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Abstract 
There is a growing demand for biocatalytic processes in the industry for synthesis of various bulk 

and fine chemicals. Cyanohydrins formed by hydroxynitrile lyase (HNL) catalyzed hydrocyanation 

of aldehydes or ketones serve as valuable chiral building blocks for the pharmaceutical, agro-

chemical and fine chemical industry.  

In this work the potential of an R-selective HNL from Arabidopsis thaliana was deeper explored 

using a new His-tagged variant. The new variant showed an almost double specific activity 

compared to the wildtype enzyme, due to the higher purity, and otherwise similar pH and 

temperature optima like the wiltype enzyme. As the expression level is higher and the purification 

procedure shorter, the yield of purified enzyme is more than doubled. 

The new AtHNL variant (His6-AtHNL) was subsequently used to evaluate the biocatalytic hydro-

cyanation of aromatic ketones, which are not the preferred substrates of this enzyme. Generally 

ketones are converted slower and less stereoselective, which is due to the sterical hinderance of 

the carbonyl function, the lower nucleophilicity, and thermodynamic limitations. However, using 

a micro-aqueous reaction system, which is well suited for AtHNL, the conversion of two 

exemplarily chosen aromatic aldehydes (acetophenone and 2-fluoroacetophenone) could be 

increased up to 40 % and 48 %, respectively, which is 2-fold higher compared to similar studies in 

aqueous-organic two-phase systems described in literature. The micro-aqueous reaction system 

enabled product concentrations of 160-190 mM, demonstrating the potential of HNL-catalyzed 

reactions in such reaction systems for the synthesis of aromatic ketone cyanohydrins. However, 

there is strong indication for an enzyme-catalyzed product racemization, which makes careful 

control of the conversion necessary to obtain the products with high optical purity.  

Based on these results also five 2-hydroxy ketones were tested as substrates for the enzyme. 

Although the respective cyanohydrines could be detected, enzyme catalysis could not specifically 

be proved for the hydrocyanation of these substrates as the stereoselectivity was almost 

comparable to the chemical control reaction. However, a weak but clear acceleration in presence 
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of the His6-AtHNL as well as of inactive active site variants could be proved for two of the five 

tested 2-hydroxy ketones. Additional studies to analyze the electrostatic surface potential (ESP) 

of the His6-AtHNL gave hints to the nature of this reaction acceleration by interaction of the 

reaction partners with the enzyme surface. 

The second part of the work includes the transfer of the biocatalytic hydrocyanation from batch 

to a continuous flow mode. Therefore, a three-step cascade was established using the initial 

lipase-catalyzed production of HCN from ethyl cyanoformate, a subsequent hydrocyanation step 

catalyzed by His6-AtHNL (on Celite or whole cells), and a final in line acetylation of the resulting 

cyanohydrins. 

Afterwards the flow reactor system was successfully used for the synthesis of six (hetero)aromatic 

O-acetylated cyanohydrines with excellent conversion and very good ee.  
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Kurzfassung 
In der Industrie besteht ein wachsender Bedarf an biokatalytischen Prozessen zur Herstellung von 

Bulk- und Feinchemikalien. Cyanhydrine, die durch die Hydroxynitrillyase (HNL)-katalysierte 

Hydrocyanierung von Aldehyden und Ketonen entstehen, sind wertvolle chirale Bausteine für die 

pharmazeutische, agrochemische Industrie und die Feinchemie. 

In dieser Arbeit wurde das Potential einer R-selektiven HNL aus Arabidopsis thaliana unter 

Verwendung einer neuen His-getaggten Variante untersucht. Die neue Variante zeigte eine fast 

doppelt so hohe spezifische Aktivität im Vergleich zum Wildtyp-Enzym, bedingt durch die höhere 

Reinheit bei ähnlichen pH- und Temperaturoptima. Da der Expressionslevel höher und die 

Reinigungsprozedur kürzer waren, verdoppelte sich auch die Ausbeute an gereinigtem Enzym. 

Die neue AtHNL-Variante (His6-AtHNL) wurde anschließend hinsichtlich der Hydrocyanierung von 

aromatischen Ketonen evaluiert, die nicht zu den bevorzugten Substraten des Enzyms gehören. 

Allgemein werden Ketone langsamer und meist auch mit geringerer Stereoselektivität umgesetzt, 

was auf die größere sterische Hinderung der Carbonylfunktion, die damit verbundene geringere 

Nukleophilie, sowie thermodynamische Gründe zurückzuführen ist. Allerdings konnte durch 

Verwendung eines mikro-wässrigen Reaktionssystems der Umsatz zweier beispielhaft gewählter 

Ketone (Acetophenon und 2-Fluoracetophenon) relativ zu Literaturwerten auf 40 % bzw. 48 % 

verdoppelt werden. Das mikro-wässrige Reaktionssystem ermöglichte Produktkonzentrationen 

von 160-190 mM, was das Potential solcher Reaktionssysteme für die Synthese von 

Ketoncyanhydrinen zeigt. Allerdings fanden sich starke Hinweise auf eine Enzym-katalysierte 

Produktracemisierung, was eine sorgfältige Umsatzkontrolle erfordert, um Produkte mit hoher 

optischer Reinheit zu erhalten. 

Basierend auf diesen Ergebnissen wurden auch fünf 2-Hydroxyketone als Substrate für das Enzym 

untersucht. Obwohl die entsprechenden Cyanhydrine nachgewiesen wurden, konnte eine 

spezifischen Enzym-katalysierte Hydrocyanierung dieser Substrate nicht nachgewiesen werden, 

da die erhaltenen Stereoselektivitäten von ca. 20 % auch in der Enzym-freien Kontrolle auftraten. 
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Allerdings konnte eine schwache, jedoch deutliche Beschleunigung der Reaktion für zwei der 

untersuchen 2-Hydroxyketone durch His6-AtHNL sowie inaktive Varianten dieses Enzyms gezeigt 

werden. Ergänzende Untersuchungen zur Analyse des elektrostatischen Oberflächenpotentials 

der His6-AtHNL ergaben Hinweise auf die Natur der beobachteten Reaktionsbeschleunigung 

durch Interaktion der Reaktionspartner an der Proteinoberfläche. 

Im zweiten Teil der Arbeit wurde die biokatalytische Hydrocyanierung vom Batch in einen 

kontinuierlichen Flussmodus übertragen. Dazu wurde eine Dreischritt-Kaskade, bestehend aus 

der Lipase-katalysierten Freisetzung von HCN aus Ethylcyanoformiat, der anschließenden His6-

AtHNL-katalysierten (immobilisiert auf Celite oder in ganzen Zellen) Hydrocyanierung und einem 

dritten chemischen Acetylierungsschritt, etabliert.  

Anschließend wurde dieses Flussreaktorsystem zur Synthese von sechs verschiedenen 

(hetero)aromatischen O-acetylierten Cyanhydrinen mit ausgezeichnetem Umsatz und sehr guten 

ee-Werten erfolgreich eingesetzt. 
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1. Introduction 
1.1 Biocatalysis 

1.1.1 History 

“Enzymes are nature’s sustainable catalyst- they’re biocompatible, biodegradable and derived 

from renewable resources” Roger Sheldon [1]. 

In a broader sense, biocatalysis can be defined as the application of enzymes or microbial cells for 

chemical synthesis [2, 3].  

The application of biocatalysis for brewing beer and wine dates back to 7000 years ago [4]. 

However, it was only in 1767 for the first time ever that Antonie van Leewenhoek observed 

microorganisms under a microscope and over hundred years later Pasteur postulated that these 

tiny invisible microorganisms can convert sugars to alcohols by [5]. In 1876, Kühne coined the 

term “enzymes” and Ostwald coined the term “catalysis” [6] and soon Fischer proposed the 

famous “lock and key” hypothesis to elucidate the mechanism of enzyme catalysis [7]. It didn’t 

take long to discover that living organisms are not required to perform catalysis but the cell free 

extract is sufficient [8]. In 1926, urease was crystallized and it was finally proved that enzymes are 

actually proteins [9]. Soon a biocatalytic process was patented for the first time ever for the 

trypsin catalyzed pre-treatment of leather by a German company Röhm GmbH. Since then 

hundreds of biocatalytic processes have emerged for multiple applications. 

1.1.2 Recent trends 

Enzymes are remarkably brilliant catalysts offering the advantage of excellent chemo and regio 

selectivity, which makes them very attractive in many industries especially in the pharmaceutical 

industry and for fine chemical production, where high enantiopurity is an essential [10]. Today in 

the 21st century, with the advancement in molecular biology techniques, the number of industrial 

applications of enzymes has increased exponentially [11–13]. Industrial processes now are suited 
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to the availability of the biocatalyst rather than the availability of substrate, the nature of the 

reaction, etc [14]. Moreover, combining enzymes to form a multi-step cascade can help to 

synthesize complex molecules in an environmentally friendly and sustainable manner [15].  

1.1.3 Biocatalysis in non-conventional media 

For a very long time, enzymes were only used in an aqueous environment that was regarded as 

“natural”, although the environment of cytosolic enzymes is far from being aqueous [16]. 

Application of enzymes in aqueous media, however, limits the scope of biotransformations at 

preparative scale. These limitations include poor solubility of substrates and products, unwanted 

side reactions, low product concentrations concomitant with cumbersome product recovery and 

sometimes even unfavorable thermodynamics in water [17]. 

In the recent years, biocatalysis in non-conventional media, such as organic solvents, ionic liquids, 

supercritical fluids, etc. has become increasingly popular [18]. Klibanov first reported the 

possibility of biocatalysis in organic solvents [19], which shed light on the usually accepted idea 

that enzymes denature in organic solvents [20]. The reason lies in the fact that water acts as a 

molecular lubricant and its absence renders the enzyme rigid [21]. It was understood that an 

optimal degree of hydration is required in non-aqueous media to preserve enzyme flexibility [22].  

1.1.3.1 Effect of organic solvents and water on enantiomeric excess (ee) 

Besides water activity, the choice of the organic solvent plays a very crucial role for the activity, 

selectivity, and stability of biocatalysts [23]. The enzyme selectivity depends greatly on the solvent 

used and surprisingly the solvent can even inverse the stereoselectivity [17, 24, 25]. 

Since water keeps the enzyme flexible, it is indispensable for catalysis. Now, there are two 

contrasting theories about the effect of enzyme flexibility on enantioselectivity. An early 

hypothesis of Boos et al., based on studies with subtilisin, stated that with the increase of enzyme 

flexibility, the enantioselectivity increases [26]. However, these results were contradicted by a 

subsequent study of the Klibanov group, who found out that subtilisin and α-chymotrypsin 
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became less enantioselective with increasing water content. They interpreted this effect such that 

the higher flexibility allows for better binding also of the less preferred enantiomer [17, 27]. 

1.1.3.2 Reaction media 

The most typical reaction media for biocatalysis are aqueous and aqueous/organic solvent 

systems [28]. There are mono-phasic systems consisting of an aqueous buffer and a small amount 

of water miscible organic solvent. The second class encompasses two-phase systems consisting 

of an organic phase and an aqueous phase. Micro-aqueous systems are mono-phasic solvents 

resulting from hydrophobic organic solvents containing a few percent of dissolved water.  The 

enzymes are either dissolved in the aqueous phase or are applied in immobilized form. 

The present work is focused on biocatalysis in micro-aqueous organic media. This small amount 

of water is crucial for enzyme activity [29]. Nevertheless, biocatalysis in non-aqueous media has 

been widely used in industry in batch and continuous processes for organic synthesis, however, 

almost exclusively with hydrolases, such as lipases and esterases. [18, 30, 31] 

1.1.3.3 Enzyme immobilization  

Enzyme immobilization can be defined as a process of physically confining an enzyme to a defined 

region in space to retain the catalytic efficiency, which can be recycled continuously [32]. 

Immobilization can improve the long term operational stability and easy recovery of the enzyme, 

and sometimes additionally improve the activity and selectivity [33–35]. 

However, enzyme immobilization also suffers from some limitations such as: 

 Loss of activity during immobilization 
 Mass transfer limitations 
 Cost of the carrier and immobilization procedure 

There are different methods to immobilize an enzyme and there is no general method, which can 

be used for all applications of an enzyme. The choice of an immobilization procedure and/or 

choice of a support depend on the enzyme and the biocatalytic process. An enzyme can be 
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immobilized by different methods (Figure 1) such as carrier bound on the surface of e.g. silica 

(Celite) or ion exchangers. This binding is mainly due to weak interactions such as van der Waals 

forces, ionic interactions, and hydrophobic interactions. To prevent leaching of the biocatalyst, 

the introduction of covalent bonds is useful. However, this usually requires the use of bifunctional 

crosslinking agents (e.g. glutaraldehyde), which is often impairs the enzyme activity.  

 

Figure 1: Different methods of enzyme immobilization. Modified from [36] 

 

The enzyme can also be entrapped in a polymer network such as silica, sol-gel or a microcapsule. 

Usually the polymer matrix is synthesized in the presence of the enzyme. Enzyme leaching cannot 

entirely be prevented by entrapment. The third carrier-free immobilization method is based on 

direct cross-linking of precipitated enzymes, known as Cross-Linked-Enzyme-Aggregates (CLEAs) 

[37, 38]. Although this method avoids the costs for the carrier, the general problem arising from 

crosslinking remains and the specific activity of CLEAS is often much lower compared to the native 

enzyme. Besides these methods, where the immobilized enzyme is used as a heterogeneous 

catalyst, the immobilization of soluble enzymes behind a semi-permeable membrane is also a 

frequently used concept (chapter 1.2.2.1).  

1. entrapment 2. encapsulation 3. solid 4. self immobilization 

enzymes 
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1.2 Process modes for biocatalysis  

1.2.1 Batch and fed-batch mode 

Most conventional biocatalytic processes are performed in batch just like chemical processes and 

in cases where the catalyst deactivates fast, batch offers a simple and optimal solution [4]. In a 

typical batch process, the substrate and enzyme molecules have similar residence times within 

the reactor, although sometimes further addition of substrate or enzyme may be necessary, 

which is called a fed-batch process mode [39]. Batch processes offer significant advantages like 

simplicity of process development and controllable environment for slow reactions. Additionally, 

such processes can be used multiple times for example with immobilized enzymes.  

However, when considering scaling up, a batch reactor can be much more laborious and 

therewith more expensive than a continuous one because of the set-up times. Additionally, it 

demands extensive labor and services. The reproducibility could also vary from batch to batch, 

which makes it challenging during a scale up. Since the substrate and product are in a single pot, 

problems with substrate surplus inhibition or product inhibition may arise. 

  
Figure 2: Schematic representation of a batch process (blue substrate, red product, and black enzyme) 
(left). In batch the concentrations of substrate and product change over time (middle), whereas is in 
perfectly mixed system the concentration of both in the reaction vessel at a given time point is constant 
(right). 

1.2.2 Continuous mode 

There are two different continuous concepts in biocatalysis: systems that retain a freely flowing 

biocatalyst behind a semipermeable membrane on the retentate side and plug flow reactors 
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containing a fixed bed of immobilized biocatalysts. Continuous processes have various 

advantages over batch such as higher space time yields (based on the reactor volume), easier 

product purification, optimal energy cost, shorter set-up times, etc. [40]. Furthermore, it can be 

integrated in modern synthetic chemistry approaches using immobilized catalyst (chapter 1.1.4). 

Immobilized enzymes not only offer catalyst recycling, but also ease the process of product 

purification and thereby rendering it cost effective [41]. To cope with enzyme inactivation, the 

residence times can be adjusted by altering the flow rate.  

1.2.2.1 Continuous stirred tank reactors (CSTR) 

CSTRs comprise of a well stirred tank connected to a continuous influx and efflux stream with an 

immobilized catalyst. Apart from good mixing abilities, a CSTR is simple and versatile. In an ideal 

case with perfect mixing, the concentrations of all reactants are constant in every volume element 

and at any time point.  

 

Figure 3: Schematic representation of a continuous process (blue substrate, red product, black enzyme) 
(left). In a continuous process, the concentrations of substrate and product remain constant over time 
(middle), and also the concentration of both at any position (X) in a perfectly mixed reaction vessel is 
constant (right). 

In a CSTR the enzyme is in a constant environment and the concentrations of substrate(s) and 

product(s) ideally don’t change. Hence such processes are very suitable for enzymes with 

substrate surplus inhibition. A CSTR can be used as a stand-alone single unit or several CSTRs can 
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be connected in series, this would mimic a packed-bed reactor (PBR). In such cases the product 

concentration gradually increases over the reactor series [42]. 

1.2.2.2 Membrane reactors 

In most membrane reactors the biocatalyst (isolated enzyme or whole cell biocatalyst) is freely 

circulating on the retentate side, retained by a semi-permeable membrane, which is permeable 

for small reaction components, such as substrate and product molecules [43]. Such reactors are 

operated with flat membranes or with hollow fiber modules [44]. Since enzyme immobilization is 

achieved through the membrane and thus no additional steps for enzyme immobilization (chapter 

1.1.4) are necessary, this concept is not hampered by many typical limitations of heterogeneous 

immobilization methods (chapter 1.1.3.3).  

Membrane reactors are advantageous because of the intensive use of enzymes and thereby high 

economic viability, continuous product removal, which can contribute a shift in the equilibrium 

and the possibility of having an integrated process with reaction and separation. In case of an 

ideal membrane reactor the following applies [43]: 

 The enzyme is fully retained and therefore the product is enzyme-free 

 There is no loss of enzyme activity over time 

 Homogenous reaction conditions between the membrane surface and the core solution 

 Enzymes are uniformly distributed (i.e. there is no concentration polarization) 

 No membrane fouling 
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Figure 4: Exploded view of a membrane reactor [45] 

 

However, in reality the performance decreases during operation because of enzyme deactivation, 

mass transfer limitations, leakage of enzyme and enzyme inhibition due to substrates and 

products. As for all biocatalytic processes, the stability of the biocatalyst under process conditions 

is decisive. Specifically stirring and pumping poses shear stress to enzymes, and this often leads 

to a progressive inactivation through denaturation of the protein. In many cases the loss of 

enzyme activity can be compensated by the addition of fresh enzyme to maintain the productivity 

of the reactor [46]. However, the deposition of inactive and active enzyme on the membrane 

often results in mass transfer limitations and fouling, which requires cleaning or replacement of 

the membrane including additional costs [39, 43].  
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with filter paper 

Sintered plate with 
sealing ring 

Reactor cover 

Outflow 

Inflow 
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1.2.3 Packed-bed reactors 

In an ideal packed-bed reactor (PBR) the entire substrate stream flows parallel to the reactor axis 

with a constant flow rate. It is called a plug flow reactor when a solid/immobilized catalyst is used. 

In contrast to the CSTR, which offers good mixing, an ideal PBR shows no back mixing. It is quite 

important to note that a PBR shows a high enzyme/substrate ratio in a small reactor volume. 

Therefore it offers high space time yield [41]. In case of an ideal plug flow reactor, the following 

applies:  

 the flow is laminar and the reaction medium is uniform throughout the reactor 

 the residence time is the same for each volume element 

 the reaction rate varies along the length of the reactor 

 there are no diffusion or dispersion limitations 

 the biocatalyst is fully stable 

 

Figure 5: Schematic representation of a plug flow reactor (blue substrate, red product, black enzyme) 
(left). In a plug flow reactor, the concentrations of substrate decreases and that of product increases over 
the length of the reactor (middle), whereas the concentration of both, substrate and product, at any 
position (l) in the reactor at a given time point is constant (right). 

