. The introduction of this novel activity in GtHNL represents
a starting point for its further improvement and shows the potential of protein
engineering and rational design for the exploration and development of new

biocatalysts.

In conclusion, this thesis was dedicated to demonstrate the potential of flow
biocatalysis and immobilisation to achieve process intensification, straightforward
reuse of the biocatalyst and high enzyme stability. Moreover, the use of buffer
saturated organic solvent as reaction medium allowed high substrate loading and
facilitates the downstream processing. The successful implementation of flow
biocatalysis is dependent of the properties of the immobilised enzyme and its
interaction with the reaction medium. The continuous application of these techniques
will help to develop more efficient, safe and environmentally friendly processes for the

synthesis of valuable pharmaceutical and chemical products.
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