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1 Aldoxime dehydratases: State of the art 

Nitriles belong to a very fundamental class of molecules and play an important role in todayôs chemical industry. 

With a broad range of utilization, either as main product or as building block (e.g amines and acids) nitriles can be 

found in low prize high volume segment as solvents, polymers, adhesive and surfactants or in high prize low 

volume segment as pharmaceuticals.[1,2] Prominent examples for the bulk chemical sectors are acetonitrile and 

adiponitrile, which are produced in million ton scale per year.[1] In fine chemical sector nitriles are often found as 

fragrances such as dodecanenitrile, or cumin nitrile.[3] Besides those examples, nitriles are also important in 

complex molecules such as vildagliptin and saxagliptin, as they are both antidiabetic type 2 drugs with the sales 

exceeding 1 billion dollar per year. [4] 

 

Scheme 1: Selected examples of nitriles in chemical industry with classification in low-volume high-price and high-volume 

low-price segment. 

Over the decades various of methods have been developed to construct nitrile moieties. However, the established  

routes for the synthesis of nitriles need harsh and environmental harmful conditions, either high temperature like 

the ammoxidation or the use of highly toxic hydrogen cyanide or cyanide salts in substitution or addition 

reactions.[5,6]  Besides, traditional routes do not provide a direct asymmetric nitrile synthesis. The optical pure 

nitriles are produced either by chiral nitrile precursors or by subsequent enantioselective transformation of racemic 

or prochiral nitrile. Thus, leading to a high demand in a sustainable as well as asymmetric nitrile synthesis, whereas 

many efforts were made to develop new strategies in the last decade.[7]  

 

Scheme 2: Selected examples of novel and established methods for the synthesis of nitriles. 
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Among the variety of methods that have been reported, only a few covering the drawbacks of the established 

methods in terms of sustainability or enantioselectivity. One example is the aldoxime dehydratase catalyzed 

dehydration of aldoximes towards the corresponding nitriles, which were discovered by the Asano group in the 

late 90s.[8] Through their studies of nitrilase and nitrile hydratase-containing organisms that metabolize nitriles to 

amides or carboxylic acids, they were able to make the first finding of this class of enzyme, by predicting the 

existent of a nitrile generating enzyme in same pathway.[9]  

Aldoximes themselves occur naturally in plants as growth, development and defense metabolite, which are 

produced from amino acids via Cytochrome P450 (CYP) proteins.[10] Microorganism such as Bacillus subtilis are 

able to convert those aldoximes to the corresponding nitrile. They discovered the first aldoximes dehydratase 

(OxdB) from Bacillus subtilis and showed the association of this enzyme class within the metabolism of nitriles 

and characterized the enzymatic properties as well as the recombinant expression of this protein.[11ï13]  

 
Scheme 3: Illustrated Aldoxime-nitrile pathway in microorganism as well as the formation of aldoximes in plants. 

Aldoximes dehydratase contain heme b as prosthetic group and require microaerobic growth conditions to be 

expressed as soluble and correctly folded proteins.[13] With the discovery of the aldoxime dehydratase from 

Rhodococcus sp. (OxdRE) the Asano group were able to co-crystalize the enzyme with propanal oxime and butanal 

oxime, providing three different crystal structures and clarifying the Michaelis-complex of OxdRE. [14,15] The 

comparison of the co-crystal and ligand free crystal provided two different conformations of the enzyme. 

Proposing a conformational change induced by a bound substrate, leading to a closed entrance site of the enzyme.  

 

Figure 1: Schematic representation of the structural details of the aldoxime dehydratase active site. Hydrogen bonds are 

indicated as black dotted lines with distances in Ångstrom between atoms indicated in red. (A) OxdA, (B) OxdRE-substrate 

complex. (This figure was reprinted with the permission of PNAS). [16] 
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The Kobayashi group, later on provided a new crystal structure of the aldoxime dehydratase from Pseudomonas 

chlororaphis (OxdA) showing the sequential and structural homology of both aldoxime dehydratases (Figure 