 

However, in a real case, there is back mixing and also formation of channels within the packed 

bed. When channel formation occurs, the conversion of the substrate is impaired since the 

substrate solution has less contact to the catalyst. This can be avoided by the use of a back 

pressure regulator (BPR) which helps to keep the bed uniformly fluidized. In principle a BPR is a 
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one way valve that opens when a certain set point pressure is reached. Diffusion and dispersion 

limitations can be minimized by good packaging but unfortunately it cannot be completely 

avoided.  

Apart from the reactors, the modules for the downstream processing such as purification units, 

etc. are also commercially available. A combination of all the modules to start from the substrate 

and produce and purify the product and sometimes including recycling opens door to a field called 

“flow technology”, which is already quite prevalent in the chemical industry. 

1.3 Flow chemistry 

In traditional batch reactions, each step of a multistep synthesis is treated as an isolated system 

where the respective intermediate product is produced, isolated and applied in the subsequent 

step. In contrast, all steps of a multi-step reaction including product isolation can be combined 

with different modules to perform robust and multistep synthesis [47]. Such machine-assisted 

tools can be assembled together in flow for organic synthesis and with the help of a software all 

relevant parameters of the process can be controlled [48].  

Most interestingly, the reaction can be analyzed in flow by in-line measurements such as infrared 

spectroscopy, mass spectroscopy, etc. Flow technology is also applied in drug discovery for the 

synthesis of small molecules [49]. 

The potential of a simple flow system is as shown in the figure below [50]. 
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Figure 6: A schematic depiction of the potential of a simple flow system [50] 

 

Besides the possibility to conduct multi-step syntheses without isolation of intermediates, flow 

technology has further advantages: 

 increased process safety, especially for handling toxic compounds 

 improved process control 

 scale-up is easier 

 reactions at temperatures higher than the boiling point of substrate possible 

 easier downstream processing 

However, a difficulty with flow technology is the transfer of processes from batch to flow, which 

could be challenging mostly because of differences in the behavior of catalysts in different 

systems. 

Such flow setups are used extensively in the industry with chemical catalysts [50–52].  

1.3.1 Biotransformations in flow 

Despite all the advantages and benefits flow technology has to offer, only few studies have been 

reported on the use of enzymes in flow technology (see below). Combining flow technology and 
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biocatalysis, however, would increase the potential specifically also of chiral syntheses in in 

chemo-enzymatic cascade tremendously. There is a growing interest to involve tools and modules 

of flow reactors for the development of an optimized biocatalytic process to render it time and 

cost efficient. Most of the reported biotransformations are limited to robust commercially 

available enzymes like lipases; for example the kinetic resolution of flurbiprofen using whole 

microbial cells [53].  

For retention of the biocatalyst in respective flow modules a sufficiently stable immobilization 

method must be available. In addition to synthesis with immobilized catalyst, whole cell 

biotransformation has also been successfully demonstrated in a continuous flow reactor. Such 

multistep enzyme cascades are also possible by immobilizing the enzyme on the inner side of a 

glass tubes. An example is the immobilization of two enzymes namely Aspergillus niger glucose 

oxidase (God) and horseradish peroxidase (HRP) using the avidin-biotin system and a polycationic 

dendronized polymer in order to quantify D-glucose spectrophotometrically [54]. 

Further, the biocatalytic synthesis of 3-phenylcatechol was reported using a segmented tube in 

tube reactor with 2-hydroxybiphenyl 3-monooxygenase for hydroxylation reactions [55].  

Just recently another flow reactor for the production of protected mandelonitrile has been 

reported with the R-selective hydroxynitrile lyase from almonds using a membrane based phase 

separation unit [56].  

1.4 Biocatalysis as a tool for synthesis of chiral building blocks 
Biocatalysts obviously have an advantage over conventional chemistry owing to their specificity, 

selectivity, mild reaction conditions and environmental friendliness. They have been therefore 

implemented in hundreds of biocatalytic processes in industries [14]. Recently, a very interesting 

article quoted a chemist’s prayer- “I fall upon my knees and pray that all my syntheses may no 

longer be inferior to those conducted by bacteria” [57]. 
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Many enzymes are being used industrially for the synthesis of chiral compounds. One example is 

hydroxynitrile lyases which can catalyze the stereoselective carboligation of achiral precursors. 

1.5 Hydroxynitrile lyase 

1.5.1 Discovery 

Hydroxynitrile lyases (HNLs) catalyze the reversible cleavage and synthesis of cyanohydrins 

(Figure 7). The discovery of HNLs dates back to 1837 when Justus and Wöhler observed that bitter 

almond extract, which he called ”emulsin”, caused the release of HCN from certain cyanohydrins 

[58]. 

 

 

Figure 7: HNL-catalyzed cleavage of cyanohydrins to liberate HCN and the respective aldehydes or 
ketones. The reverse hydrocyanation of an aldehyde/ketone is of technical interest. 

Later in 1908, Rosenthaler described that the reverse reaction for synthesis of cyanohydrins from 

HCN and benzaldehyde can be catalyzed with the “emulsin” reported earlier [59] (Figure 8). 

Subsequently, HNLs were also isolated from many different plant sources for biotechnological 

processes. 

 

Figure 8: Synthesis of (R)-mandelonitrile from benzaldehyde using bitter almond extract (emulsin). 

 



 
 

| 14  

 

1.5.2 Natural function of hydroxynitrile lyases  

HNLs occur in certain bacteria, fungi, arthropods as well as in many higher plants [60]. In nature, 

they are involved in two functions namely cyanogenesis and nitrogen fixation. 

1.5.2.1 Cyanogenesis 

The cleavage of an α-cyanohydrin to release HCN is part of the plant defense mechanism against 

predators and this process is called “cyanogenesis” [61]. The fairly unstable cyanohydrins are 

stored in form of cyanogenic glucosides [62, 63]. The process of cyanogenesis comprises two 

steps: First the ß-glycosidase-mediated degradation of the precursor glycoside to produce the 

cyanohydrin and second the HNL-mediated cleavage of the cyanohydrin to release HCN. Both 

enzymes are stored in separate compartments in vacuoles to prevent suicidal cyanogenesis and 

both only come into contact when the tissue is injured [64–66]. The toxicity of cyanide is 

attributed to its irreversible binding to the cytochrome oxidase in mitochondria and thus 

inhibiting the respiratory system [67].  

 

Figure 9: Biosynthesis, catabolism and detoxification of cyanogenic glycosides [68]  
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Figure 9 shows the anabolism, catabolism and detoxification of cyanogenic glycosides. The first 

two steps of the metabolism are catalyzed by cytochrome P450 to produce a cyanohydrin and the 

final step; the glycosylation of the cyanohydrin moiety, is catalyzed by a glycosyltransferase. As 

explained above, the catabolism is a two-step mechanism including the ß-glycosidase mediated 

breakdown of the cyanogenic glucoside to form an α-hydroxynitrile. The second route is quite 

interesting since it is pH-dependent. At pH values above 6, the hydroxynitrile spontaneously 

degrades into an aldehyde or ketone, sugar and HCN. However, at a lower pH, two pathways are 

possible. The first pathway involves a rhodanese-catalyzed conversion of HCN to a thiocyanate 

[69, 70] and this is the common route in vertebrates. The second pathway is part of the nitrogen 

fixation in plants and insects [65].  

1.5.2.2 Nitrogen fixation 

Apart from its function as a defense mechanism, HCN also serve as a source of nitrogen for the 

biosynthesis of L-asparagine [71] [72] (Figure 11). 

 

Figure 10: Biosynthesis of amino acid. Modified from [73] 
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This pathway was discovered in germinating seeds of Hevea brasiliensis where, although the 

cyanogenic compounds in the young seedlings was found to decrease, no HCN was released [71]. 

It was then discovered that the HCN was immediately fixed to form L-asparagine by two enzymes 

[71]. The first enzyme β-cyanoalanine synthetase refixes the HCN to form β-cyanoalanine 

together with cysteine. This is then hydrolyzed by the second enzyme β-cyanoalanine hydrolase 

to form L-asparagine. 

1.5.3 Relevance of HNLs in organic synthesis 

HNLs specifically are attractive in organic synthesis and industrial biotechnology because they can 

form C-C bonds with high stereoselectivity [74, 75]. Cyanohydrins are excellent chiral synthons as 

they can be converted to a wide range of valuable compounds by follow up reactions either at 

the hydroxyl- or the cyanide group [76, 77] (Fig. 11). 

 

Figure 11: Reactions based on cyanohydrins. According to [78] 

 

Usually for HNLs, ketones are less preferred as substrates compared to aldehydes for the 

synthesis of cyanohydrins mainly because of the lower nucleophilicity of the ketone carbonyl 

group and the stronger steric hindrance. As the synthesis reaction is thermodynamically limited, 
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full conversion of ketones to the respective cyanohydrines (tertiary alcohols) can hardly be 

achieved, which poses a challenge to the downstream processing of these products. Further, the 

ketone cyanohydrines are less thermostable, which hampers storage and instrumental analysis 

[79–81]. 

Nevertheless, few HNLs such as the (S)-selective HNL from Manihot esculenta can yield 

phenylacetone cyanohydrin with high ee [82]. Another example is the HNL from flax (Linum 

usitatissimum, LuHNL), which accepts aliphatic ketones and aromatic methyl and ethyl ketones 

to synthesize the respective cyanohydrins [83, 84]. This implies that ketone cyanohydrins can be 

synthesized with high ee inspite of the above stated limitations. 

1.5.4 Classification of HNLs 

Although HNLs have been discovered in certain bacteria and arthropods [85], they have been 

isolated for biotechnological applications mostly from plant sources. Besides bitter almond 

extract (Prunus amygdalus) [58] similar HNLs were isolated from other prunus species such as 

Prunus serotina, Prunus lyonii, Prunus laurocerasus, Prunus capuli, as well as Manihot esculenta, 

Hevea brasiliensis, Sorghum bicolor, Linum usitatissimum, Mammea americana, Malus 

communis, Phlebodium aureum and Arabidopsis thaliana [86]. Recently HNLs have also been 

discovered in endophytic bacteria that are similar in sequence to the proteins of cupin 

superfamily [87]. Among this class, a new HNL from the acidobacterium Granulicella tundricola 

(GtHNL) was biochemically characterized [88].  

HNLs are a perfect example for convergent evolution, meaning that the potential to catalyze the 

cleavage and formation of cyanohydrins was “invented” several times and implemented in quite 

different structural frame works. Generally, HNLs can be divided into two superfamilies based on 

the presence or absence of flavin adenine dinucleotide (FAD).  
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1.5.4.1 FAD-dependent HNLs 

FAD-dependent HNLs are found in some members of rosaceae family and they accept (R)-

mandelonitrile as their natural substrate [89]. Amongst this class, the most investigated HNLs are 

from almonds (Prunus amygdalus/PaHNL) and cherry (Prunus serotina/PsHNL) [90–92] . Although 

FAD is not directly involved in the reaction, it provides structural stability to the structure of the 

enzyme [93].  

1.5.4.2 FAD-independent HNLs 

The FAD-independent class of HNLs comprises all HNLs not found in prunus species and is thus 

very heterogeneous. These enzymes have been isolated from many plant families of Linaceae, 

Euphorbiaceae, Oleaceae, Passifloraceae, Polypodiaceae, Brassicaceae and Poaceae. As well as 

from the acidobacterium Granulicella tundricola (GtHNL) [88] In contrast to the FAD-dependent 

HNLs, they have different natural substrates (e.g. acetone cyanohydrine, (S)-p-hydroxymandelo-

nitrile) and vary with respect to structure, molecular weight, number of subunits, substrate- and 

stereoselectivity [66]. (S)-selective HNLs  
Among the prominent (S)-selective HNLs are those from Hevea brasiliensis (HbHNL) [94] and 

Manihot esculenta (MeHNL) [95] belonging to the Euphorbiaceae family. Both enzymes are highly 

similar, belong to the α/β-hydrolase superfamily [96] and accept acetone cyanohydrin as their 

biological substrate [97]. Although the natural substrate is achiral, both catalyze the formation of 

(S)-cyanohydrins from different predominantly aromatic aldehydes [98, 99]. Other prominent S-

selective HNLs are from Sorghum bicolor (SbHNL) [100] from the Poaceae family and Ximenia 

americana (XaHNL) [101] from the Olaceae family. (R)-selective HNLs  
Few prominent (R)-selective HNLs besides the enzymes from Prunus species (1.5.4.1) were found 

in Linum usitatissimum (LuHNL) [102] from the family Linaceae, Phlebodium aureum (PhaHNL) 
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[103], and Vicia sativa (VsHNL) [104], and from the family Fabaceae. Another (R)-selective HNL 

discovered few years back is from Arabidopsis thaliana with a high catalytic potential and is the 

focus of this doctoral thesis. 

1.5.5 HNL catalyzed reaction systems 

The enantioselectivity of a HNL catalyzed reaction can be influenced greatly by altering various 

operational parameters such as reaction media, water content, cyanide source, etc. 

1.5.5.1 Reaction media and role of water 

The exact mechanism of the influence of water on the enantioselectivity of an enzyme is not yet 

understood. However, many studies have reported a correlation between the solvent properties 

and selectivity [24, 25, 105].  

In general, the water content in the reaction media is believed to influence the flexibility of the 

enzyme and consequently its activity and selectivity [106].  

1.5.5.2 Cyanide source 

An HCN source is always required for the hydrocyanation of an aldehyde/ketone to synthesize 

the corresponding cyanohydrin. Pure HCN can be produced by acidification of cyanide salts 

followed by distillation at low temperature. However, this imposes severe safety concerns [107] 

[67]. Alternatively HCN can be extracted with organic solvents [108]. HCN liberation can also be 

accomplished from acetone cyanohydrin. However, the excess of acetone formed not only 

impairs the enzyme [109] but is also highly inflammable, thus rendering it unsafe again.  

Alternatively, hydrolysis of certain esters (such as ethyl cyanoformate, ECF) could be used as an 

HCN source [110]. In 2004 Purkarthofer et al. described the use of ethyl cyanoformate (ECF) for 

the one-pot synthesis of protected cyanohydrines, using ECF as a cyanide source and protecting 

agent of the formed cyanohydrins at the same time. Evaluation ECF as both the cyanide source 

and the protecting agent was therefore a straightforward idea. As proof of concept, the PaHNL-
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catalyzed formation of (R)-mandelonitrile was studied in aqueous buffer at pH 3.3. Although ECF 

was applied in high excess, only poor derivatization of the formed mandelonitrile was achieved, 

which was due to the rapid hydrolysis of CFE in water. To enhance the lifetime of ECF, subsequent 

experiments were performed in micro-aqueous organic solvent (toluene and dichlormethane) 

using immobilized PaHNL on Celite. However, under these conditions the hydrolytic liberation of 

HCN was limiting [110].  

1.6 HNL from Arabidopsis thaliana (AtHNL) 

1.6.1 Discovery and potential 

HNLs are usually found in cyanogenic plants but interestingly an (R)-selective HNL was discovered 

in Arabidopsis thaliana which is a non-cyanogenic plant [111]. Until the discovery of this enzyme, 

it was believed that the R-selective HNLs were evolved from the oxidoreductase superfamily (e.g. 

PaHNL and LuHNL) [83, 90] and the S-selective HNLs evolved from the hydrolases with α/β fold 

(e.g. HNL from MeHNL, HbHNL). With the AtHNL, the first R-selective HNL was discovered in the 

α/β-hydrolase family. AtHNL exhibits high sequence similarity (68% similar amino acid residues) 

with the S-selective HNLs from Manihot esculenta and Hevea brasiliensis [112, 113].  

1.6.2 Substrate range 

The substrate range of AtHNL includes aldehydes and a few ketones which are hydrocyanated 

with good to excellent  ee, using an aqueous-organic two-phase system [111]. Benzaldehyde and 

derivatives thereof are the preferred substrates. In contrast, aromatic ketones are rather 

challenging substrates which is not only due to their bulky nature, but also because of 

thermodynamic limitations of the reaction, as was already mentioned above [114]. The enzyme 

also shows activity towards aliphatic aldehydes and the speed of the reaction varies with the 

length of the carbon chain. Shorter aldehydes such as hexanal can be converted with excellent 

enantiomeric excess (ee), however with long chained decanal the reaction is slow and relatively 

less enantioselective [111].  
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1.6.3 Enzyme mechanism 

The active site of AtHNL is formed by three amino acids Ser81, His236 and Asp208, which form 

the catalytic triad (Figure 12). The relevance of these residues has been proven by site-directed 

mutagenesis. The structure was solved without bound substrates and the potential mechanism 

was deduced upon docking of (R)-mandelonitrile into the active site [115]. 

The reaction mechanism is assumed to occur as follows: As the first step, His236 abstracts a 

proton from the hydroxyl group of the cyanohydrin. This deprotonation is facilitated by hydrogen 

bond interactions of the hydroxyl group with Asn12. The second step is the stabilization of the 

negative charge of the cyano group. It can be assumed that the cyano group is very close to the 

back bone amide groups of Ala13 and Phe82 and interacts with them. The last step involves the 

protonation of the cyanide group to produce HCN [115]. Exchange of Asn12 by threonine reduced 

the catalytic efficiency greatly, because the loss of one H-bond weakens the substrate binding 

[115]. 
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Figure 12: Potential mechanism of AtHNL postulated enzyme mechanism of AtHNL (left) and modeled 
complex of AtHNL with (R)-and (S)-mandelonitrile (Mnn) (right) [115] 

 

Andexer et al. performed docking studies to explain the high enantioselectivity of the AtHNL. The 

complex structures for the two enantiomers of mandelonitrile were docked into the active site. 

Deprotonation of the hydroxyl group is more likely to occur with (R)-mandelonitrile than the (S)-

enantiomer, because the hydroxyl group of the (R)-enantiomer is closer to His236 that can initiate 

H-bond formation. Although AtHNL shows a broad substrate range with high stereoselectivity, its 

application in bioorganic synthesis is challenged with respect to stability, which will be addressed 

in the following. 
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1.6.4 Enzyme stability 

Although the HNLs from Arabidopsis thialiana and from Manihot esculenta are highly similar in 

sequence and structure, MeHNL is much more stable than AtHNL [116]. One reason for this is 

most probably the higher oligomerization state of MeHNL in solution, although both enzymes 

form dimers in the crystal [115]. In a previous study, the amino acid residues on the surface of 

AtHNL and MeHNL were compared and by an rational protein engineering approach 11 point 

mutations were exchanged on the surface of AtHNL [117]. This new variant (called 

“surfmod_AtHNL”) not only increased its stability at lower pH but also enhanced its activity, 

although these mutations did not induce tetramer formation as intended. However, higher 

association states were induced by the fusions with a flavin-based fluorescent protein (FbFP) and 

a cellulose binding module (CBM) [118, 119], both leading to higher enzyme stability. 

The main challenge of enzymatic hydrocyanation in aqueous systems is caused by a chemical 

background reaction that leads to the formation of the racemic product. In order to achieve high 

enantiopurity, this side reaction must be suppressed. One way to achieve this is to maintain the 

pH of an aqueous system below 5. However, wilde type (wt) AtHNL rapidly inactivates at such low 

pH [116]. Another approach to reduce the side reaction is to lower the amount of water by using 

an organic solvent system. Although the enzyme stays active under these conditions, it 

precipitates in the organic solvent and sticks to the walls of the reactors forming a cloudy sticky 

mass which cannot be reused. Therefore, in order to enable high stability and recyclability of the 

enzyme in organic solvent, different immobilization approaches have been evaluated [120]. 

1.6.5 Immobilization of AtHNL 

In a previous study, Okrob et al. investigated various immobilization techniques and 

demonstrated that diatomite (Celite) exhibits high residual activity of 78% after immobilization. 

Celite-AtHNL was further evaluated in micro-aqueous MTBE (methyl tert-butyl ether) in batch 

mode showing excellent activity and enantioselectivity towards benzaldehyde and derivatives 

thereof. Apart from its ease of preparation (chapter 3.2.8) and usage in organic solvents, it is also 
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recyclable and storable. The interesting effect of humidity on the activity of Celite-AtHNL was 

reported, where the humidity of dry immobilizate must be carefully adjusted in order to make full 

use of the enzyme activity [120]. However, immobilization by adsorption is stabilized by weak 

forces (predominantly H-bonds), which may not be stable over a longer period, especially in the 

presence of water or other H-bond donating solvents. 

1.6.6 Whole cells as natural immobilisates  

Whole recombinant Escherichia coli cells can be considered as a natural form of immobilization 

where the enzyme is protected by the cell membrane. The application of whole cells could be an 

attractive alternative to purified enzymes for biotransformations. Moreover, the need for tedious 

and expensive enzyme purification and subsequent immobilization can be circumvented. Scholz 

et al. reported the synthesis of cyanohydrins using recombinant E.coli cells expressing AtHNL in 

micro-aqueous MTBE with high conversions and ee [121]. Recently, wt AtHNL and a fusion protein 

with flavine based fluorescent protein (FbFP) was successfully applied as  whole cell biocatalysts 

in micro-aqueous MTBE [118].  

1.7 Recent studies on AtHNL-catalyzed synthesis of aldehyde and ketone 
cyanohydrins 
AtHNL being a highly potent R-selective enzyme draws attention for its application in 

biotechnological processes. It accepts a wide range of aldehydes and ketones as substrates [111]. 

Many studies have been reported on the improvement of this enzyme by rational protein 

engineering and reaction engineering [117–120]. Various enzyme preparations have been used 

for synthesis reactions such as purified enzyme, immobilisates, crude cell extracts and whole cells 

[111, 118, 120]. In 2007, Andexer described the substrate range for the AtHNL with crude cell 

extract in a biphasic system [111]. In 2011, Okrob immobilized the enzyme on Celite and 

compared it to the precipitated native enzyme in micro-aqueous MTBE. A year later, Scholz et al. 

demonstrated that it was also possible to use whole recombinant cells in a micro-aqueous 

environment instead of isolated AtHNL. The study also depicts the effect of organic solvent on 
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the structural integrity of the enzyme. During the course of this thesis, it was demonstrated that 

fusion of wt-AtHNL with proteins like the flavine-based fluorescent protein (FbFP) [118] or a 

cellulose bindung module (CBM) [102] could increase its stability.  

The quest for ketones as substrates has earlier been investigated with AtHNLs in a aqueous-

organic two phase system, however, only poor conversions and ee has been reported [111]. As 

already mentioned, such reactions with ketone are thermodynamically limited because the 

equilibrium lies on the side of the reactants and therefore the product has a tendency to cleave 

back to the reactants as soon as it is formed [122]. Andexer et al. reported a conversion of only 

7% of acetophenone in an aqueous-organic two phase system with AtHNL [111]. Later, a 

maximum conversion of 22% was reported with MeHNL in an organic solvent-free system [81]. 

Nevertheless, ketone cyanohydrins impose analytical challenges because of their instability and 

they therefore need to be derivatized before analysis. Few methods described in literature for 

the same are acetylation [111] and silylation [123] of the hydroxyl group of the corresponding 

cyanohydrin. 

It has also been reported that the usage of an organic solvent-free system, meaning a biphasic 

system of acetophenone derivative and aqueous buffer can help in achieving a higher conversion 

of ketone cyanohydrins [81]. The synthesis of ketone cyanohydrins have been as well extensively 

studied on HNLs from other sources, such as the R-selective HNL from Prunus amygdalus [124, 

125] and the S-selective HNL from Manihot esculenta [80].   
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2. Aim of the thesis 
 

The R-selective hydroxynitrile lyase from Arabidopsis thaliana has a high potential in catalyzing 

the hydrocyanation of carbonyl compounds [111] to synthesize chiral cyanohydrins, which are 

valuable building blocks in industry. This is currently the only R-selective HNL, with a similar 

substrate range to the well-known enzyme from Prunus amygdalus (PaHNL), which is used also 

in technical processes. The general aim of this doctoral thesis was to explore the potential of 

AtHNL based on recent studies in order to evaluate the technical applicability of this enzyme. 

Therefore different preparations of a His-tagged variant should be tested exclusively in micro-

aqueous MTBE, which showed best results in previous studies [118, 120, 121].  

The first goal was to characterize a new AtHNL variant with an N-terminal hexa-histidine tag, with 

respect to its stability and performance in biotransformations and preparations (purified, 

immobilized, whole cells). This variant was produced to ease the access to purified AtHNL.  

The second goal was to study the substrate scope of His6-AtHNL in a micro-aqueous organic 

solvent system by testing simple aromatic ketones and also bulky 2-hydroxy ketones as substrates 

for the synthesis of the respective cyanohydrins. As discussed (chapter 1.7 and 1.5.3), ketones are 

the less preferred substrates and so far in previous studies all reported synthesis were performed 

in aqueous reaction systems and biphasic aqueous-organic systems. In this work, the influence of 

micro-aqueous organic solvent system on the synthesis of ketone cyanohydrins should be 

evaluated. 

The third goal concerns the development of a scalable continuous process including a safer access 

to HCN. Since, pure HCN imposes severe safety issues (chapter 1.5.5.2), an alternative HCN 

surrogate will be investigated to ensure a safer generation of HCN to allow scale up of 

cyanohydrin synthesis.  
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3. Materials and Methods 
3.1 Materials 

3.1.1 Chemicals 

Chemicals Supplier 
Acetic anhydride Fluka 
Acetophenone freshly distilled 
Agarose Merck 
Benzaldehyde Freshly distilled 
N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) Sigma aldrich 
Citric acid Fluka 
Coomassie brilliant blue G-250 Serva 
Dichloromethane Roth 
4-Dimethylaminopyridine (DMP) Sigma/Aldrich 
Dinatrium hydrogenphosphate (Na2HPO4) Sigma/Aldrich 
Dipotassium phosphate Roth 
Dodecan Sigma/Aldrich 
Ethanol Roth 
Ethyl cyanoformate Sigma/Aldrich 
Hydrochloric acid Roth 
Imidazole Sigma/Aldrich 
Methyl tert-butyl-ether (MTBE) Roth 
Sodium chloride Roth 
Potassium dihydrogen phosphate Roth 
Pyridine Roth 
Sodium cyanide Sigma/Aldrich 

 

3.1.2 Bacterial strains and plasmids used  

Bacterial strain Genotype Supplier 
E. coli BL21(DE3) F-ompThsdSb(rB-mB-) gal dcm 

(λclts857 ind1Sam7 nin5 lacUV5-
T7gene1) [126] 

Novagen 
(Madison, USA) 

pET28a ColE1 lacZ'KanR PT7 Plac Novagen, Madison, USA 
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pET28a-wt-AtHNL 
Recombinant with 775 bp gene of 
wt AtHNL (sequence for wt-AtHNL 
shown in appendix 1) 

[120] 

pET28a- His6-AtHNL 
Recombinant with 840 bp gene of 
His6-AtHNL (sequence for His6-
AtHNL shown in appendix 1) 

Dr. Ulrich Krauss 

3.1.3 Kits and standard solutions used 

Kit Supplier 
Plasmid preparation kit  
(QIAprep® Spin Miniprep Kit) 

Qiagen 

NuPAGE® Antioxidant (for SDS gel) Life Technologies 
NuPAGE® LDS Sample Buffer (4x) Life Technologies 
NuPAGE® MES SDS Running Buffer (20X) Life Technologies 
NuPAGE® Sample Reducing Agent (10X) Life Technologies 
SDS-PAGE-Gel  
(NuPAGE® 4-12 % Bis-Tris Gel 1.0 mm) 

Life Technologies 

SimplyBlue™ SafeStain Life Technologies 
PageRuler™ Plus Prestained Protein Ladder 
(10-250 kDa)  

Thermo Scientific 

GeneRuler® 1 kb Plus  Thermo Scientific 

6x MassRuler™ Loading Dye Solution Fermentas 

GelPilot® Loading Dye, 5x Qiagen 

3.1.4 Enzymes used 

Enzyme Description  Supplier 
Hydroxynitrile lyase 
(His6-AtHNL) 

Arabidopsis thaliana with an N-terminal 
hexahistidine tag 

This work protein 
sequence see 
Appendix 1 

Lipase 
CalB/Novozyme 435 

Candida antarctica immobilized on acrylic 
resin 
Commercial name: Novozyme 435 

Novozymes 
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3.1.5 Media components 

Component Supplier 
Glucose Roth 

Lactose Merck 

Kanamycin sulfate Roth 

Agar-agar Merck 

Peptone Roth 

3.1.6 Materials  

Materials 
 

Supplier 

Nylon mesh (pore size 43 μm) Millipore 
Organic solvent resistant septum G13-D Chromatographie Services GmbH 
Celite R633 World Minerals Inc. 
Ni-NTA Agarose Qiagen 
Sephadex G25 matrix GE healthcare 
Column reactor Kinesis benchmark microbore (omnifit) 
Frits and adapters Kinesis 
T-mix adapters Kinesis 
Tubings for flow reactors (PTFE) Kinesis 
Back pressure regulator Kinesis replacement cartridge 

 

3.1.7 Devices 

Device Description Supplier 
 

Centrifuge 
 
 

centrifuge 5417r Eppendorf 

avanti j-20 xp centrifuge Beckmann coulter 

universal 32r Hettich Zentrifugen 

centrifuge 5424 Eppendorf 
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Sterilization Autoclave systec dx-65 Systec 

Incubator 
Inforsht Multitron standard 

thermomixer comfort 5335r Eppendorf 

Spectrophotometer 
uv-1610 Shimadzu 

uv-1800 Shimadzu 

 
pH measurement 

 pH meter 
standard buffer solutions (pH 4.0, 7.0, 9.0) 

 
Methrom 

Roth 

Gas chromatography 
gas chromatograph 6890n with FID 

Agilent technologies 

cp-chiralsil-dex cb 
Chromatographie 

services GmbH 
NMR Bruker Avance DPX-400 Bruker 

SFC Aurora SFC systems, Hydra Chiral Technologies 

GC-MS Saturn 2000 GC/MS/MS Agilent technologies 

 
Enzyme purification 

ups-200s Ultraschallprozessor Dr. Hielscher 

Äkta explorer protein purification system
h l h

GE healthcare 

Electrophoresis  

SDS PAGE 
XCell SureLockTM Invitrogen 

Novex mini cell Invitrogen 

HCN detector PAC III Dräger 

Flow reactor 

Glass column reactor Kinesis 

Frits and O-rings Kinesis 

Syringe pump Syrris Asia pumps 

3.1.8 Softwares 

Software Supplier 
ChemBio Office 2008 Cambridge soft 

GC software GC Chemstation 
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GC-MS software Saturn GC/MS workstation 

NMR software  Brucker TopspinTM software 

References Mendeley 

MS Office 2010  Microsoft 

Clone manager 9 Clone manager 

Origin 8.5G Origin Lab 

Skanit 2.4.2  Shimadzu 
 

3.1.9 Autoinduction media: 

Components Composition Volume (ml) 

Media component 15 g/L peptone, 30 g/L yeast extract 80 

Potassium phosphate buffer 1 M, pH 7.0 9 

Lactose  20 g/L 10 

Glucose  50 g/L 1 

Kanamycin 50 μg/μL 100 μL 
 

sterilized by autoclaving at 121 °C, 2 bar for 3 h 
 

3.1.10 LB medium: 

Components Composition 
Trypton 10 g/L 

Yeast extract 5 g/L 

Sodium chloride 10 g/L 

sterilized by autoclaving at 121 °C, 2 bar for 3 h [127] 
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3.1.11 LB agar: 

Components Composition 
Agar-Agar 15 g/L (in LB medium) 

 
sterilized by autoclaving at 121 °C, 2 bar for 3 h  

 

3.1.12 Buffers  

Activity assay (chapter 3.2.7) 

Mandelonitrile cleavage 
Assay 

Citrate phosphate buffer  
(substrate buffer) 

3 mM, pH 3.5 

Potassium phosphate buffer 5 mM, pH 6.5 
Citrate phosphate buffer 50 mM, pH 5.5 

 

Protein purification (chapter 3.2.3) 

Lysis buffer Potassium phosphate buffer 
Lysozyme 

50 mM, pH 7.5 
1 mg/ml 

IMAC purification 

Equilibration buffer 
 

300 mM NaCl 
10 mM potassium phosphate buffer  
in Millipore water, pH 7.5  

Washing buffer 

300 mM NaCl 
50 mM potassium phosphate buffer 
50 mM imidazole 
in Millipore water, pH 7.5 

Elution buffer 

300 mM NaCl 
50 mM potassium phosphate buffer 
300 mM imidazole 
in Millipore water, pH 7.5 

Gel Filtration Desalting buffer 10 mM potassium phosphate buffer 
in Millipore water, pH 7.5 

 



 
 

| 35  

 

3.2 Methods 

3.2.1 Enzyme production 

N-terminally hexa-histidine tagged AtHNL plasmid was kindly provided by Dr. Ullrich Krauss from 

the Institute for Molecular Enzyme Technology, Heinrich-Heine-University of Düsseldorf & 

Forschungszentrum Jülich. The gene map and the sequence are shown in the Appendix 1-2.  

3.2.1.1 Transformation 

50 μl of chemically competent E. coli BL21(DE3) cells [128] were thawed on ice and then 

transformed with 1 μl of pET28a-His6AtHNL plasmid by a heat shock (30 min, 4 °C; 90 s, 42 °C; 5 

min, 4 °C). 500 μl LB medium was added to each vial and subsequently incubated at 37 °C for 1 h. 

200 μl from these vials were plated on an agar plate containing kanamycin (50 μg/ml). As a 

negative control, competent cells without the plasmid were plated on a separate agar plate. The 

plates were then incubated overnight at 37 °C.  

3.2.1.2 Overexpression 

In order to obtain large amounts of enzyme, the gene was overexpressed in E. coli. The culture  

was carried out in autoinduction medium as described by Studier et al. [129]. A single colony was 

picked from the transformed cells with a pipette tip to inoculate 5 ml LB medium containing 

kanamycin (50 μg/ml) in a test tube. This pre-culture was then incubated at 37 °C overnight. For 

the preparation of the main/primary culture, 1 L autoinduction medium was freshly mixed 

(chapter 3.1.9) in a 5 L shake flask with baffles. 1 ml of the pre-culture was used to inoculate the 

main culture and incubated at 120 rpm for 72 hours. For the first 3 hours, it was incubated at 

37 °C to allow sufficient cell growth. Then the temperature was lowered to 17 °C to avoid the 

formation of inclusion bodies during gene expression. In order to harvest the cells, the culture 

broth was centrifuged at 10,000 rpm for 50 min at 4 °C. The formation of the target protein was 

then determined by SDS-PAGE (chapter 3.2.2). 
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3.2.2 Sodium Dodecyl Sulfate PolyAcrylamide Gel Electrophoresis (SDS-PAGE) 

SDS-PAGE is an electrophoresis technique wherein the proteins are denatured and separated 

based on their size [130]. This method was applied to analyze the recombinant enzyme 

production. The gel, samples, and electrophoresis unit were prepared and setup as described in 

the manual from supplier (Invitrogen). The optical density (OD) of the main culture (chapter 

3.2.1.4) was adjusted such that 10 μg protein were loaded per lane. Electrophoresis was carried 

out at 100 mA, 200 V and 150 W for 35 min. 

The SDS gel was then dyed with Coomassie brilliant blue G 250 (SimplyBlueTM SafeStain) [131] at 

room temperature for 1 h. Subsequently the gel was washed twice with Millipore water, sealed 

in a plastic bag and analyzed by visual inspection. 

3.2.3 Enzyme purification 

3.2.3.1 Cell disruption  

The recombinantly produced enzyme (chapter 3.2.1) accumulated in the E. coli cytosol. In order 

to get access to the target protein, the cells must be disrupted and in this work, the cells were 

disrupted by ultrasonication.  

9 g E. coli His6-AtHNL cells were weighed (chapter 3.2.1) and resuspended in lysis buffer (chapter 

3.1.11) on ice. The sonotrode S14D was used and the sonicator was adjusted to amplitude of 40% 

and a cycle of 0.5 minutes. The disruption lasted 28 min, with alternating pulses of ultrasonic 

waves and a break of 4 min in between to avoid overheating. It is important to keep the system 

cooled during the whole process in order to avoid heat denaturation. Cell debris was then 

removed by centrifugation at 35000 rpm for 45 min at 4 °C. The supernatant (lysate) was collected 

and was used as crude cell extract for further purification. 
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3.2.3.2 Immobilized Metal-ion Affinity Chromatography (IMAC) 

IMAC is an affinity chromatography method to purify proteins in a single step and the principle is 

based on the specific interaction of the polyhistidine residues (6-10 His residues) which binds to 

a specific metal-chelate of different transition metal ions like Ni2+, Cu2+ and Co2+ complexed on a 

matrix [132]. 

The freshly prepared crude cell extract (chapter 3.2.3.1) was filtered through a 0.45 μm sterile 

filter to remove any suspended cell debris. Nitriloacetic acid (NTA) complexed with nickel ions 

(Ni2+) was used as the column material. The Ni-NTA column (diameter 1.5 cm, volume 17 ml) was 

equilibrated with 3 column volumes of equilibration buffer (300 mM NaCl, 10 mM KPi, pH 7.5). 

The filtered crude cell extract was then loaded onto the column with a flow of 2 ml/min. The 

absorption was monitored via a detector at 280 nm. Non-bound proteins were washed out (“flow 

through”) with the equilibration buffer until the baseline was reached. On applying a low 

concentration of imidazole (50 mM), the nonspecifically bound proteins were eluted (Figure 13) 

which was followed by applying a high concentration of imidazole (200 mM) to elute the target 

protein with His-tag. 

 

Figure 13: IMAC chromatogram for the purification of His6-AtHNL 
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The active eluate fractions were collected and subsequently desalted using gel filtration. 

3.2.4 Gel filtration 

The purified eluent from the IMAC contains a high concentration of imidazole and buffer salts 

which might be harmful for the stability of the protein. In order to remove the salts (“desalting”) 

from the target protein, gel filtration or size exclusion chromatography was performed which is a 

chromatographic separation method based on the size (hydrodynamic volume) of the molecules. 

The salts elute first followed by the larger protein molecules. The column (diameter 5 cm, volume 

800 ml, filled with Sephadex-G25 material) was equilibrated with 2 column volumes of desalting 

buffer (chapter 3.1.12) with a flowrate of 10 ml/min. The protein fraction was monitored by 

measuring the absorption at 280 nm. The eluate was collected in a crystallization bowl and stored 

in the freezer at - 20 °C overnight.   

3.2.5 Lyophilization 

This is commonly called as “freeze-drying” and involves the removal of excess water at low 

pressure and low temperature.  

a) Purified enzyme: The frozen eluate fractions after desalting were placed in a lyophilizer at 

– 35 °C under a vacuum of 0.22 mbar for 3 days. The lyophilized enzyme was then collected 

in a falcon tube and stored at – 20 °C for further use. 1 mg of lyophilisate contained 0.82 

mg of pure protein. 