1).[16] The catalytic center is relatively large and close to the protein surface with a small entrance. The active site 

itself consists of the heme group, which is coordinated by the H169 and the backbone of M179 and G170. Whereas 

the iron itself is bound to the H299 (below the heme).[17] Besides the heme, the enzyme class has similar to 

oxidoreductase a catalytic triad consistent of R178, H320 and S219. With the preliminary work of the Asano group 

providing mutagenic analysis[18,19] and the co-crystal of OxdRE[14] in combination with the QM/MM  study of the 

catalytic activity of Oxds from Liang et al.[15] a mechanism for the enzymatic dehydration (Scheme 4) could be 

proposed.[16] Aldoxime dehydratase contain a catalytic triad, consistent of an arginine (R178), histidine (H320) 

and serine (S219). S219 coordinates the substrate and increases its basicity, H320 acts as acid/base catalyst and its 

initial acidity is increased in the interaction with R178. In the initial state (I ) the heme is present in its ferrous state 

(Fe+2), allowing the migration of the substrate, which is then coordinated via the nitrogen at the ferrous center of 

the heme and by hydrogen bonds at the hydroxy functionality via H320 and S219 (II ). Step 2 describes the 

Michaelis-complex or enzyme-substrate complex.  

 

Scheme 4: Postulated mechanism of aldoxime dehydratase catalyzed dehydration of aldoximes towards the corresponding 

nitrile. 
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In the described mechanism, the reaction now proceeds with the protonation of the H320 by R178 increasing the 

acidity of H320. In the third step (III ), the acidic H320 protonates the hydroxy group of the aldoxime, which has 

already an increased basicity due to its coordination by the S219 and the electron donation of ferrous center. The 

protonation then leads to an electron rearrangement, whereby water is formed as leaving group and iron is oxidized 

to Fe+3. In the following transition state (IV ), a rearrangement of the substrate due to the electron transfer from the 

ferric center to the nitrogen leads to linear orientation and the oxidation of the iron to Fe+4. The CŬ-carbon of the 

substrate in now spatial proximity to the H320 and S219, whereas the acidic C-H is coordinated by H320 and 

S219.  The reprotonation of R178 causes the H320 to become basic and deprotonates the substrate (V). This 

electron rearrangement then leads to the formation of the nitrile, which leaves the active site and the enzyme returns 

to its initial state (I ). For the reaction to proceed or the enzyme to be active the heme has to be in the ferrous state 

(Fe+2), which is why the a microaerobic expression as well as the addition of reduction agents when using purified 

enzyme is necessary.[14] If the heme is present in the ferric state (Fe+3) and used for the reaction with an aldoxime 

the oxygen of the hydroxyl group is bound to the iron, leading to the inactivation of the enzyme.[14,20]  

With the recent report of a novel aldoxime dehydratase from Bradyrhizobium sp. (OxdBr)[21] in total only eight 

aldoxime dehydratases have been discovered yet. Excluding aldoxime dehydratase Oxd-YH3[12,22] from 

Rhodococcus sp, which could be stated homologue to OxdRE all know aldoximes dehydratase and their properties 

are shown in Table 1.  

Table 1: Protein propeties of reported aldoximes dehydratases (Oxds).[23] 

Properties OxdA[24] OxdB[13,19] OxdFG[25] OxdRE[19,26] OxdRG[27] OxdK[18] OxdBr[21] 

Molecular 

weight (kDA) 

native 

76.4 42.0 34.1 80.0 80.0 85 77 

Sequence 40.1 41,0 44.0 44.7 44.8 44.5 41 

Subunits 2 1 1 2 2 2 2 

Soret-peak (nm) 

Ferric form 
408 407 420 409 409 409 404 

Ferrous form 428 432 431 428 428 428 427 

Optimum pH 5.5 7 5.5 8.0 8.0 8.0 7.0 

Optimum 

temperature °C 
45 30 25 30 30 20 40 

Stability pH 6.0-8.0 6.5-8.0 4.5-8.0 6.0-9.5 6.0-9.5 5.5-6.5 7.0-8.0 

Stability 

temperature °C 
<40 <45 <20 <40 <40 <30 <30 

Origin: OxdA from Pseudomonas chlororaphis, OxdB from Bacillus sp., OxdFG from Fusarium graminearum, OxdRE from 

Rhodococcus erythropolis, OxdRG from Rhodococcus globerulus, OxdK from Pseudomonas sp. K-9, OxdBr from 

Bradyrhizobium sp. 