 

b) Whole cells: The recombinant E. coli-His6-AtHNL cells obtained after centrifugation 

(chapter 3.2.1) were spread in a transparent plastic bag and stored in the freezer at -20 °C 

overnight. The frozen cell pellet was then broken into pieces and placed in a beaker and 

then lyophilized for 4 days at – 35 °C and 0.22 mbar. The dried cells were then lightly 

crushed with a glass spatula to form a powder and stored at 4°C in a screw-capped bottle 

for further use. 
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3.2.6 Determination of protein concentration 

Quantification of the protein amount was performed by Bradford assay [133]. This is a simple 

calorimetric method which is based on the wavelength shift of absorption maxima of Coomassie 

brilliant blue from 465 nm to 565 nm on binding to a protein. The dye solution was prepared by 

dissolving 100 mg Coomassie G250 blue in 50 ml ethanol followed by the addition of 100 ml 

phosphoric acid and the suspension was stirred in dark for 1 hour. The solution was then filled up 

to 1 L in a flask with distilled water and boiled. The resulting mixture was then cooled and filtered 

through a filter paper to remove any suspended particles.  

A calibration curve was prepared with defined concentrations of bovine serum albumin of 0.01 

mg/ml to 0.1 mg/ml as a standard by plotting the concentration-dependent absorption at 595 

nm. 900 μl Bradford reagent was added to 100 μl of the protein sample dissolved in potassium 

phosphate buffer (pH 6.5) in a plastic cuvette. As a control, 900 μl Bradford reagent was added to 

100 μl of buffer (without protein). The cuvettes were incubated at room temperature (RT) in the 

dark for 10 min to allow the binding of the dye to the protein. The absorbance was then measured 

at 595 nm and the protein concentration was deduced from the calibration curve. 

Estimation of the AtHNL content in lyophilized E. coli cells 

The His6-AtHNL content was estimated from the total amount of purified enzyme attained from 

the recombinant E. coli cells (chapter 3.2.1). From 9 g of fresh wet His6-AtHNL-E.coli BL21 (DE3) 

cells, 300 mg of purified His6-AtHNL was obtained. Thus, 1 g of recombinant wet cells (or 280 mg 

lyophilisate) contains about 33 mg His6-AtHNL. 

3.2.7 HNL activity assay (mandelonitrile cleavage assay) 

Hydroxynitrile lyases catalyze the reversible cleavage and synthesis of cyanohydrins. To 

determine the activity of HNLs, the reaction of mandelonitrile to benzaldehyde (Figure 14) was 

performed and the increase of the benzaldehyde concentration was followed photometrically at 

280 nm over 2 min [134].  



 
 

| 40  

 

 

Figure 14: Cleavage of mandelonitrile 

 

To perform the cleavage activity assay, first the substrate solution was prepared by dissolving 

40 μl racemic mandelonitrile in 5 ml substrate buffer (3 mM citrate-phosphate buffer, pH 3.5) and 

it was then vortexed until the mandelonitrile was completely dissolved. An enzyme solution was 

prepared by dissolving lyophilized His6-AtHNL in KPi buffer (5 mM, pH 6.5) such that a final protein 

concentration of 0.3 mg/ml to 0.8 mg/ml was measured by Bradford assay (chapter 3.2.6). The 

assay was performed in quartz cuvettes with a path length of 1 cm. 

100 μl enzyme solution was added to 700 μl citrate phosphate buffer (50 mM, pH 5.5). The 

reaction was started by addition of 200 μl mandelonitrile solution and mixed inside the cuvette 

with a plastic spatula. The increase of absorbance at 280 nm was measured immediately in a 

photometer and was followed for 2 min with an interval of 5 sec at 25 ⁰C. 

However, there always occurs a background reaction without the enzyme and to subtract this, a 

control measurement was done with 100 μl of KPi buffer (5 mM, pH 6.5) (without the enzyme). 

The volumetric activity of His6-AtHNL was calculated as follows: 

 

with  

V: total volume (1 ml) 
: resulting slope 

v: sample volume (0.1 ml) 
: extinction coefficient for benzaldehyde (1.376 L/mmol/cm) 

D: path length (1 cm) 
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In order to calculate the specific activity, the volumetric activity is divided by the protein 
concentration.  

3.2.8 Immobilization on Celite 

Celite is a porous diatomaceous material used very often for immobilization, because of its high 

surface area, low polarity and low cost [135]. Immobilization of His-AtHNL on Celite is a simple 

adsorptive technique where the enzyme is immobilized via hydrogen bonds.  

For the preparation of the immobilizates, the same protocol was followed as described by Okrob 

et al. [120] (Figure 15). First, 100 mg Celite (grade R-633; pore size 0.2-0-5 mm) was weighed and 

placed in a glass bowl. 25 mg pure His6-AtHNL (corresponding to 31.2 mg lyophilizate) was 

dissolved in 900 μl of 10 mM potassium phosphate buffer (pH 6.5) and subsequently the enzyme 

solution was carefully dropped over the Celite particles with the help of a pipette. The enzyme-

Celite mixture was placed in a desiccator with molecular sieve and silica gel and dried under a 

vacuum of 20 mbar for at least 12 h at RT. The Celite-AtHNL was then stored in the fridge at 4 °C 

in tightly screwed glass vials. 

 

 

Figure 15: Procedure for immobilization of AtHNL on Celite [120] 
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3.2.9 Preparation of “tea bags” with immobilized enzymes or lyophilized cells 

The concept of catalyst-filled “tea bags” is prevalent in biocatalysis since a very long time [136, 

137]. “Tea bags” can be prepared from various materials. In this work nylon membrane with a 

pore size of 43 μm was used. A rectangular piece of the material was cut, folded and heat sealed 

on three sides in shape of a bag and the fourth side was used to fill in immobilized enzyme or 

lyophilized whole cells.  

3.2.10 Generation of HCN in a batch mode 

a) Chemical synthesis 

HCN was synthesized chemically by the acidification of sodium cyanide as described in literature 

[120]. 4.9 g of sodium cyanide, 25 ml MTBE and 10 ml water were added to a round bottomed 

flask and stirred vigorously on ice for 20 min. 10 ml of 30 % aq. HCl was added dropwise through 

a dropping funnel and the mixture was then allowed to warm slowly to room temperature. The 

aqueous and organic phases were separated by a separating funnel. The aqueous phase was 

extracted twice with 7 ml MTBE. The organic phases were stored over 50 mM citrate phosphate 

buffer with pH 5.5. Thus 1.5 M HCN was prepared in micro-aqueous MTBE. 

b) Lipase-mediated synthesis 

HCN can be released by the lipase catalyzed hydrolysis of ethyl cyanoformate [110]. 1 M ethyl 

cyanoformate dissolved in 1 ml buffer saturated MTBE was placed in a glass vial with a magnetic 

stirrer. 40 mg CalB (commercial name: Novozyme 435) was added and the mixture was stirred at 

room temperature for 1.5 hour. The formation of HCN was followed by measuring the depletion 

of ethyl cyanoformate using GC analysis (GC program: chapter 3.2.23.1) 

3.2.11 Synthesis of aldehyde cyanohydrins in a batch mode 

His6-AtHNL catalyzed synthesis of aldehyde cyanohydrin was performed in a 4 ml glass vials with 

a screw cap fitted with an organic solvent resistant septum. 3 mg of pure His6-AtHNL or 20 mg 
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Celite-His6-AtHNL or 100 mg lyophilized E. coli-His6-AtHNL cells (chapter 3.2.5) were placed in the 

4 ml glass vial. An argon atmosphere was created by piercing two needles into the septum of the 

closed glass vial. Argon was continuously passed through one needle while removing air from the 

other needle. 1 ml of a 1.5 M HCN-MTBE (3.2.10.a) solution was added to the vial with a plastic 

syringe. 500 mM of the respective aldehyde (benzaldehyde, 2-chlorobenzaldehyde, hexanal or 

furfural) and 100 mM dodecane (as internal standard) were injected with a Hamilton pipette. The 

reaction was followed at regular intervals for 150 min by withdrawing samples (50 μl).  

 

Figure 16: Derivatization of aldehyde cyanohydrins by acetylation 

Experimental conditions: 50 μl of the reaction sample was diluted with 850 μl dichloromethane and 
acetylated with 50 μl each of pyridine and acetic anhydride followed by 3 h incubation at RT. The 
modified products were analyzed on a chiral GC (GC program: chapter 3.2.23.1) 

 

3.2.12 Synthesis of ketone and 2-hydroxyketone cyanohydrins in batch 

His6-AtHNL catalyzed synthesis of ketone cyanohydrin was performed in 4 ml glass vials with a 

screw cap fitted with an organic solvent resistant septum. 3 mg of lyophilized His6-AtHNL was 

applied as biocatalyst. An argon atmosphere was created by piercing two needles into the septum 

of the closed glass vial, argon was continuously passed through one needle while removing air 

from the other needle. 1 ml of a 1.5 M HCN-MTBE solution (3.2.10.a) was added to the vial with 

a plastic syringe. 400 mM of the respective ketone (acetophenone, 2-fluoroacetophenone, 2-

hydroxy ketones) and 100 mM dodecane (as internal standard) was injected with a Hamilton 

pipette. The reaction was followed at regular intervals for 50 h by withdrawing sample (50 μl), 

which were diluted with 950 μl dichlormethane. Initially derivatization was carried out by 

acetylation with an excess of acetic anhydride and 4-dimethylaminopyridine. However, this 
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method later turned out not to be complete (Figure 17a). Better results were obtained upon 

modification with 50 μl N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) followed by incubation 

for 12 to 20 h at RT [123] (Figure 17b). 

For the set-up of the analytics for ketone cyanohydrins, the ketone cyanohydrins were acetylated. 

a)  

 

b)  

Figure 17: Reaction scheme for the a) acetylation using acetic anhydride and 4- dimethylaminopyridine 
b) O-silylation of cyanohydrin using BSTFA.  

Experimental conditions: a) 50 μl of the reaction sample was diluted with 850 μl dichloromethane and 
acetylated with 50 μl each of 4-dimethylaminopyridine and acetic anhydride followed by 3 h incubation 
at RT. The modified products were analyzed on a chiral GC (GC program: chapter 3.2.23.1) 

b) 50 μl of the reaction sample was diluted with 900 μl isopropanol and silylated with 50 μl BSTFA.The 
mixture was incubated for 12-20 h at RT 

 

For the synthesis of cyanohydrins from 2-hydroxy ketones, the derivatization was done with an 

excess of acetic anhydride and dimethyl amino pyridine (Figure 18). 
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Figure 18: Derivatization of 2-hydroxy ketone cyanohydrins by acetylation 

Experimental conditions: same as Figure 17a) 

3.2.13 Recyclability studies for Celite-His6-AtHNL and E. coli-His6-AtHNL  

To determine the recyclability, 20 mg of Celite-His6-AtHNL or 100 mg lyophilized E. coli-His6-AtHNL 

was sealed in nylon “tea bags” (chapter 3.2.9). These catalyst-filled bags were used for the 

synthesis of (R)-mandelonitrile. Samples of 50 μL were taken at regular intervals over 1 h. At the 

end of each synthesis reaction (60 min) the “tea bag” was removed from the reaction vessel and 

washed three times in fresh, pure MTBE. A new synthesis reaction was then started by inserting 

the washed “tea bag” into a fresh reaction vessel containing 1 ml of 1.5 M HCN-MTBE, 500 mM 

benzaldehyde and 100 mM dodecane. The synthesis reaction was analyzed by GC in the same 

procedure as described before (chapter 3.2.11). 

3.2.14 Stability studies for celite-His6-AtHNL and E. coli- His6-AtHNL in MTBE 

Stability of Celite-His6-AtHNL and E. coli-His6-AtHNL was studied in pure MTBE at RT. For the 

catalyst preparation, a “tea bag” with 20 mg Celite-His6-AtHNL or 100 mg lyophilized E. coli-His6-

AtHNL was used. To determine the residual activity over time the synthesis reaction of (R)-

mandelonitrile (chapter 3.2.8) was performed with these catalyst-filled “tea bags” 5 times in 14 

days and in between stored in a fridge in pure MTBE in a glass vial with screwing lid. Each synthesis 

reaction was carried out for 30 min. As initial rate activities could not be measured due to the 

experimental setup, the initial activity was defined as the conversion after 10 minutes which was 
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considered as 100%. A loss of activity was then followed for subsequent reaction cycles relative 

to the first measurement. 

3.2.15 CalB-mediated hydrolysis of ethyl cyanoformate (ECF) in continuous mode 

HCN was generated in a continuous mode by the Cal B (Novozyme 435) mediated hydrolysis of 

ECF (Figure 19). A packed-bed reactor was formed by packing in 277 mg Novozyme 435 into a 

10 cm long (diameter 3 mm) omnifit glass column (kinesis microbore 3 mm) and closed at both 

ends by end fittings. The column was connected to a syringe pump (Syrris Asia Syringe pump) by 

PTFE tubings.  

In order to ensure a unidirectional flow of substrate and to keep the uniformity of the packed 

bed, a back pressure regulator (BPR), set to 5 bar, was installed in-line with the column. The BPR 

contains a unidirectional valve, which opens only when the set point pressure (5 bar) is reached. 

Since these omnifit glass columns could sustain a maximum pressure of 80 bar, the presence of 

BPR did not impose any risk on the column stability. 

Micro-aqueous MTBE was prepared by mixing pure MTBE and 50 mM potassium phosphate 

buffer with pH 6.5 (in the ratio 3:1). The mixture was allowed to settle in a separation funnel until 

the phases separated and the organic phase (saturated with the buffer with approx. 10% v/v) was 

used for all subsequent reactions. 

1 M ECF in micro-aqueous MTBE was continuously pumped through the reactor at a flow rate of 

0.04 ml/min. The liberation of HCN was measured from the depletion of ECF by GC analysis 

(chapter 3.2.23.1). A picture of the packed bed reactor with Cal B is shown below (Figure 19). 
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Figure 19: Packed-bed reactor filled with 277 mg Novozyme 435 (Cal B) 

For the optimization of this setup, various parameters were considered such as flow rate, amount 

of catalyst and residence time. 

3.2.16 Stability of lipase-mediated hydrolysis of ECF in a continuous mode 

The stability test was performed to investigate how long the continuous system could be run for 

the liberation of HCN without significant deactivation of the catalyst. Therefore, the reactor was 

set up as described above (chapter 3.2.15) and 1 M of ECF in micro-aqueous MTBE was 

continuously pumped through this reactor setup for 8 h with a flow rate of 0.04 ml/min. The 

product stream was collected in fractions and analyzed offline by GC. The liberation of HCN was 

measured by the depletion of ECF by GC analysis (GC program: chapter 3.2.23.1). 

3.2.17 Synthesis of (R)-mandelonitrile with Celite- His6-AtHNL in continuous mode 

This step involves the His6-AtHNL-mediated hydrocyanation of benzaldehyde to (R)-mandelo-

nitrile. To form a packed-bed reactor, 100 mg celite-His6-AtHNL (chapter 3.2.8) was packed into a 

5 cm omnifit glass column (kinesis microbore 3 mm) and both ends were sealed by end fittings 

(Figure 20). The column was connected to a syringe pump (Syrris Asia Syringe pump) by PTFE 

tubings. Meanwhile, 1 ml of 1 M HCN in micro-aqueous MTBE was produced separately in batch 

mode (chapter 3.2.10 b) and to this 500 mM benzaldehyde was added. This substrate mixture 
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containing HCN and benzaldehyde was passed through the reactor with a flow rate of 0.04 

ml/min. 

 

Figure 20: Picture of an omnifit column (length: 5 cm, diameter: 3 mm) filled with 100 mg Celite-His6-
AtHNL 

The product stream was collected in fractions and acetylated off-line in small vials with an excess 

of pyridine and acetic anhydride. The modified product was subsequently analyzed on chiral GC 

(GC program: chapter 3.2.23.1). 

3.2.18 Synthesis of (R)-mandelonitrile with a 2-step cascade (CalB-His6-AtHNL) 

A two-step cascade was designed with the liberation of HCN as the first step and the hydro-

cyanation of aldehydes to the respective cyanohydrins as the second step. The synthesis of (R)-

mandelonitrile was used as an example to optimize the setup. 

Two different approaches were undertaken to realize this cascade and they are described as 

follows: In order to synthesize (R)-mandelonitrile in a two-step cascade, the reactor setups with 

CalB (chapter 3.2.15) and with Celite-His6-AtHNL (chapter 3.2.17) were connected sequentially by 

PTFE tubings.  
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a) combined substrates in flow 

A substrate mixture of 1 M ethyl cyanoformate and 500 mM benzaldehyde in micro-aqueous 

MTBE was pumped continuously through the reactors at a flow rate of 0.04 ml/min using a syringe 

pump (Syrris Asia Syringe pump). 

The product was collected in 500 μl fractions and each fraction was acetylated with acetic 

anhydride and pyridine and subsequently analyzed by GC (GC program: chapter 3.2.23.1) 

b) separate substrates in flow 

In order to improve the two-step enzymatic setup for the synthesis of (R)-mandelonitrile, the 

substrates (ECF and benzaldehyde) were pumped in separately through two different syringe 

pumps. 1 M ECF in micro-aqueous MTBE was pumped through the lipase column (10 cm) 

containing 277 mg CalB at a flow rate of 0.04 ml/min. While a 500 mM benzaldehyde solution in 

micro-aqueous MTBE was pumped by a second pump which was connected such that its influx 

meets the efflux of the first stream by means of a “T-piece” assembly. Both streams flew through 

the second PBR containing 100 mg Celite-AtHNL now with a cumulative flow of 0.08 ml/min 

(Figure 20). 

The entire setup was kept pressurized at 5 bar by a back pressure regulator. The product was 

collected in fractions and each fraction was acetylated with acetic anhydride and pyridine and 

subsequently analyzed by GC (GC program: 3.2.23.1) 

3.2.19 Synthesis of (R)-mandelonitrile with a 2-step cascade (CalB-E. coli-His6-AtHNL) 

To test the 2-step enzymatic cascade with whole cells instead of immobilized His6-AtHNL. An 

omnifit glass column (l=10 cm, d=3 mm) was filled with 250 mg lyophilized E. coli-His6-AtHNL cells 

and was closed on both sides using end fittings. Meanwhile, 1 M ECF in micro-aqueous MTBE was 

pumped via syringe pump through the first column (l=10 cm, d=3 mm) containing 277 mg CalB at 

a flow rate of 0.04 ml/min (Figure 21). 500 mM benzaldehyde in micro-aqueous MTBE was 

pumped by a second pump, which was connected such that its influx meets the efflux of the first 
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stream by means of a “T-piece” assembly. Both streams flow through the second column with a 

cumulative flow of 0.08 ml/min. The entire setup was kept pressurized at 5 bar by a back pressure 

regulator. The product was collected in fractions and each fraction was modified with an excess 

of acetic anhydride and pyridine and subsequently analyzed by GC for conversion and ee (GC 

program: chapter 3.2.23.1). 

3.2.20 Three-step cascade synthesis of (R)-O-acetylcyanohydrins in flow 

In order to ensure rapid O-acylation of the hydroxynitrile formed in of the 2-step cascade (3.2.19), 

an in-line acetylation unit was setup through a reaction coil using a third HPLC pump (Knauer), 

which added a mixture of pyridine/acetic anhydride (1:1, v/v). The resulting solution was passed 

through a PTFE coil (2 ml) and finally collected in different fractions. The products were analyzed 

by chiral GC to measure conversions and ee (GC program: chapter 3.2.23.1). The reactor set-up 

was made as described above (chapter 3.2.19). Figure 21 shows the assembly of the system. 

 

Figure 21: Reactor setup of the 3-step chemoenzymatic cascade with whole cells (E. coli-His6-AtHNL) 

A 2 ml coil was set up in-line with the product stream and an additional third pump was used to pump 
in a mixture of acetic anhydride and pyridine at a FR of 0.01 ml/min. The product stream and the 
modification stream meet via a T-shaped mixer before passing through the 2 ml coil.  
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3.2.21 General batch procedure for the synthesis of racemic O-acetylcyanohydrins as 

reference compounds 

A mixture of the respective aldehyde (benzaldehyde, 2-chlorobenzaldehyde, 4-bromobenzal-

dehyde, 4-methoxybenzaldehyde, 2-nitrobenzaldehyde, 4-(trifluoromethyl)benzaldehyde and 2-

furfural) (1 mmol) and ECF (2 mmol) in MTBE was filled in a 8 ml GC vial. Novozyme 435 (50 mg) 

and a 2 ml of KPi-buffer (pH 8.5) were added consecutively.  

The vial was closed and the resulting mixture was stirred gently for 5 h. A sample (0.05 ml) was 

taken from the reaction mixture and diluted in dichloromethane (1 ml) in a clean vial. A mixture 

of pyridine (0.05 ml) and acetic anhydride (0.06 ml) was added and the resulting mixture was 

stirred at RT for 180 min, affording racemic O-acetylcyanohydrins.  

These experiments were performed by Dr. Biagia Musio at the University of Cambridge, UK. The 

retention times are listed in chapter 3.2.23.2 

3.2.23 Analytics 

3.2.23.1 Gas chromatography 

Syntheses of cyanohydrins were followed by chiral gas chromatography on a Shimadzu gas 

chromatograph GC-14B equipped with an FID detector, a beta-cyclodextrin column (CP-Chirasil-

Dex CB 25 m x 0.25 mm) and Hydrogen as the carrier gas. Samples were derivatized prior to 

analysis using the procedures described in chapter 3.2.11 und 3.2.12.  3.2.23.1.1. GC method for CalB mediated hydrolysis of ECF 
 ECF 

Start 40 °C 
Gradient 15 °C/min till 180 °C 

hold  0 min 
post run 180 °C, 2 min  

retention time 2.1 min 
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3.2.23.1.2 GC method for synthesis of cyanohydrins from aldehydes  
 benzaldehyde* 2-chlorobenzaldehyde hexanal 

start 120 °C, 3 min 110 °C, 5 min 70 °C, 6 min 
gradient 15 °C/min till 200 °C 5 °C/min till 200°C 15 °C/min till 200°C 

hold  200 °C, 1 min 140 °C, 5 min 200 °C, 1 min 
gradient2 0 min 15 °C/min till 180°C 0 min 
post run  0 min 0 min 180 °C, 1 min 

retention time 1.9 min 3 min 10 min 
*This method was used for the synthesis of o-acetylcyanohydrins [1-6] shown in the table below 

Retention times of reported O-acetylcyanohydrins 

No. Compound Structure Enantiomer 1 
T1 (min) 

Enantiomer 2 
T2 (min) 

     
1 (R)-2-O-acetyl-2-phenyl acetonitrile 

(R)
CN

OAc

 

4.9 min 5.3 min 

2 (R)-2-O-acetyl-2-(4-bromophenyl) 
acetonitrile 

(R)
CN

OAc

Br  

18.3 min 19.1 min 
 

3 (R)-2-O-acetyl-2-(4-methoxyphenyl) 
acetonitrile 

(R)
CN

OAc

MeO
 

17.6 min 18.6 min 

4 (R)-2-O-acetyl-2-(2-nitrophenyl) 
acetonitrile 

(R)
CN

OAc

NO2  

18.7 min 18.8 min 

5 (S)-2-O-acetyl-2-(furan-2-yl) acetonitrile 
(S)

CN

OAc

O  

4.8 min 6.4 min 

6 (R)-2-O-acetyl-2-[4-(trifluoromethyl) 
phenyl] acetonitrile 

(R)
CN

OAc

F3C  

10.1 min 12.2 min 
 
 

7. (R)-(2-chlorophenyl)(cyano)methyl 
acetate 

 

9.3 min 
 

9.5 min 

8. 1-cyanohexyl acetate 

 

7.8 min 7.9 min 
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3.2.23.1.3 GC method for synthesis of cyanohydrins from ketones and 2-hydroxy ketones 
 Ketones 

(acetophenone, 2- F-acetophenone) 
2-hydroxy ketones 

(R-PAC, S-HPP) 
start 100 °C, 3 min 100 °C, 3 min 

gradient 7 °C/min till 180 °C 4 °C/min till 180 °C 
hold  5 min 5 min 

gradient2 0 min 5 °C/min till 200 °C 
hold  0 min 3 min 

retention time 3 min, 3.6 min 11.8 min, 12 min Retention times of reported ketone and 2-hydroxy ketone cyanohydrins (derivatized) 
No. Compound Structure Enantiomer 1 

T1 (min) 
Enantiomer 2 

T2 (min) 
1 (R)-2-phenyl-2-

((trimethylsilyl)oxy)propanenitrile 
15.4 16.3 

2 2-(2-fluorophenyl)-2-
((trimethylsilyl)oxy)propanenitrile 
 

 

18.5 19.0 

3 (1R,2R)-2-cyano-1-
phenylpropane-1,2-diyl diacetate 

 

19.5 19.7 

4 (1R,2S)-1-cyano-1-
phenylpropane-1,2-diyl diacetate 

 

18.5 18.8 

 

3.2.23.3 Supercritical Fluid Chromatography (SFC) 

Supercritical Fluid chromatography is an efficient and rapid analytic technique for enantio-

resolutions where a supercritical fluid constitutes the main part of the mobile phase [138]. An 

Aurora SFC-Hydra from Chiral technologies was fitted with a chiralpak IF column (Amylose tris(3-
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chloro-4-methylphenylcarbamate) immobilized on 5 μm silica gel). A mixture of supercritical CO2 

and methanol in the ratio 90:10 were used as the mobile phase at a flow rate of 2 ml/min.  3.2.23.3.1 Parameters for SFC program 
Pump SFC Sampler Column 

Compartament 
DAD 

flow 2 ml/min 
90 % CO2 

10 % MeOH 
time: 15 min 

 
 

BPR pressure  
150 bar 

BPR temp. 60°C 
 

inj. volume 5 μL 
overfill 15 μL 

 

temp. 30°C 
 

200 nm 
210 nm 
230 nm 
250 nm 

(all wavelengths with 
bandwith 4 nm) 3.2.23.3.2 Retention times of reported compounds on SFC 

No. Compound Structure Retention time 
1. 2-F-acetophenone 

 

 

2.0 min 

2 2-(2-fluorophenyl)-2-hydroxypropanenitrile 

 

2.5 min, 2.8 min  
 

3 (R)-1-cyano-1-(2-fluorophenyl)ethyl acetate 

 

1.7 min and 1.9 min 

3.2.23.4 Mass Spectrometry 

A GC system (Varian CP 3800) was coupled with a mass spectrometer (Saturn 2000 MS) was used. 

Electron ionization was used with an ionization energy of 70 eV, using helium as the carrier gas. 

The analyzer was set between m/z 40 and m/z 300, respectively. The spectra were analyzed by 

SaturnView and the molecules were identified based on their fragmentation pattern (see 

Appendix 10-13). 
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3.2.23.5 Nuclear Magnetic Resonance (NMR) 

1H-NMR spectra were recorded on either Bruker Avance DPX-400 or Bruker Avance DPX-600 

spectrometer, as specified, with the residual solvent peak as the internal reference (CDCl3 = 7.26 

ppm). 1H resonances are reported to the nearest 0.01 ppm. 13C-NMR spectra were recorded on 

the same spectrometer, as specified, with the central resonance of the solvent peak as the 

internal reference (CDCl3 = 77.00 ppm). All 13C resonances are reported to the nearest 0.01 ppm. 

The multiplicity of 1H signals are indicated as: s = singlet, d = doublet, dd = doublet of doublet, 

ddd = doublet of doublet of doublet, t = triplet, q = quadruplet, sext = sextet, m = multiplet, br = 

broad, or combinations of thereof. Coupling constants (J) are quoted in Hz and reported to the 

nearest 0.1 Hz. Where appropriate, averages of the signals from peaks displaying multiplicity were 

used to calculate the value of the coupling constant.  3.2.23.4.1 Spectroscopic characterization of compound 1-5 (chapter 3.2.23.1.2). 
The spectroscopic data of 1 [139], 2 [140], 3, 5 [141] and 6 [133] are as reported in literature. 

(R)-2-O-Acetyl-2-(2-nitrophenyl) acetonitrile (4). 1H NMR (400 MHz, CDCl3) δ 2.21 (s, 3H), 7.09 

(s, 1H), 7.68 (dt, J = 8.2, 1.4 Hz, 1H), 7.80 (dt, J = 7.7, 1.3 Hz, 1H), 7.93 (dd, J = 7.8, 1.2 Hz, 1H), 8.20 

(dd, J = 8.2, 1.2 Hz, 1H). 13C NMR (150 MHz, CDCl3) δ 20.1, 59.6, 115.0, 125.8, 129.3, 131.3, 134.5, 

147.0, 168.3. IR (Neat, cm-1) 3123, 3036, 2333, 1756, 1399, 1116, 1064. HRMS m/z calculated for 

C10H9O4N2 [M + H]+ 221.0557, found 221.0547. 
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4. Results and Discussion 

4.1 Characterization of His6-AtHNL  
The wt-AtHNL demonstrates excellent activity and enantioselectivity towards aldehydes, 

however, the purification via anion chromatography is challenging not only with respect to yields 

and purity but it is also tedious and time consuming [120].  

Therefore, a new variant of wt-AtHNL with an N-terminal hexahistidine tag was tested to facilitate 

an easier and effective purification of the protein (Appendix 3). The overexpression and 

purification for this variant was optimized as described in chapter 3.2.1.  

Compared to the purification of wt-AtHNL, which required three chromatographic steps, 

including desalting of the crude cell extract, anion exchange chromatography and a final desalting 

step, the new protocol yields a higher amount of purer enzyme per gram recombinant E. coli cells. 

This new variant not only provided a faster purification protocol, but also resulted in a higher 

expression level of the enzyme in E. coli. In case of wt-AtHNL, 100 mg protein was obtained from 

9.5 g wet E.coli_BL21-AtHNL cells whereas the His-tagged version yielded 220 mg enzyme from 

the same amount of cells, with a 2.3-fold higher specific activity (Table 1).  

To make sure that the His-tag did not impair the enzyme properties, the variant was first 

characterized relative to the wt-enzyme with respect to pH-optima and stability as well as the 

synthesis of different aldehyde cyanohydrins using three different enzyme preparations.  

Many of these studies were done in the Master thesis of Amina Frese, which was supervised in 

the context of this doctoral thesis [142].  

The main important results are summarized in Table 1. 
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Table 1: Comparative characterization of wt-AtHNL and His6-AtHNL [142]. 

Experimental condition: The enzymes were applied in purified soluble form. Kinetic parameters 
(Vmax,KM) were determined by the mandelonitrile cleavage assay (chapter 3.2.7) 

Parameters wt-AtHNL His6-AtHNL 
   
pH-optimum 5.5-6.0 5.5-6.0 
t1/2 at pH 4.5 (min) 4  4  
t1/2 at pH 5.5 (min) 211 220 
T-optimum (°C) 35-45 35-45  
Vmax (U/mg) 32 ± 1.43 75 ± 4.26 
KM (mM) 0.12 ± 0.04 0.13 ± 0.06 

 

The pH optima curves for wt-AtHNL and His6-AtHNL are similar to each other in the range of 5.5 

to 6.0, with a maximum at pH 5.75 for both the variants and the activity falls sharply at pH values 

lower than 5.0. The lower activity can be partly explained because of the inactivation due to the 

partial unfolding of the protein in acidic environment [116].  

To avoid the non-enzymatic side reaction yielding racemic cyanohydrines, the enzyme-catalyzed 

synthesis of enantiopure cyanohydrins can be performed at lower temperatures (10 ⁰C). 

However, this would require additional cooling and therefore all the following mandelonitrile 

cleavage assays were performed at 25 °C.  In addition to the pH-optimum, the stability of the His6-

AtHNL was determined in comparision to the wt-AtHNL at low pH values. In summary both the 

variants have similar half-lives (211-220 min) at pH 5.5 and are rapidly inactivated at lower pH.  

In summary, the N-terminal hexahistidine-tag has no effect on the pH-optimum and stability of 

AtHNL in the range tested [142]. Additionally not only is the purification protocol simpler, it also 

offers a higher expression and thereby a higher specific activity as compared to the wt-AtHNL. 

His6-AtHNL was purified and lyophilized as described in chapter 3.2.5. 
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4.1.1 Synthesis of aldehyde cyanohydrins with lyophilized His6-AtHNL 

4.1.1.1 lyophilized His6-AtHNL 

In order to compare the synthetic potential of the His-tagged variant with the wt-enzyme, three 

different aldehydes (benzaldehyde, 2-chlorobenzaldehyde, hexanal) were evaluated as 

substrates for His6-AtHNL in micro-aqueous MTBE  

 

Figure 22: Conversion and ee of a) benzaldehyde b) 2-chlorobenzaldehyde and c) hexanal to the 
respective cyanohydrins. Reaction conditions: 500 mM aldehyde (freshly distilled), 1.5 M HCN-MTBE, 3 
mg His6-AtHNL stirred at RT for 2 hours. His6-AtHNL was weighed and added to 1 ml 1.5 M HCN-MTBE 
(micro-aqueous MTBE) and the reaction was started by adding 500 mM of each substrate (chapter 
3.2.11). A non-enzymatic control reaction was performed in parallel to monitor the chemical background 
reaction. The products were acetylated in small batches and then subsequently analyzed on chiral GC 
(chapter 3.2.23.1). Data of a single experiment are shown. 

a) b) 

c) 
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To keep the water content low, the enzyme was added in dry form to the reaction media. This 

was in contrast to previous studies with wt-AtHNL where the enzyme was resuspended in 50 μl 

buffer [120].  

However, the enzyme behaved in a similar way by forming a cloudy precipitate that stuck to the 

walls of the reaction vessel, which did not impair the activity and full conversion was achieved in 

all cases after 1-2 hours.  

Conversion and ee were plotted over time and from Figure 22 we see that after 120 minutes, the 

reaction with benzaldehyde (BA) was the fastest to attain full conversion. The reaction rate 

decreased in the series: benzaldehyde > 2-Cl-benzaldehyde > hexanal.  

A non-enzymatic chemical reaction was not detected in case of benzaldehyde under these 

reaction conditions, however a very low conversion of 4 % was observed with 2-chloro-

benzaldehyde. In case of hexanal the conversion due to the chemical reaction increased up to 40 

% after 2 hours.  

Excellent ee of 99 % was attained with benzaldehyde throughout the course of reaction. In case 

of the synthesis reaction with 2-chlorobenzaldehyde, the ee remained at 98 % for 1 hour and then 

decreased to 90 %. Hexanal, on the other hand, showed a low overall ee of 75 % which can be 

explained by the high velocity of the non-enzymatic chemical reaction. 

4.1.1.2 Celite-His6-AtHNL  

Celite was shown to be a useful matrix for the immobilization of wt-AtHNL [120]. Celite-His6-

AtHNL was prepared as described in chapter 3.2.8. The advantage of this immobilization 

technique is not only its ease of preparation but also as much as 78 % residual activity [120] is 

retained after the procedure. Moreover, it has been already shown that in a batch reaction with 

Celite-AtHNL, there is no leaching of active enzyme into the reaction medium [120]. Syntheses 

reactions were performed as described in Figure 23.  
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Figure 23: Synthesis of (R)-mandelonitrile with Celite-His6-AtHNL.  

Reaction conditions: 500 mM benzaldehyde, 1.5 M HCN-MTBE, 20 mg celite-His6-AtHNL stirred at RT 
for 2 hours. The products were acetylated in small batches and then subsequently analyzed on chiral 
GC (chapter 3.2.23.1). Data of a single experiment are shown. 

 

High conversions and ee were achieved comparable to those reported above with the lyophilized 

enzyme (chapter 4.1.3), which is again comparable to previous studies with wt AtHNL.  

4.1.1.3 whole cell biocatalysis 

The synthesis of chiral cyanohydrins with whole cells in micro-aqueous MTBE has already been 

reported in previous studies for wt-AtHNL [118]. A cell load of 100 mg was used in previous studies 

with wt-AtHNL, similar to the present study. Because of higher expression leves of His6-AtHNL, 

not only is the purification of His6-AtHNL faster and more efficient, it is also advantageous to apply 

them in whole cells as biocatalyst.  

Using recombinant E. coli-BL21-AtHNL cells excellent conversion and ee was achieved with 

benzaldehyde (Figure 24a) and these results are comparable to those obtained with purified and 

immobilized His6-AtHNL (chapter 4.1.1.2). The synthesis reaction with 2-chloromandelonitrile 

(Figure 24b) resulted in similar conversion and ee as with purified His6-AtHNL (chapter 4.1.1.1). 
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Figure 24: Conversions and ee with whole cell biotransformation using a) benzaldehyde and b) 2-chloro-
benzaldehyde as substrate 

Reaction conditions: Lyophilized E. coli-BL21-His6-AtHNL cells were prepared (chapter 3.2.1) and 100 mg 
of them were packed into a “tea bag” as described in chapter 3.2.9. Two synthesis reactions were started 
by the addition of 500 mM of substrate into a 4 ml GC vial containing 1 ml of 1.5 M HCN-MTBE and the 
“tea bag” containing 100 mg lyophilized cells. Data of a single experiment are shown 

 

In a previous study, the difference in behavior of fresh wet cells and lyophilized cells was reported 

[118]. However, in case of His6-AtHNL no difference in activity and ee was observed using wet 

cells or lyophilized cells as catalysts for the synthesis of mandelonitrile (data not shown). 

Nevertheless, since lyophilized cells are easier to handle especially while packing them into “tea 

bags”, subsequent experiments with whole cells were performed with lyophilized cells only. 

4.1.2 Recyclability of Celite-His6-AtHNL and whole cells in MTBE 

Further recyclability tests were performed with Celite-His6-AtHNL and E. coli-His6-AtHNL in micro-

aqueous MTBE (chapter 3.2.9). In both cases, high conversions were achieved for all four cycles 

(Figure 25).The ee, on the other hand, decreased slowly and in the 4th cycle a total decrease of 8-

10 % in ee was observed with Celite-His6-AtHNL and whole cells, respectively. 

b) a) 
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Figure 25: Recyclability of Celite-His6-AtHNL (left) and E. coli-His6-AtHNL (right) for the synthesis of (R)-
mandelonitrile.  

Reaction conditions: 500 mM benzaldehyde, 1.5 M HCN-MTBE, 20 mg celite-His6-AtHNL or 100 mg E. 
coli-His6-AtHNL sealed in a “tea bag”, stirred at RT for 2 hours. In between the cycles, the “tea bag” was 
washed thrice with buffer-saturated MTBE to remove excess substrate and a new reaction was started 
with the same “tea bag” by the addition of fresh substrate. Measurements were done in triplicate. 