The general enzyme properties of the known aldoxime dehydratase are very similar. They have an average 

molecular weight of 40 kDa and are either present as monomers or dimers. The soret-peaks also appear in the same 

range for the ferric form at about 408 nm and the ferrous form at about 428 nm. In terms of activity, the optimum 
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reaction temperature ranges between 20-45°C and the optimum pH ranges from 5.5-8.0. Aldoxime dehydratases 

are in average stable at 30°C and a pH of 7.0-8.0. 

For most of these enzymes, kinetic data were also collected and are summarized in Table 2. In general, there is no 

trend in KM-values, although they vary from about 1 mM up to 11 mM, they remain in the same order of magnitude. 

With these data it could be shown very early that aldoxime dehydratase have a relatively large substrate spectrum, 

since cyclic, aromatic, heterocyclic, chiral and aliphatic aldoximes were successfully converted. The exact 

classification and applicability of aldoxime dehydratases in organic chemistry has been achieved in recent years 

through cooperation between the Gröger and Asano groups. Many milestones have been reached and aldoxime 

dehydratases have been established as biocatalysts for a cyanide-free alternative synthesis route.   

Table 2: KM-values of Oxds available in literature for a subest of susbtrates. 

 

Substrate 
KM-value / mM 

OxdB[13] OxdA[24] OxdRE[26] OxdK[18] OxdFG[25] OxdRG[27] 

 Z-phenylacetaldoxime 0.87  3.2 0.99 3.52 1.40 

Z-3-phenylpropionaldoxime 1.36  4.08 0.97 2.76 2.31 

E/Z-4-phenylbutyraldoxime 5.24   0.88 1.79  
E/Z-2-phenylpropionaldoxime   10.0 4.07 3.71 11.9 

Z-p-chlorophenylacetaldoxime 1.24      

Z-p-methoxyphenylacetaldoxime 3.08      

E/Z-indoleacetaldoxime 2.40    1.46  

Z-naphthoacetaldoxime 0.84      

E/Z-acetaldoxime  11     

E/Z-propionaldoxime 4.32  1.85 0.77  5.13 

E/Z-n-butyraldoxime 11.1 0.25 4.34 2.16 2.87 1.73 

E/Z-n-valeraldoxime 2.42  1.41 3.78 10.1 1.13 

E/Z-isovaleraldoxime 3.58  6.66 1.33 2.66 3.97 

E/Z-n-capronaldoxime 6.12   3.12 0.88 2.94 

E/Z-isocapronaldoxime 2.98     6.76 

E/Z-cyclohexanecarboxaldehyde 

oxime 
  1.25 5.96  1.13 

 

Fatty nitriles play an important role in industrial chemistry within the production tree of fine and bulk chemicals,[1,2] 

the biocatalytic synthesis has to be able to compete with traditional synthesis in terms of productivity. For the 

synthesis of fatty nitriles OxdB happened to be the most suited variant, with high activity combined with the high 

stability Hinzman et al.[28] showed the applicability of this enzyme and reaching record numbers in terms of 

substrate loading for enzyme catalyzed reactions. For the best presented example of OxdB catalyzed reaction a 

substrate loading of 1.4 kg·L-1 with octanal oxime as substrate was reached, converting it into octanenitrile with 

93% conversion (Table 3). Its worthy to mention that those number are enabled with the wild type of OxdB. 

Comparing to other enzymes with a heme group such as the CYP-monooxygenase superfamily, reactions usually 

take place for optimized mutants in mM range.[29] OxdB reaches similar potential as the nitrile hydratase, one of 

the most prominent example of an industrially applied enzyme, that is used for the synthesis of acrylamide from 

acrylonitrile.[30] The nitril hydratase reaches a space time yield of 0.1 kg·L-1·h-1 under industrially optimized 
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condition,[31] while the OxdB for the example of octane nitrile reached already under laboratory conditions a space 

time yield of 0.06 kg·L-1·h-1 (Table 3).   