 

Good recyclability of Celite-wt-AtHNL has been already reported without any loss of ee [120, 121]. 

However, in the present study with Celite-His6-AtHNL a loss of ee was observed with every 

consequent cycle, which could be explained by the intermediate washing steps with MTBE. Since 

the MTBE used for the washing steps was not exchanged, there is a possibility that accumulated 

water triggered the chemical reaction. The same explanation holds for the results observed with 

whole cells. 

4.1.2.1 Stability of Celite-His6-AtHNL and whole cells in MTBE  

Further the stability of Celite-His6-AtHNL and whole cells was studied in MTBE. A “tea bag” 

containing Celite-His6-AtHNL or whole cells, respectively, was incubated in MTBE and their 

residual activities were tested each day by measuring the formation of mandelonitrile [142]. The 

results demonstrated that a high conversion of 98 % with a decent ee of 95 % was achieved up to 

the third day of incubation in MTBE. However, conversion and ee decreased continuously. In 
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contrast, the whole cells incubated in MTBE exhibited a high conversion and ee of 89 % and 96% 

respectively even on the 15th day of incubation [142]. It is noteworthy, that the amounts of cells 

used for this experiment were adjusted such that they contained the same amount of enzyme as 

their Celite-immobilized counterpart. The higher stability of the whole cells in MTBE under the 

tested conditions can be explained by the presence of the cell membrane which acts as a natural 

immobilization. The effect of organic solvents on whole cells have been studied by microscopic 

analysis demonstrating partially ruptured membranes [137] and shrunken cells [121] upon 

prolonged incubation in MTBE.  

4.2 Ketones as substrates  

As already stated in the introduction (chapter 1.5.3), the substrate scope of AtHNL includes a 

broad range of aldehydes and some ketones. Besides the initial studies from Andexer et al. [111] 

in an aqueous/organic two-phase system, no further investigations to optimize conversion and 

ee of the biocatalytic hydrocyanation of ketones were performed.  

In this chapter, the possibility to influence these parameters using His6-AtHNL in micro-aqueous 

MTBE was evaluated with two aromatic ketones (acetophenone and 2-F-acetophenone). Further, 

the enzyme was tested with new ketone substrate, namely 2-hydroxy ketones, to evaluate the 

access to the corresponding cyanohydrines in a stereospecific manner. The HCN used for all 

reactions was prepared as described in chapter 3.2.10a.  

4.2.1 Aromatic ketones as substrate 

4.2.1.1 Analytics for ketone cyanohydrins 

The instability of ketone cyanohydrins at GC temperatures imposes analytic challenges and 

therefore they must be derivatized. The 2-F-acetophenone cyanohydrin was synthesized as 

described in chapter 3.2.12. Various approaches were evaluated for the esterification of the 

tertiary alcohol group. The first approach involved acetylation with an excess of acetic anhydride 

and pyridine (chapter 3.2.12). This procedure, however, led to only 7 % conversion in 24 h under 
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the tested conditions. As a second approach, pyridine was replaced by the stronger base 4-

dimethylaminopyridine (DMAP). This led to a higher conversion of 22 % but was nevertheless 

incomplete (Appendix 4). The extent of this derivatization was analyzed by Supercritical Fluid 

Chromatography (SFC) (chapter 3.2.23.2). As demonstrated in Figure 26 acetylation with acetic 

anhydride and DMAP was incomplete under the tested conditions. 

         

                       

Figure 26: Analysis of the hydrocyanation of 2-F-acetophenone (t=2.24 min) using SFC (chapter 3.2.23.2). 
Left: both enantiomers of the non-derivatized product (t=2.5 min and t=2.8 min) Right: additional peaks 
of both enantiomers of the derivatized product (t=1.72 min and t=1.99 min).  

Experimental conditions: Synthesis reaction was performed with 400 mM 2-F-acetophenone, 1.5 M 
HCN-MTBE and 3 mg His6-AtHNL. After 24 h 50 μl of reaction mixture was a) diluted with 950 μl 
isopropanol, incubated for 12-20 h, RT and analyzed on SFC: b) diluted with 850 μl dichlormethane, 
modified with 50 μl each of acetic anhydride and dimethyl aminopyridine for 3 h at RT and subsequently 
analyzed on SFC. 

 

a) b) 

Retention time Retention time 

De
ct

ec
to

r r
es

po
ns

e 
(p

A)
 

De
ct

ec
to

r r
es

po
ns

e 
(p

A)
 



 
 

| 66  

 

Therefore, a third approach was evaluated from a recently reported method [123], where the 

alcohol group of the ketone cyanohydrin is silylated with N,O-bis(trimethylsilyl)trifluoro-

acetamide (BSTFA) (chapter 3.2.12). The product was derivatized with an excess of BSTFA for 12-

20 hours at RT and was subsequently analyzed on SFC. This procedure of derivatization by 

silylation leads to almost complete derivatization (Appendix 5). 

4.2.1.2 Synthesis of two aromatic ketone cyanohydrins 

Acetophenone and 2-F-acetophenone were biocatalytically hydrocyanated in micro-aqueous 

MTBE following the procedure in chapter 3.2.12. The progress curves for each of the substrate 

are shown in Figure 27.  

 

 

Figure 27: Synthesis of ketone cyanohydrins from a) acetophenone; b) 2-F-acetophenone. 

Reaction conditions: 1 ml of 1.5 M HCN-MTBE, 400 mM substrate, 3 mg His6-AtHNL (lyophilized). 
Samples were taken at t=0, 2, 6, 20, 30, 48 and 50 h respectively. 50 μl of sample at each time point was 
derivatized in 50 μl BSTFA and 750 μl of dichloromethane and subsequently incubated for 12-20h at RT 
before GC analysis (chapter 3.2.23.1). The products were confirmed by GC/MS analysis (Appendix 10-
11). Data of a single experiment are shown. 

 

a) b) 
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For both, acetophenone and 2-F-acetophenone a maximum conversion of 40 % and 48 % was 

obtained, respectively, which refers to product concentrations of 160-190 mM.  

Thus, this reactions system provides very good results compared to an earlier study by von 

Langermann et al., where MeHNL was used as a catalyst in an aqueous organic two-phase system 

either with diisopropyl ethyl ether (DIPE) or pure aromatic ketone substrate as the organic phase 

[81].  

The authors studied the effect of various reaction media on the yield of acetophenone 

cyanohydrin and demonstrated a maximum of 22 % conversion using acetophenone as the 

organic phase and a 5-fold excess of HCN [81]. 

In the present study, the use of micro-aqueous MTBE increased the conversion to 40 % using only 

a 3-fold excess of HCN, which is 3.7 fold higher than the reported values. The biggest advantage 

of the micro-aqueous system is attributed to the high substrate concentration (400 mM) and 

thereby high product yields.  

Introducing an electron withdrawing florine substituent in ortho position of the aromatic ring was 

shown to increase the conversion and this behavior has been explained by the formation of intra-

molecular H-bonds [81]. 2-F-acetophenone was also faster transformed than acetophenone by 

MeHNL in biphasic reaction systems.  

Therefore, it was also evaluated as a substrate for His6-AtHNL in micro-aqueous MTBE and a 

maximum conversion of 48 % was achieved. Although these conversions are much higher than 

the reported values with MeHNL, the reactions with ketones as substrates are much slower 

compared to aldehydes, which is attributed partly to the intrinsic bulky nature of ketones, which 

imposes steric hindrance, and partly due to the thermodynamic limitations of such reactions [81]. 

This effect was further studied by increasing the catalyst load (see 4.2.1.3). Further, following the 

development of ee over the conversion of acetophenone and 2-F-acetophenone gave an 

interesting result: Although almost enantiopure (ee 99%) products were formed during the first 



 
 

| 68  

 

8 h of the reaction, there was a steady decrease of ee observed when the reaction was continued 

(Figure 27). This effect was further studied as described in chapter 4.2.1.4. 

4.2.1.3 Effect of catalyst load on conversion 

In order to confirm that the observed conversions of 40 % and 48 %, respectively, is not attributed 

to inactivation of the enzyme, additional doses of enzyme were pulsed into the reaction and the 

effect on conversion was analyzed. Therefore, a synthesis reaction was started with 400 mM 

acetophenone, 1.5 M HCN-MTBE and 2.5 mg lyophilized His6-AtHNL. After 8 h, double the enzyme 

amount (5 mg) was added to the reaction and the conversion was further monitored.  

There was hardly any increase of conversion visible even on doubling the amount of enzyme, 

which demonstrates firstly that the increase of the catalyst load has no effect on the conversion 

of the reaction and secondly that the reaction equilibrium was reached.  

Furthermore, it was also confirmed that the enzyme was still active in the reaction mixture by 

injecting 500 mM benzaldehyde into to the reaction mixture at t=24 h and nearly a full conversion 

to (R)-mandelonitrile was observed within an hour (data not shown).  

4.2.1.4 Enzyme-catalyzed product racemisation 

As mentioned already above, the ee of both ketone cyanohydrins started to decrease 

continuously after about 8 hours reaction time. In order to test, whether this effect was enzyme-

coupled, synthesis reactions were performed with a “tea bag” containing Celite-His6-AtHNL. The 

“tea bag” was then removed after 8 h, which resulted in a constantly high product ee in the 

reaction mixture (Figure 28). 
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Figure 28: Conversion and ee of the reaction with the enzyme and the ee after removal of the enzyme 
for a) acetophenone b) 2-fluoroacetophenone. 

Reaction conditions: same as in Figure 27 (chapter 4.2.1.2). Celite-His6-AtHNL was removed from the 
reaction after 8 h and the reaction was followed till 50 h. 

 

The observed decrease in ee is not because of the non-enzymatic chemical reaction, which is up 

to 8-10%. These results strongly hint to an enzyme-catalyzed product racemisation. Under the 

tested condition the reaction equilibrium is reached after about 10 hours. To that point the 

enzyme catalyzes the formation of the respective ketone cyanohydrine. However, HNLs catalyze 

also the cleavage of cyanohydrines. Depending on the KM-value the velocity of the cleavage 

reaction increases the more cyanohydrine is formed. As AtHNL is an R-selective enzyme it prefers 

also (R)-cyanohydrines over the S-enantiomers for the cleavage reaction.  

As a consequence the S-enantiomer accumulates in the reaction mixture. It should be noted here 

that the rate of the synthesis can be very different compared to the cleavage. It is possible that 

the cleavage is much faster than the synthesis reaction. It is therefore essential to stop the 

reaction as soon as the equilibrium is reached to avoid product racemization.  

Previous studies have reported the synthesis of acetophenone cyanohydrin using the S-selective 

MeHNL, where a maximum conversion of 22 % with an ee of 97 % was reported in an organic 
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solvent free system [81]. The high ee in such system could be explained by its short reaction time 

of 6 hours, which was probably not sufficient to cleave the product cyanohydrin. Moreover, such 

behavior of HNL-catalyzed product racemization has not been reported in previous studies.  

It is interesting to note here that this behavior of product racemization is only pronounced, if the 

reaction is allowed to proceed till the chemical equilibrium is reached. The reason why this 

behavior has not been observed with aldehyde cyanohydrins is probably because the reactions 

are usually stopped after 2 hours when almost complete conversion was achieved. 

In this study, His6-AtHNL-catalyzed reactions in micro-aqueous MTBE (Figure 27), gave a 

maximum conversion of 40-48 % with acetophenone and 2-F-acetophenone, respectively, and an 

increase of the catalyst load did not lead to an increased conversion. The reason lies in the fact 

that the thermodynamic equilibrium is attained at this point. Further studies with solvent 

engineering and in-situ product removal could lead to a shift of the equilibrium.  

Von Langermann et al. studied the synthesis of cyanohydrins in different reaction media such as 

aqueous systems, two-phase systems and organic solvent free systems and explained how 

different reaction media can affect the thermodynamic equilibrium [81]. Applying Le Chartlier’s 

principle, a relatively higher conversion could be attained by increasing the concentration of HCN 

in the system; however, the enzyme stability is greatly challenged in such systems. 

4.2.2 2-Hydroxy ketones as substrates 

Besides the acetophenone derivatives described above, different 2-hydroxy ketones shown in 

Table 2 were evaluated as substrates for His6-AtHNL. The formation of 2-hydroxy ketones by 

carboligation of aldehydes catalyzed by thiamine diphosphate-dependent enzymes has been 

studied extensively in the Biocatalysis & Biosensors group at IBG-1 [143]. Stereoselective 

hydrocyanation of chiral 2-hydroxy ketones would open a broader range of chiral dihydroxy-

nitriles, which could further be transformed by modification of the nitrile group (chapter 1.5.3), 

yielding highly functionalized molecules with more than three stereo centers. 
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4.2.2.1 Analytics for 2-hydroxy ketone cyanohydrins 

Owing to their instability at GC temperatures, the respective 2-hydroxy ketone cyanohydrins must 

be derivatized before analysis. In this study, the products were acetylated with an excess of acetic 

anhydride and dimethyl aminopyridine (chapter 3.2.12) and the diacetylated products were 

identified by GC/MS (Appendix 12-13). In this case the completeness of acetylation was not 

studied, as described for the acetophenone cyanohydrines above. This could lead to 

underestimation of the conversions of 2-hydroxy ketones.  

4.2.2.2 Substrate screening 

As shown in Table 2, five different 2-hydroxy ketones were tested as substrates and compounds 

1 and 2 yielded higher concentrations of the respective cyanohydrins in the presence of the 

enzyme compared to the chemical control.  

Table 2: Substrate screening for the synthesis of 2-hydroxy ketone cyanohydrins.  

Reaction conditions: 400 mM substrate, 1.5 M HCN and 3 mg His6-AtHNL were used in micro-aqueous 
MTBE. The reaction was carried out in a 4 ml glass vial with a small magnetic stirring bar at room 
temperature. A chemical background reaction was always performed in parallel as a negative control. 
The products were acetylated as described in chapter 3.2.12 and subsequently analyzed by GC/MS. 

No. Substrate trivial name and [IUPAC nomenclature] Structure 
 

1 (R)-Phenylacetylcarbinol (PAC) 
[(R)-1-hydroxy-1-phenylpropan-2-one]  

 
2 (S)-Hydroxypropiophenone (HPP) 

[(S)-2-hydroxy-1-phenylpropan-1-one]  
 

3 (R)-Hydroxypropiophenone (HPP) 
[(R)-2-hydroxy-1-phenylpropan-1-one]  

 
4 Acetoin 

[3-hydroxybutan-2-one]  
 

5 Propioin 
[4-hydroxyhexan-3-one]  
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Acetoin 4 and propioin 5, on the other hand, showed no higher conversion in the presence of 

enzyme compared to the non-enzymatic control (Appendix 6-7). Interestingly, both the 

enzymatic and the non-enzymatic reactions gave products with the same low ee of about 20 % 

in all cases (Table 3).  

The chiral GC-chromatogram of the (S)-HPP cyanohydrin is shown exemplarily in Figure 34. After 

24 hours, for S-HPP (2) a conversion of 30 % and an ee of 22 % were measured. Conversions were 

determined from the depletion of substrate. 

 
Figure 29: GC-Chromatogram of diacetylated (S)-HPP cyanohydrin 

Reaction conditions: 400 mM (S)-HPP, 1.5 M HCN and 3 mg His6-AtHNL were used in micro-aqueous 
MTBE. The reaction and derivatization was carried out as described in chapter 3.2.12. The enzymatically 
produced product is showed as a blue line. A chemical background reaction (green line) was always 
performed in parallel as a negative control. 
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Three inactive variants of AtHNL namely S81A, D208N and H236F, each of them containing a 

mutation from the active site triad, were cloned and overexpressed as described in chapter 3.2.1. 

Synthesis reactions were again performed with the crude cell extract of the three inactive AtHNL 

variants, BSA, heat inactivated His6-AtHNL, crude cell extract of His6-AtHNL and a non-enzymatic 

chemical control. Surprisingly, all these controls yielded products with an ee of 22 %. Similar 

reactions were performed with (R)-PAC (Appendix 9) along with all the same controls. 

Table 3: Hydrocyanation of (S)-HPP with various control experiments 

Experimental conditions: 400 mM (S)-HPP resp. (R)-PAC, 1.5 M HCN-MTBE (micro-aqueous). For each of 
the synthesis reactions a negative control without the enzyme was performed in parallel. Catalyst used 
in each reaction was (from left to right) 3 mg each of His6-AtHNL, as well as variants with the following 
point mutations: S81A, D208N, H236F; 3 mg/ml BSA, and 3 mg His6-AtHNL heat inactivated at 100 ⁰C for 
20 min. Protein concentrations were determined by Bradford assay. The reaction was allowed to run for 
24 hours and conversion was measured by chiral GC (chapter 3.2.6) by depletion of the substrate.  

Substrate  Conversion ee 

(S)-HPP 

   
His6-AtHNL 30 22 
S81A 28 22 
D208N 30 22 
H236F 31 22 
BSA 9 22 
Heat inactivated 
His6-AtHNL 

10 21 

chemical 
control 

9 23 

    

(R)-PAC 
 

His6-AtHNL 20 18 
S81A 18 18 
D208N 18 18 
H236F 20 18 
BSA 10 18 
Heat inactivated 
His6-AtHNL 

10 20 

chemical 
control 

10 18 
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In every control experiment (Table 3), the ee for the respective diacetylated hydroxyketone 

cyanohydrine remained constant. However, the presence specifically of the active and inactive 

AtHNL variants resulted in an about 3-fold higher conversion relative to BSA, heat inactivated 

His6-AtHNL and the chemical control without any protein. So there is a weak but clear accelerating 

effect by AtHNL, but it is most probably not caused by a specific interaction with the active site. 

Rather a non-specific protein catalysis, probably on the surface of the enzyme, can explain these 

results [144, 145]. Such non-specific protein catalysis has also been reported for the formation of 

olefenic bonds by protein impurities found in porcine pancreas lipase [144]. The authors further 

reported the ability of BSA to accelerate the transformation of products from a series of aldehydes 

with active methylene groups as substrate.As the stereoselectivity of all hydrocyanation reactions 

including the non-enzymatic control, is 20 %, a chiral induction of the neighboring stereo center 

in the chiral substrate next to the reacting carbonyl group is most likely. The results suggest a 

direct influence of the correctly folded enzyme surface. In order to evaluate this effect further, 

the enzyme concentration was increased. As demonstrated in Figure 30, a proportional 

acceleration of the hydrocyanation reaction was observed with increasing enzyme concentration, 

whereas the ee remained constant. 
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Figure 30: Effect of His-AtHNL concentration on the hydrocyanation and ee of (S)-HPP  

Reaction conditions: 1.5 M HCN-MTBE, 400 mM S-HPP, 1 mg, 2 mg and 4 mg AtHNL (lyophilized) were 
added to three different synthesis reactions respectively. Samples were taken at t=0 and 24 h. 50 μl of 
sample at each time point was derivatized in 50 μl acetic anhydride, 50 μl pyridine, 750 μl of 
dichloromethane, and subsequently was incubated for 3 h at RT. Conversions and ee were measured by 
chiral GC (chapter 3.2.23.1).  

 

In order analyze a potential enzyme surface-induced reaction acceleration further, the respective 

distribution of charges and hydrophobic sites on the enzyme surface were calculated taking a pH 

of 5.5 (from citrate buffer used to saturate the MTBE, chapter 3.2.10) into account. These studies 

were performed by Dr. Marco Bocola from RWTH Aachen University. The results are presented in 

the following Figure 31. 
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Figure 31: The electrostatic surface potential (ESP) of the His6-AtHNL dimer 

Modelling was performed based on the X-ray structure of the wt enzyme (pdb: 3DQZ). The hexahistine 
tag plus linker was modelled using YASARA [146]. ESP was calculated using AMBER03 [147] partial 
charges of amino acids at pH 5.5 [148] using particle mesh ewald [149] electrostatics calculations. 
Positive (blue) and negatively charged (red) residues and surface areas are marked respectively. Non-
changed (hydrophobic) residues and areas are shown in grey. 
 

The distribution of surface charges and hydrophobic patches demonstrates that a large area of 

the enzyme surface is positively charged, even at pH 5.5. The blue marked area contains several 

histidine residues (pKa ca. 6), which are predominantly protonated at pH 5.5 and thus either could 

give rise to an accumulation of negatively charged cyanide ions or, those histidine residues that 

are not protonated (pka of His-tag was calculated as 5.5) could enable base-catalysis of the 

cyanohydrin formation. The same could also occur with deprotonated acidic side chains in the 

red marked areas (Figure 31). Therefore, a base-catalyzed hydrocyanation on the protein surface 

is likely. Additionally, there is a hydrophobic area close to the large histidine-rich (blue) and the 

negatively charged (red) area, which could be responsible for the preferred acceleration observed 

with aromatic 2-hydroxy ketones. In that case one can assume that the aromatic substrates are 

enriched at this hydrophobic patch, which would increase the probability to form a reactive 
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complex with cyanide. Earlier studies have reported similar catalytic activity on binding of 

substrate to hydrophobic patches on the surface of BSA [150–152]. 

As already mentioned above, the protein-accelerating effect was only observed with (R)-PAC and 

(S)-HPP, but not with (R)-HPP (Appendix 8). The reasons for the differentiation between the two 

HPP-enantiomers could be explained by different stabilities of the diastereomeric complexes the 

respective HPP-enantiomers forms with the chiral enzyme surface, although a defined binding 

region could not be predicted with the applied methods. A similar finding on the HNL from Prunus 

amygdalus and Manihot esculenta showed that the addition of imine to a cyanide was not active 

site catalyzed [153] in contrast to what was reported earlier [154].  

The authors showed with docking simulations that the substrate ((R) imine and (S) imine) did not 

even fit into the active site of the enzyme and hence these results also hint to a reaction where 

the active site of enzyme was not involved. Such non-enzymatic catalyzed reactions were also 

reported by the lipase from Candida antartica [155]. Busto et. al. described that the protein 

mediated nitroaldol addition of aldehydes to nitromethane was also possible with BSA with 

moderate to high yields [156]. 

 

4.3 Biotransformations in flow reactors for continuous synthesis of 
cyanohydrins 
A further goals of this project was to transfer the synthesis of cyanohydrins from a batch to a 

continuous system. Batch processes suffer from some limitations, especially the scale up would 

mean handling of a large amount of HCN, which arises safety concern (chapter 1.5.5.2). One of 

the advantages of flow chemistry is to perform reactions involving toxic intermediates. An 

additional advantage it offers is the immediate modification of unstable products, which is 

specifically promising for ketone cyanohydrins.  
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In this chapter, the main process parameters were identified and optimized for the multistep 

chemoenzymatic cascade for the biocatalytic synthesis of O-acylated aldehyde cyanohydrins. 

In order to achieve this, it was essential to compartmentalize the reactions and optimize each 

step separately. The set-up was designed and optimized for the synthesis of (R)-mandelonitrile as 

an example and subsequently applied to further substrates. 

The schematic setup is shown in Figure 32. The first step involved the continuous release of HCN, 

which was used by the second step for the AtHNL-mediated synthesis of cyanohydrins. The third 

step comprised of an inline acetylation of the cyanohydrin formed.  

 

Figure 32: Schematic representation of the 3-step chemoenzymatic cascade 

 

4.3.1 Step 1- Lipase mediated liberation of HCN 

The HNL mediated hydrocyanation requires a cyanide source and in traditional batch reactions 

described so far, pure HCN was synthesized by the acidification of cyanide salts, which 

nevertheless renders the system dangerous and imposes high exposure risk. There have been 

other HCN surrogates previously used for such reactions (chapter 1.5.5). 

One optimal alternative to generate HCN was by the hydrolysis of ethyl cyanoformate (ECF). 

Purkarthofer et al. described the hydrolysis of ECF in micro-aqueous organic solvent using PaHNL 

immobilized on Celite, which however led only to partial hydrolysis [110]. As an attempt to 

achieve faster and almost complete hydrolysis, different lipases were screened and tested for the 

same in a cooperation project with the University of Applied Science, Aachen, Germany in the 

context of this thesis.  
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Among these, the lipase from Candida antartica (CalB), commercial sold as Novozyme 435 was 

chosen and optimized because of its low cost, easy availability and robust nature [157]. In an 

optimized batch reaction 40 mg CalB was sufficient to convert 1.5 M ECF in 2 h at RT.  

In order to test for the recyclability, 40 mg of CalB was sealed in a “tea bag” and placed in a 4 ml 

glass vial followed by the addition of 1 M ECF in 1 ml micro-aqueous MTBE. Four different cycles 

of the hydrolysis reaction were performed with the same “tea bag” and we see from Figure 33 

that the conversion continuously decreased with every cycle and on reaching the fourth cycle, 30 

% loss of activity was detected.  

 

Figure 33: a) Generation of HCN by hydrolysis of ECF; b) Recyclability of CalB in batch mode; c) Reaction 
scheme for the hydrolysis of ECF  

Reaction conditions: 1 M ECF in MTBE and 40 mg Novozyme 435 (CalB) were stirred for 2 h at RT. The 
production of HCN was measured by analyzing the depletion of ECF using GC (chapter 3.2.23.1). 

 

To transfer this reaction to a continuous system, a packed-bed reactor (Figure 34) was set up 

(chapter 3.2.15).  

a) b) 

c) 
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Figure 34: Schematic representation of hydrolysis of ECF in a continuous flow set-up. 

Experimental conditions: 1 M ECF in micro-aqueous MTBE was pumped through a 10 cm long PBR filled 
with 277 mg CalB (Novozyme 435) with a flowrate of 0.04 ml/min. Conversion was calculated by 
measuring the depletion of ECF on GC (chapter 3.2.23.1). 

 

The reaction was optimized with respect to various parameters such as column length, catalyst 

load, residence time and substrate concentration. The results of the optimization are shown in 

Table 4: 

Table 4: Optimization of hydrolysis of ECF 

Entry Flow rate (ml/min) CalB (mg) Conv. (%) 
 

1 0.15 34 55a 

2 0.05 34 56a 

3 0.04 277 84b 

4 0.04 277 95c 

5 0.04 277 97d 

aA mixture of CalB and Celite has been used to fill the reactor. bDry MTBE has been used. cA mixture of 
MTBE / EtOH (3:1) has been used. dMicro-aqueous MTBE has been used. 

 

A good conversion was observed when the PBR was filled with 277 mg CalB and a, ECF 

concentration of 1 M in dry MTBE was maintained. On adding a small amount of polar solvent like 

ethanol, almost complete hydrolysis could be achieved with a residence time of 17.5 minutes. 

The robustness of the system could be greatly improved by switching to micro-aqueous MTBE, 

where 99 % conversion was achieved. Although the conversions in batch and flow are similar, it 
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is noteworthy that in a continuous system it is more than 5 times faster than in batch. In a batch 

system, 1 mmol ECF is hydrolyzed to HCN in 90 minutes with 40 mg CalB, whereas 6.6 mmol of 

the same is hydrolyzed in the same time frame in a continuous system using 277 mg CalB. 

Therefore 1 mmol requires 17.5 minutes for conversion. 

4.3.2 Stability of the system 

Stability is defined as the time span where the system can be operated without significant loss of 

activity. This is also termed as “loading” in flow technology. In the optimized setup 1 M ECF was 

pumped through the reactor for 8 hours and the conversion was monitored via GC at regular time 

points (Figure 35). 

 
Figure 35: CalB-catalyzed hydrolysis of ECF in a continuous flow set-up 

Experimental conditions: 1 M ECF in micro-aqueous MTBE was continuously pumped through a 10 cm 
PBR filled with 277 mg CalB (Novozyme 435) at 0.04 ml/min. The production of HCN was measured by 
analyzing the depletion of ECF using GC (chapter 3.2.23.1). 

 

The process demonstrated a high stability with only a 20 % decrease in conversion after 8 hours. 

In order to compare the setup with that of a batch, the total product yield over 90 minutes was 

calculated.  
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In a typical 1 ml batch setup with 1 M ECF and 40 mg CalB (immobilized), 1 mmol of HCN could be 

produced in 1.5 hours (Figure 33). However, in a flow process 3.6 mmol of product could be 

achieved in the same time frame. However, if the enzyme specific conversion is calculated, the 

batch process showed with 0.025 mol HCN/mg CalB the double productivity compared to the flow 

process (0.012 mol HCN/mg CalB).  

The reasons for this is most probably that the enzyme was applied in excess in the flow process 

and the substrate could have been pumped faster to make full use of the enzyme. From the 

optimization results (Table 4) we see that the enzyme load was increased more than 7 times, 

however the flowrate was only decreased by 20 %. Therefore, it is possible that a part of the 

enzyme was not fully used thereby exhibiting a low specific conversion.  

Another explanation for this could be that under these flow conditions, the CalB is washed off 

from the carrier which is an acrylic resin. Therefore, there is still a lot of optimization potential for 

the flow process based generation of HCN. 

4.3.3 Step 2: AtHNL-catalyzed continuous synthesis of (R)-mandelonitrile  

The second step of the cascade was set up with His6-AtHNL to utilize the HCN generated in the 

first step along with benzaldehyde to produce (R)-mandelonitrile (Figure 36). In order to form a 

packed bed reactor, Celite-His6-AtHNL was used which was already success fully used in batch 

with excellent conversion and ee (chapter 4.1.1.2).  

 

Figure 36: Schematic representation of Celite-His6-AtHNL mediated synthesis of (R)-mandelonitrile 

Experimental details: A mixture of 500 mM benzaldehyde and 1 M HCN in micro-aqueous MTBE was 
continuously flown through a 5 cm PBR filled with 100 mg Celite-His6-AtHNL at 0.04 ml/min. Conversions 
and ee were analyzed using GC (chapter 3.2.23.1). 
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To optimize the setup, the HCN used was first synthesized in batch by hydrolysis of ECF (chapter 

3.2.10a). The PBR was set up as described in chapter 3.2.17 and was filled with Celite-His6-AtHNL. 

The set-up was optimized by varying the length of the bed and the composition of the biocatalyst 

in the PBR. The results are presented in Table 5. 

Table 5: Optimization of the reaction parameters for the Celite-His6-AtHNL catalyzed synthesis of (R)-
mandelonitrile in the flow set-up. 

Entry 
Reactor 
length l 

(cm) 

Flow rate 
(ml/min) 

 
Celite-His6-AtHNL 

(mg) Conv. (%) 
 

ee   (%) 
 

1 2.5 0.02 50 33 93 

2 2.5 0.04 50 20 93 

3 7.0 0.04 50a 74 88 

4 7.0 0.04 100 85 96 

aA mixture of Celite-His6-AtHNL (50 mg) and pure Celite (50 mg) was used to fill the reactor 

From the optimization (Table 5) it is clear that on increasing the contact time between the 

biocatalyst and the substrates, a good ee and a decent conversion was achieved. However, on 

increasing the biocatalyst/substrate ratio, a positive effect on the conversion and ee was seen. 

For subsequent synthesis reactions in the cascade, a catalyst filling of 100 mg Celite-His6-AtHNL 

(containing 25 mg of pure His6-AtHNL) was chosen. 

4.3.4 Two-step enzymatic cascade 

A fast and robust lipase mediated process for the liberation of HCN was combined with the 

His6-AtHNL-catalyzed synthesis of (R)-mandelonitrile from benzaldehyde. The two steps 

combined as a sequential cascade is schematically represented in Figure 37. 
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Figure 37: Schematic representation of the 2-step enzymatic cascade for the synthesis of (R)-
mandelonitrile. 

Experimental conditions: 1 M ECF solution in micro-aqueous MTBE was pumped through a PBR of length 
10 cm packed with 277 mg CalB. The first output, consisting of 1 M HCN, was mixed with 0.5 M 
benzaldehyde via a T-shaped mixer. The resulting mixture was passed through a PBR of 7 cm packed 
with 100 mg of Celite-AtHNL equipped with a back pressure regulator (5 bar). 

 

Using benzaldehyde for the synthesis of (R)-mandelonitrile as a proof of principle, excellent 

conversion (97 %) and ee (99 %) were achieved. 

4.3.5 Evaluation of whole cell biocatalysis in flow 

Although an excellent conversion and ee was achieved with the 2-step enzymatic cascade with 

CalB and Celite-His6-AtHNL, the process still is limited by the isolation and purification of the 

enzyme, which is expensive and time consuming. Therefore, the application of recombinant E. 

coli cells as an alternative biocatalyst is appealing as enzyme purification can be circumvented. 

The use of recombinant E. coli cells containing His6-AtHNL for the synthesis of chiral cyanohydrins 

in micro-aqueous MTBE has been already reported [118]. Lyophilized E. coli cells proved to be 

stable in MTBE for 7 days without loss of enantioselectivity. Excellent conversion and ee of 98 % 

and 99 % respectively were achieved with this setup (Figure 38) for the synthesis of (R)-

mandelonitrile.  
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Figure 38: Schematic presentation of the 2-step cascade 

Experimental conditions: 1 M ECF was pumped through a 10 cm column packed with 277 mg CalB at 0.04 
ml/min. The outlet of the first reactor was mixed with 0.5 M of benzaldehyde pumped in by a T-shaped 
mixer. In the second reactor, 250 mg lyophilized E. coli cells were packed into a 10 cm column sealed by 
a nylon mesh (pore size 40 μm). The whole system was kept at a pressure of 5 bar. The (R)-mandelonitrile 
formed in the product stream was collected at regular intervals and acetylated offline before analyzing 
on GC for conversion and ee. 
 

On comparing this setup to the previous scheme (Figure 37) with Celite-His6-AtHNL, it is 

interesting to note that 250 mg whole cells contain almost the same amount (20.9 mg) used with 

Celite-His6-AtHNL (25 mg, Figure 37). Thus, enzyme purification and immobilization did not show 

any advantage with respect to yield and optical purity of the product. Therefore the whole cell 

system is a good alternative here.  

4.3.6 Stability of the two-step enzyme cascade 

The two-step enzymatic cascade was set up and optimized with immobilized enzyme and whole 

cells for the synthesis of (R)-mandelonitrile with excellent conversion and ee. The stability of the 

system was then evaluated to determine how long the system could be run with high conversion 

and ee. This is termed as “loading” and is a measure for the total turnover number (the total 

number of moles that can be converted to product without deactivation of the catalyst). For the 

lipase catalyzed reaction, a total turnover number in case of the batch and continuous system is 
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1 mmol and 3.6 mmol, respectively, in 2 h. The two-step cascade was set up with a benzaldehyde 

concentration of 1 M in micro-aqueous MTBE and the reaction was allowed to proceed 

continuously under the previously optimized conditions. The product (R)-mandelonitrile was 

collected in fractions of 0.5 ml each and conversion and ee were analyzed in regular time intervals 

via chiral GC (chapter 3.2.23.1). The results are shown in Figure 39. 

 

Figure 39: Conversion and ee of the hydrocyanation of benzaldehyde to (R)-mandelonitrile in the two-
step cascade shown in Figs. 37 and 38 catalyzed by a) Celite-His6-AtHNL; b) E. coli-His6-AtHNL. 

Experimental conditions: A 2-step cascade was set up with a) 100 mg Celite-His6-AtHNL in a 5 cm PBR 
(chapter 3.2.18) and b) 250 mg E. coli-His6-AtHNL in a 10 cm PBR (chapter 3.2.19). The reaction was 
allowed to proceed continuously and conversions/ee were analyzed by GC.  

 

In case of the set-up with Celite-His6-AtHNL (Figure 39a), a rapid decrease of the conversion after 

one hour was observed. The ee, however, remained high for 1.5 hours and then slowly decreased 

towards 70 % in 3 hours. A control experiment was performed with a column filled with Celite 

(without the enzyme). The control, however, showed only traces of the chemical reaction (less 

than 2 %). The results can be best explained by leaching out of the active enzyme from the PBR, 

since the enzyme is weakly bound on the surface of Celite. However, in the batch reaction no 

leakage of active catalyst into the reaction system was observed [120]. The continuous decrease 

of conversion can be explained by two effects: firstly, highly concentrated substrate and organic 

solvent flow continuously through the Celite-enzyme bed thereby making                           

a) b) 
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the enzyme prone to unbind from the surface; secondly, the entire system is kept under a 

pressure of 5 bar which could further facilitate the leaching out of the enzyme from the surface 

of Celite. Similar stability tests were also performed with lyophilized whole E. coli cells containing 

His6-AtHNL (Figure 39b).  

The results show a difference in inactivation behavior of Celite-His6-AtHNL and enzyme in whole 

cells. In both reactions the ee decreased to 70 % concomitant with a decrease in conversion. 

However, more activity was retained in case of the whole cell catalyst. Conversion dropped to 3 % 

after 3 h with Celite-His6-AtHNL, whereas with whole cells the conversion dropped rapidly in the 

first 3 h and then remained steady at 20 % up to 4.5 hours. It is interesting to note that 

independent of the residual conversion the final product ee was 70 %. The decay in ee might be 

due to the enzyme catalyzed cleavage of the (R)-product, thereby accumulating the (S)-

enantiomer. 

These results demonstrate that the biocatalyst in whole cells is more stable than the Celite-

immobilized enzyme. The total turnover number (TTN) for the flow process with Celite-His6-AtHNL 

is 0.02 mmol per mg enzyme, whereas the TTN for whole cells corresponds to 0.06 mmol per mg 

enzyme. Therefore, the cells gave a 3 times higher yield than the immobilized enzyme, thereby 

demonstrating a higher productivity and stability. 

4.3.7 Step 3: Inline acetylation as a third step of the cascade  

Cyanohydrins are generally unstable at room temperature and ketone cyanohydrins, as tertiary 

alcohols, are generally less stable than aldehyde cyanohydrins (secondary alcohols). There are 

many ways to modify a cyanohydrin and in previous studies they have been acetylated before 

measuring on GC (chapter 1.5.5). In typical batch reactions, acetylation of aldehyde cyanohydrins 

takes 3-4 hours at room temperature [120].  

Since some cyanohydrins degrade faster than the others, an immediate modification is helpful to 

prevent the degradation of the product back to the starting compounds. Therefore an acetylation 

module was built in-line to modify the cyanohydrin with an excess of acetic anhydride and 
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pyridine such that they directly meet the highly concentrated product stream. When highly 

concentrated reactants are rapidly mixed the reaction rate is much faster compared to a diluted 

approach, since the probability of a productive interaction increases. 

The modification was complete in 20 minutes, which was the time required for the reactants to 

pass through the 2 ml coil under the flow conditions and the product could be directly analyzed 

on the GC. The module was established as described in chapter 3.2.20 and it was tested with the 

synthesis of protected (R)-mandelonitrile as an example. The modification in flow takes 20 

minutes which was more than 12 times faster than in batch which takes 3 hours, thereby 

rendering the system fast, efficient and robust.  

The three-step cascade was setup with two enzyme-catalyzed steps and a chemical modification 

step, respectively, according to Figure 40. 