Table 3: Preparative biotransfomation of aliphatic aldoximes to nitriles using OxdB as whole cell catalyst.[28] 

 

Entry n = Susbtrate loading 

/ g· L-1 

Conversion 

/% 

Yield 

/% 

1 1 288 >99 81 

2 2 342 >99 84 

3 2 428 93 n.d 

4 3 665 >99 98 

5 3 1430 93 n.d 

 

Besides the mono-nitriles also dinitriles play an important role as example adiponitrile is being produced annually 

in million ton scale,[1] the synthesis is carried out industrially mostly by the addition reaction of cyanide with 

butadiene.[6,32] Using aldoxime dehydratases, an alternative cyanide-free synthesis route was also demonstrated. 

Adiponitrile was successfully prepared on a preparative scale using OxdB. Quantitative conversion with a substrate 

loading of 50 g·L-1 was achieved.[33] With those mentioned examples of Oxd catalyzed dehydration of aldoximes, 

this enzyme class showed high potential to be applied in industry in the future.  

 

Scheme 5: Adiponitrile synthesis in water at 30°C using OxdB as whole catalyst on liter scale.[33] 

Besides performance of catalyst also the stability, recovery and product purity are key features when it comes to 

economical and sustainable process. Immobilization techniques are usually applied to overcome such hurdles. 

There many different immobilization methods known, varying from covalent bound to a carrier, crosslinking of 

protein aggregates (CLEAs) and encapsuling techniques.[34] The methods also differ with formulation of the 

biocatalyst as pure enzyme, crude extract or as whole cells. Proven and well known examples are lipase B 

(Candida antarctica) and glucose isomerase (T. oshimai), with remaining residual activity of over 50% after 15 

runs at high temperature exceeding 75 °C.[35] The use of a heterogenous catalyst in a reaction also enables a simple 

work up and recovery, increasing the economic benefits of a process. Therefore, immobilization techniques were 

also investigated for aldoxime dehydratase. So far two different yet similar approaches are reported so far namely 

silica coated alginate beads and superabsorber.[28,36] Both methods belong to the class of encapsulation techniques. 

From the perspective of using aldoxime dehydrases in water or two-phase systems and being able to reuse them, 

the silica alginate beads proved to be very suitable. With the investigation of different formulation of the 

biocatalyst they also showed that the enzymes were better suited as immobilized whole-cell catalysts than purified 



 

7 

 

proteins, which otherwise had only minimal residual activity. OxdB, for example, could be reused four times as 

an immobilized whole-cell catalyst (Figure 2).  

 

Figure 2: Recycling study of OxdB immobilized in calcium alginate beads coated with TEOS (Si-beads).[36] 

With regard to the above-mentioned mono- and di-fatty aldoximes their overall solubility in water is very poor, 

therefore limiting the biotransformation in water. To overcome this hurdle immobilization technique were 

investigated to perform the biocatalytic reaction in organic solvent. For that, superabsorber as encapsuling 

technique enabling a solid water phase, was used to perform nitrile synthesis in pure organic solvent.[37] The 

superabsorber method enabled than also to use the enzyme as solid phase in a flow set up. The reported packed 

bed reaction also performed very well with high conversions (>95%) with a residence time of 30 mins for 100 mM 

octanal oxime. The same system was later also applied for segmented flow set up highlighting how robust and 

versatile aldoxime dehydratase can be used.[38]  

In a total synthesis of a product, the optimization of one step does not necessarily lead to improvement of the entire 

synthesis. Thus, in the case of nitrile synthesis with aldoxime dehydratases, access to aldoxime and precursors was 

also an essential issue, as well as optimization of the entire cascade. Therefore, Plass et al.[39] showed that starting 

from petrochemicals as a resource for the production of nitrile, the entire cascade can be accomplished in one pot. 

In this way, the use of solvents for processing the intermediate steps can be avoided and the cost factor for 

chemicals in the bulk industry can be reduced considerably. The major problem was the synthesis of the aldoxime 

and the subsequent enzymatic dehydration. Since minimal excess (1 mM) hydroxyl amine already leads to 

inactivation of the enzyme. By a decomposition of the residual hydroxyl amine at 100 °C, the one-pot synthesis 

could be achieved. A preparative scale reaction with 1-octene as exemplified starting substance could be achieved 

with over 90% conversion and an isolated yield of 67%.  