 

Figure 40: Schematic presentation of the 3-step cascade 

Experimental conditions: 1 M ECF was pumped through a 10 cm column packed with 277 mg CalB at 
0.04 ml/min. The outlet of the first reactor was mixed with 0.5 M of benzaldehyde pumped in by a T-
shaped mixer. In the second reactor, 250 mg lyophilized E. coli-His6-AtHNL cells were packed into a 10 
cm column sealed by a nylon mesh (pore size 40 μm). The whole system was kept at a pressure of 5 
bar. The outflow was mixed with a mixture of pyridine/acetic anhydride (1:1, V/V) pumped by a 
compact HPLC pump and the resulting solution was passed through a PTFE coil (2 ml). 
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Pumps A and B were used to flow in 1 M ECF and 0.5 M benzaldehyde, respectively. Two PBRs 

were installed in omnifit columns with 277 mg CalB (Novozyme 435) and 250 mg E. coli_BL21-

His6-AtHNL respectively. Pump C was connected to a mixture of acetic anhydride and pyridine via 

a 2 ml PTFE coil. The product was finally collected in a fraction collecter of 0.5 ml each and 

subsequently analyzed. As a proof of principle, synthesis of O-acetyl-(R)-mandelonitrile was 

achieved with excellent conversion and ee of 98 % and 99 %, respectively.  

Table 6: Synthesis of different cyanohydrins in the optimized three-step chemoenzymatic cascade 

Experimental details: Substrates 1-6 were screened for synthesis of cyanohydrin using the 2-step 
chemoenzymatic setup as described in Figure 40. Conversions were calculated by depletion of substrate 
(benzaldehyde and its derivatives) 

No. Substrate Product Conversion (%) ee (%) 
 

1 benzaldehyde 
 

 

99 98 

2 4-bromobenzaldehyde 
 

 

99 95 

3 4-methoxybenzaldehyde 
 

 

78 94 

4 2-nitrobenzaldehyde 
 

 

99 70 

5 furfural 
 

 

86 88 

6 4-
trifluoromethylbenzaldehyde 

 
 

75 85 
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Subsequently, further substrates were transformed using the optimized 3-step set-up for the 

synthesis of O-acetylcyanohydrins 

 (Table 6). Conversions were measured by 1H-NMR. High conversions and ee were achieved with 

both electron rich and electron deficit substituents. Excellent to good ee were achieved for most 

of the products except the ortho-substituted substrate (4) which gave a lower ee of 70 %.  
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Summary 
 

In summary the potential of the AtHNL was evaluated with respect to the following regards: 

a) Characterization of AtHNL with a hexahistidine tag (His6-AtHNL) 

A new His-tagged variant was comparatively characterized to wt-AtHNL with respect to its 

pH/temperature optima and stability [142]. The His6-AtHNL demonstrated similar pH- and 

temperature optima as the wt-AtHNL, demonstrating that the presence of the His-tag at the N-

terminus did not have any influence in the measured range. The addition of the tag not only made 

the purification protocol fast and efficient, also a 2.2 fold higher expression level of the enzyme 

was shown compared to its wild type counterpart. Additionally, His6-AtHNL was immobilized on 

Celite and excellent conversion (98 %) and ee (98 %) were achieved for the synthesis of (R)-

mandelonitrile. Celite-His6-AtHNL was recyclable up to 4 times and demonstrated a moderate 

stability in MTBE of seven days with a loss of 10 % in enantioselectivity. 

Further, whole E.coli_BL21-His6-AtHNL cells were evaluated in micro-aqueous MTBE and 

exhibited excellent conversion and ee for the synthesis of (R)-mandelonitrile. Not only a very good 

recyclability of 4 times was achieved with the whole cells, the whole cell catalyst was also stable 

for at least 15 days in MTBE without significant loss of activity or enantioselectivity. 

b) aromatic ketones as substrates 

Two simple aromatic ketones (acetophenone, 2-fluoroacetophenone) were evaluated as 

substrates for His6-AtHNL in micro-aqueous MTBE. Since the products were not stable at GC 

temperatures, derivatization of the ketone cyanohydrins was necessary. Acetylation with two 

different bases and silylation were evaluated for the derivatization of the product. Among them, 

complete derivatization could be achieved by the silylation of cyanohydrins with BSTFA, although 

it requires 12-20 hours of incubation time at RT. 
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With both aromatic ketones a maximum conversion of 40 % and 48 % was achieved, respectively, 

yielding product concentrations of 160-190 mM. The moderate conversions as compared to 

aldehydes are attributed to the intrinsic bulky nature of ketones, thermodynamic limitation of 

the reaction and instability of the products. However, these conversions in micro-aqueous MTBE 

are almost 100 % higher compared to previous studies using other HNLs in aqueous-organic two-

phase systems [81].  

An interesting behavior of ee was observed by following the reaction over several days (Figure 

27) where the ee remained high for the first 8 hours and then decreased rapidly. This behavior 

was explained by enzyme-catalyzed product racemization where the enzyme also catalyzes the 

reverse reaction (cleavage of cyanohydrin) towards the side of the reactants. As a consequence 

biocatalytic reactions towards ketone cyanohydrins should be carefully controlled and stopped 

as soon as the equilibrium conversion is reached in order not to impair the product ee. Currently, 

it is not known, whether this effect occurs also with other HNLs as conversion is generally not 

followed over time and ee is only determined when the reaction was stopped. Thus, reported low 

ee-values for ketone cyanohydrines could result from this effect [81, 84, 123]. 

The evaluation of substrates was further extended to 2-hydroxy ketones. Various 2-hydroxy 

ketones were screened (Table 2) with His6-AtHNL and among them (R)-phenylacetylcarbinol (R-

PAC) and (S)-hydroxypropiophenone (S-HPP) were studied in detail, as both showed an enzyme-

accelerated conversion to the respective cyanhydrine relative to the chemical control. 

(R)-PAC and (S)-HPP were converted to the respective O-acetylated cyanohydrines with 20 % and 

30 %, respectively, which was confirmed by mass spectrometric analysis. For both cyanohydrines 

ee-values of 18-22 % were obtained in presence of the enzyme but also with the chemical control. 

Further control experiments were performed with three inactive variants of AtHNL. His6-AtHNL 

and the inactive active-site variants all showed a weak but clear accelerating of the 

hydrocyanation, which is most probably not caused by a specific interaction with the active site. 

Besides, heat-inactivated His6-AtHNL and also BSA did not show this accelerating effect. 
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 The results suggest a direct influence of the correctly folded enzyme surface [150, 151]. 

Increasing the enzyme concentration demonstrated a proportional acceleration of the 

hydrocyanation reaction whereas the ee remained constant (Figure 30).  

Additional studies were performed to analyze the potential enzyme surface-induced reaction 

acceleration and subsequently the respective distribution of charges and hydrophobic sites on 

the enzyme surface were calculated (Figure 31). These findings allow the hypothesis that the 

hydrophobic substrates could be enriched at a hydrophobic patch close to a basic histidine-rich 

area, where cyanide could be accumulated. Both, non-protonated histidine residues as well as 

deprotonated   acidic groups could assist in base-catalyzed hydrocyanation. 

c) Biotransformation in flow reactors for the continuous synthesis of cyanohydrins 

A three-step chemoenzymatic cascade was developed and optimized for the synthesis of 

protected O-acetylcyanohydrins cyanohydrins. Each step of the cascade was optimized separately 

and subsequently they were combined and optimized for the synthesis of (R)-mandelonitrile as 

an example. The set-up was then employed for the screening of various aldehyde substrates 

towards the synthesis of their respective cyanohydrins.  

A summary of each of the steps is described below: 

As the first step, a safer enzymatic method for the liberation of HCN was evaluated with the lipase 

catalyzed hydrolysis of ECF. Various lipases were screened for the hydrolysis and among them, 

the commercially available CalB, Novozyme 435 was chosen because of its robust nature and ease 

of availability [157]. This process was transferred to a continuous mode by setting up a packed 

bed column reactor (PBR) with Novozyme 435. Starting from 1 M ECF solution in micro-aqueous 

MTBE a conversion of 99 % was obtained with the optimized set-up (chapter 4.3.1). The 

continuous system demonstrated a high stability over 8 hours with only 10 % decrease in 

conversion. 
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The second step involved the His6-AtHNL catalyzed synthesis of (R)-mandelonitrile. AtHNL was 

immobilized on Celite and packed into a second column reactor. A pre-mixed solution of 1 M HCN 

and 0.5 M benzaldehyde in micro-aqueous MTBE was pumped through the column. Product was 

collected in fractions and analyzed on GC for the formation of (R)-mandelonitrile. The set-up was 

optimized by varying the enzyme load and the flow rate. Excellent conversion and ee of 98 % and 

95 %, respectively, were achieved with the optimized set-up. Compared to the Celite-

immobilisate, whole cell biocatalysis using the respective recombinant E. coli cells worked even 

better. The lyophilized cells could easily be packed into the PBR and high conversion and ee were 

achieved even with the same enzyme load compared to Celite-His6-AtHNL. Due to the 

immobilization of the enzyme inside the cells, the half-life of the whole cell system was almost 

two times higher (chapter 4.3.6). 

The third step involved the inline acetylation of the (R)-mandelonitrile and further aromatic and 

heteroaromatic cyanohydrins produced in the second step. A third pump was connected to a 

mixture of acetic anhydride and pyridine via a coil of 2 ml. A complete modification was observed 

in 20 minutes which was multiple folds faster than the modification in batch, which took up to 3-

4 hours at RT.  

All the three steps of the cascade were combined and three different pumps were used for the 

injection of ECF, the (hetero)aromatic aldehyde and the modifying agents respectively (Figure 41).  

 

Figure 41: Schematic representation of the 3-step chemoenzymatic cascade with lipase, E.coli-His6-
AtHNL and a chemical modification are connected sequentially 
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Outlook 
 

In this thesis, the potential of His6-AtHNL has been explored with respect to evaluation of ketones 

and 2-hydroxy ketones as substrates in a micro-aqueous reaction system and the set-up of a 

continuous biocatalytic process using the flow-chemistry approach. The reactions can be further 

improved by multiple ways, for e.g. rational protein engineering to modify the active site of the 

enzyme active site so as to fit in the desired substrate and product, reaction/solvent engineering 

that could shift the thermodynamic equilibrium, etc.  

The installation of modular biocatalysis can render a process robust, stable and efficient. Flow 

technology has been used by chemists since decades as a powerful tool for the automated 

synthesis of compounds, natural compounds etc. It offers advantages of scale up, automation, 

easier process control, capturing toxic intermediates, etc. Despite its potential and advantages, 

only a few examples of biocatalysis in flow devices have been reported so far.  

In this project this gap was filled by harnessing the potential of both tools: biocatalysis and flow 

technology. By extending the application of flow technology to realize a multistep chemo-

enzymatic cascade, excellent conversion and ee was achieved for the synthesis of O-

acetylcyanohydrins from aromatic and heteroaromatic aledehydes. The elegance of the process 

lies in the application of whole cells in such flow reactors which also allows circumventing the 

effort and costs for enzyme production, purification and immobilization, although stability issues 

(enzyme leakage) have to be addressed in future studies, e.g. by evaluating other immobilization 

techniques which offer stronger binding of the enzyme onto the carrier. The set-up of such a 

multistep chemo-enzymatic reactor has set an example and opened multiple doors for new 

biotransformations in flow technology.  

The current set-up built in this project exhibits high potential for the synthesis of aldehyde 

cyanohydrins. However, for ketones this set-up is most probably even more advantageous, since 
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the in-line modification of ketone cyanohydrins is expected to be much faster compared to the 

offline modification in batch used in this thesis, thereby preventing decomposition of the 

respective ketone cyanohydrines.  

Another interesting development to the flow reactor would be the safe disposal of the excess of 

the HCN found in the outlet stream. The excess of HCN can be either neutralized with bleach or 

recycled for further reactions, possibly by a tube in tube reactor [55].  

Considering the industrial impact of this work, it would be logical in the future to transform these 

cyanohydrins into valuable compounds such as amino alcohols, alpha-hydroxy amides etc. 

The modularization of enzymatic cascades in flow reactors renders a biocatalytic process robust 

and efficient. This is a step forward towards sustainable bioeconomy for the production of bio-

based chemicals. 
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Appendix 
 

Appendix 1: Gene and amino acid sequences for His6-AtHNL 

Gene sequence 

ATGGGCAGCAGCCATCATCATCATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATGGAGAG

GAAACATCACTTCGTGTTAGTTCACAACGCTTATCATGGAGCCTGGATCTGGTACAAGCTCAAGCCCCTC

CTTGAATCAGCCGGCCACCGCGTTACTGCTGTCGAACTCGCCGCCTCCGGGATCGACCCACGACCAATCC

AGGCCGTTGAAACCGTCGACGAATACTCCAAACCGTTGATCGAAACCCTCAAATCTCTTCCAGAGAACGA

AGAGGTAATTCTGGTTGGATTCAGCTTCGGAGGCATCAACATCGCTCTCGCCGCCGACATATTTCCGGCG

AAGATTAAGGTTCTTGTGTTCCTCAACGCCTTCTTGCCCGACACAACCCACGTGCCTTCTCACGTTCTGGA

CAAGTATATGGAGATGCCTGGAGGTTTGGGAGATTGTGAGTTTTCATCTCATGAAACAAGAAATGGGAC

GATGAGTTTATTGAAGATGGGACCAAAATTCATGAAGGCACGTCTTTACCAAAATTGTCCCATAGAGGAT

TACGAGCTGGCAAAAATGTTGCATAGGCAAGGGTCATTTTTCACAGAGGATCTATCAAAGAAAGAAAAG

TTTAGCGAGGAAGGATATGGTTCGGTGCAACGAGTTTACGTAATGAGTAGTGAAGACAAAGCCATCCCC

TGCGATTTCATTCGTTGGATGATTGATAATTTCAACGTCTCGAAAGTCTACGAGATCGATGGCGGAGATC

ACATGGTGATGCTCTCCAAACCCCAAAAACTCTTTGACTCTCTCTCTGCTATTGCCACCGATTATATGTAA 

Amino acid sequence  

MGSSHHHHHHSSGLVPRGSHMERKHHFVLVHNAYHGAWIWYKLKPLLESAGHRVTAVELAASGIDPRPIQ

AVETVDEYSKPLIETLKSLPENEEVILVGFSFGGINIALAADIFPAKIKVLVFLNAFLPDTTHVPSHVLDKYMEMP

GGLGDCEFSSHETRNGTMSLLKMGPKFMKARLYQNCPIEDYELAKMLHRQGSFFTEDLSKKEKFSEEGYGSV

QRVYVMSSEDKAIPCDFIRWMIDNFNVSKVYEIDGGDHMVMLSKPQKLFDSLSAIATDYM 
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Appendix 2: Plasmid map 

 

Appendix 3: Comparison of lyophilized wt AtHNL and His6-AtHNL 

wt-AtHNL was purified via Anion exchange chromatography [120]. His6-AtHNL was purified via 

IMAC [142].  

20 μg lyophilized enzyme were loaded on a SDS-Gel and SDS-Page was carried out . 
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Appendix 4: Comparision of acetylation with pyridine and dimethyl aminopyridine 

The GC chromatogram for a comparision of product acetylation with pyridine and 4-dimethyl 

aminopyridine (DMAP) (chapter 4.2.1). Acetophenone cyanohydrin was synthesized followed by 

subsequent acetylation with pyridine and 4-dimethyl aminopyridine (DMAP) (chapter 3.2.12) 

 

The product peaks shown in the GC chromatogram above. 

38 Kda 

Derivatisation with DMAP 

Derivatisation with pyridine 

19.45 
19.62 
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Appendix 5: Completeness of derivatization by silylation 

The following SFC chromatogram shows the completeness of derivatization by silylation (chapter 

4.2.1). The SFC method is described in chapter 3.2.23.3.1 

 

 

Compound Structure Retention time 
2-F-acetophenone 

 

2.0 min 

2-(2-fluorophenyl)-2-
((trimethylsilyl)oxy)propanenitrile 

2.19 min* 

2-(2-fluorophenyl)-2-
hydroxypropanenitrile 

 

2.6 min and 2.7 min 

*the peaks for the derivatised product could not be separated on the SFC 

 

 

 

Substrate (2-fluorobenzaldehyde) 

Product 
(non derivatised) 
Pr

Product 
(derivatised) 
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Appendix 6: GC chromatogram of acetoin-cyanohydrin 

The following chromatogram shows the synthesis of acetoin cyanohydrin in presence and 

absence of enzyme (chapter 4.2.2). The synthesis reaction was carried out as described in 

chapter 3.2.12 

 

The conversion was the same in presence (enzymatic) and absence(chemical) of the enzyme. 

 

Appendix 7: GC chromatogram of propioin-cyanohydrin 

The following chromatogram shows the synthesis of propioin cyanohydrin in presence and 

absence of enzyme (chapter 4.2.2). The synthesis reaction was carried out as described in chapter 

3.2.12 

Substrate/product by enzymatic reaction after t=24h 

Substrate/product by chemical reaction after t=24h 
substrate 

product 
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Substrate/product by enzymatic reaction after t= 

24 h 
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Appendix 8: Chromatogram for (R)-HPP cyanohydrin 

The GC chromatogram for R-HPP cyanohydrin synthesis is as shown below. R-HPP cyanohydrin 

was synthesized as described in chapter 3.2.12.  

 

The chromatogram shows the conversion in presence and absence of enzyme (chapter 4.2.2) 

 

 

 

 

Product (enantiomer 1) 

Product (enantiomer 2) 

product by enzymatic reaction after t=24h 

product by chemical reaction after t=24h 
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Appendix 9: Chromatogram for (R)- phenylacetylcarbinol (PAC) 

 

The following chromatogram shows the synthesis of R-PAC cyanohydrin in presence and absence 

of enzyme (chapter 4.2.2). The synthesis reaction and derivatization was carried out as described 

in chapter 3.2.12 

 

 

 

 

 

 

 

19.5 

19.7 

product by enzymatic reaction after t=24h 

product by chemical reaction after t=24h 
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Appendix 10: Mass spectrometry of acetylated acetophenone cyanohydrin 

The following figure shows the mass spectra and the fragments for acetophenone cyanohydrin 

(chapter 4.2.1). Acetophenone cyanohydrin was synthesized as described in chapter 3.2.12 and 

the method for MS was described in chapter 3.2.23.4 
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Fragments 

 
 

Appendix 11: Mass spectrometry of 2-F-acetophenone cyanohydrin 

The following figure shows the mass spectra and the fragments for 2-F-acetophenone 

cyanohydrin (chapter 4.2.1). 2-F-acetophenone cyanohydrin was synthesized as described in 

chapter 3.2.12 and the method for MS was described in chapter 3.2.23.4 
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Fragments 

 
 

Appendix 12: Mass spectrometry of (S)-HPP- cyanohydrin 

The following figure shows the mass spectra and the fragments for (S)-HPP- cyanohydrin (chapter 

4.2.2). (S)-HPP cyanohydrin was synthesized as described in chapter 3.2.12 and the method for 

MS was described in chapter 3.2.23.4 
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Fragments 
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Appendix 13: Mass spectrometry of (R)-PAC-cyanohydrin 

The following figure shows the mass spectra and the fragments for (R)-PAC cyanohydrin (chapter 

4.2.2). (R)-PAC cyanohydrin was synthesized as described in chapter 3.2.12 and the method for 

MS was described in chapter 3.2.23.4 

 

Fragments 

 
 