As alternative to petrochemicals as starting material, the synthesis of the aldehydes starting from alcohols, which 

in turn can be obtained from renewable resources, was also established. The known tempo oxidation[40] was 
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optimized for the substrate class overcoming the hurdle of over oxidation of alcohols to acids.[41] Subsequently 

they succeeded demonstrating the cascade reaction from alcohol to nitril in sequential type one-pot reaction, 

reaching quantitative conversion and very good yields for nitriles ranging from n-octanenitrile to n-

dodecanenitrile.[42] In addition, the produced nitrile was at the same time used as a solvent. Thus, two different 

routes for the preparation of nitrile without the necessity to isolate intermediates, could be fully established.  

Table 4: Chemoenzymatic cascades reaction towards aliphatic nitriles from two different feedstock, presenting an cyanide 

free altenative synthesis.  

 

Entry n = Conversion to aldehyde 

/% 

Conversion to aldoxime 

/% 

Conversion to nitrile 

/% 

Yield 

/% 

1a 6 74 n.d 90 71 

2b 3 99 99 92 60 

3b 5 99 99 95 71 

4b 9 99 99 93 63 
a Conversion related to the hydroformylation pathway starting from 1-octene.[39] b Conversion related to the TEMPO oxidation 

pathway starting from the alcohol.[42] n.d = not determined.  

In relation to the methods presented, dinitriles as well as branched nitriles were also successfully presented and 

indicate the versatility of this approach. With regard to the diversity of enzymatic nitrile synthesis, the synthesis 

of an aromatic nitriles was also achieved. Namely 2-furonitrile and pyronitrile were produced, concluding the first 

reported benzylic aldoximes conversion.[22,43] In particular, 2-furontrile is of industrial interest and is used in 

pharmaceutical and fine chemical segment. The synthesis of 2-furonitrile from furfural (biorenewable feedstock) 

represents an alternative cyanide-free synthesis route, since in comparison the industrial synthesis is carried out 

via ammoxidation at over 400 °C.[44]  

 

Scheme 6: Biocatalytic synthesis of 2-furonitrile starting from furfural, which can be obtained from biomass.[22,45] 

The conversion of 99% at a substrate concentration of 10 mM could be shown with the aldoxime dehydratase 

Oxd-YH3. The low substrate concentration was due to the relatively low expression of the new recombinant, which 

is why the preparation of the aromatic nitriles could only be shown as proof of concept so far. Since this class of 

nitriles is of great interest for applications, there is still a high demand for this research field. A completely different 

property of aldoxime dehydratase and at the same time the main advantage of biocatalytic reactions from classical 
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chemical reactions in general, is the selectivity. Oxds are also enantioselective catalysts capable of producing 

enantiomerically pure nitriles. However, the selectivity of aldoxime dehydratase is a very special novelty.  

 

Scheme 7: Whole cell biotransformation of OxdB catalyzed dehydration of 2-phenylpropanal oxime (PPOX) in different 

E/Z-mixtures.[46] 

The first reported enantioselektive dehydration of aldoxime was by Metzner et al.[46] showing high enantiomeric 

excess 98% ee could be reached when using low reaction temperatures and high E/Z ratio (99/1). Revealing that 

the enantioselectivity of the Oxd catalyzed dehydration is dependent on the E/Z ratio of the aldoxime and stating 

that low temperatures would decrease the isomerization rate.  

 

Scheme 8: Substrate scope of the synthesis of chiral nitriles with five different aldoxime dehydratases.[47] 

With intensive investigation from Betke et al.[47] a broad substrate scope with 5 different aldoxime dehydratase as 

well as a detailed characterization of the enantioselectivity was achieved proposing a general concept. All five 

aldoxime dehydrataseS follow the same principle when chiral aldoximes are used for the reaction. When starting 

with an E-isomer, preferable the S-nitrile is formed and vice versa with the Z-isomer. Particular substrates with 
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their stereogenic center in Ŭ-position as well as a strong steric differentiation of the substituents at the chiral center 

showed high enantioselectivity in the reaction course, yielding the corresponding nitriles with up to 99% ee.[45] 

This phenomenon was later tailored and reported[48] as part of this work in chapter 1. This unique phenomenon 

brings the advantage in applied organic synthesis to be able to obtain opposite enantiomers with the same starting 

aldehyde in optical pure form. The use of this method for industrially relevant product is rather low, since low 

substrate loadings as well as the preparation of the substrate with multiple workup stages, as well as the 

isomerization are difficult to deal with. In addition, kinetic resolutions (KR) in general are non-elegant routes, with 

their naturally limitation of 50% yield.[49] The limitation of a KR can usually be addressed with a dynamic kinetic 

resolution, in which a second reaction is used to racemize the residual enantiomer.[50ï53]  In relation to the aldoxime 

dehydratase catalyzed reaction, however, a DKR would only solve this problem to a limited extent. Since the limit 

of this KR is not 50% but 25% if one assumes an E/Z proportion of 1/1. Which is why the reaction is so extremely 

unattractive for the preparation of product relevant nitriles. To realize, an attractive and elegant way for the 

preparation of chiral nitriles starting from aldoximes and using Oxds, a formal double dynamic resolution (DDKR) 

has to be developed and opens up an exciting and novel approach, which was also part of this work and will be 

discussed in chapter 4.  

2 Protein engineering with computational tools: State of the art 

2.1 Overview computational tools guided protein engineering  

In the last decade, enzymes have found great value in industrial and pharmaceutical synthesis.[54] The development 

has been made possible by unprecedented advances in protein engineering that can modify naturally occurring 

enzymes in terms of substrate spectrum, specificity and selectivity.[55] In addition, ways have been developed to 

maintain the activity of the enzymes at elevated temperatures or under the influence of organic solvents.[56] The 

possibilities go so far that we have already reached the end of the third wave of biocatalysis.[57] One of the most 

important milestones reached was the development of directed evolution.[58,59] Enabled by high throughput assays, 

directed evolution can be performed to reach the desired properties of an enzyme with ease. But, depending on the 

targeted property and the fact that not all enzymes can be assayed in high throughput manner, the demand for 

computational analysis as alternative is very high.[60]  

 

Figure 3: General overview about the screening afford versus the computational time of protein engineering approaches. 
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The computational tools for protein engineering are very diverse ranging from combinatorial[61] to fully rational[62] 

with widely varying approaches. The combinatorial methods are based on the random mutagenesis principle with 

the premise that the mutation space is reduced by rational design to have a feasible approach.[61,63,64]  

While rational design does not require extensive screening, the enzyme must be fully understood at the molecular 

level (structure-activity-relationship, SAR). There are different types and approaches for rational design, whereas 

the application depends on the targeted enzyme property. Substrate specificity and enantioselectivity are often 

governed by steric factors of the active site, which is why docking simulation, MD-simulation and QM/MM-

methods are suited for targeting those properties.[65] In addition, docking simulations provide general information 

about the active site and binding possibilities for the ligand.[66] Even though the number of available protein crystal 

structures increased in the last years, most of them are without direct information about substrate binding. 

Conventionally, those informationôs are gathered by preparing co-crystals either with the substrate or an inhibitor, 

but the generation of co-crystals are enormously tedious and often without success. The general success and 

convenience of docking simulations, has great importance especially in medicinal chemistry. Virtual screening 

method help in hit identification and in later stages also in lead optimization, thus improving drug development.[67] 

 

2.2 Molecular modeling methods to improves substrate specificity and selectivity  

For most cases the modification of the substate specificity and selectivity of an enzyme is the simplest property to 

target with docking simulation.[56] This applies specially when reaction mechanism and binding pose of ligands 

due to co-crystals are already available. For that, the essential step is the correct preparation of the active site in 

order to reimage the transition state of the reaction. With correctly defined geometries, such as binding angles and 

distances, a differentiation even between enantiomers of one ligand is possible.[68] Therefore, this method is highly 

dependent on the informationôs available. In most cases docking simulation, at least reveal a visualization of the 

binding pose.  

This can be exemplified with the work of Ghislieri et al.[69] whereas basic docking experiments led to a hypothesis 

driven mutagenesis of the monoamine oxidase from Aspergillus niger (MOA-N). The enzyme was previously used 

to deracemize simple chiral amine with only one large moiety at the chiral center.[70] The modification led to an 

active site with much higher volume, leading to an enlarged substrate scope of the MOA-N mutant (Figure 4). 

The new developed mutant of MOA-N was able to selectively oxidize (S)-4-chlorobenzhydrylamine towards the 

ketone.  
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Figure 4: Modeled structure of the MOA-N and mutants with increased volume of the active site leading to improvement of 

substrate acceptance from (S)-phenylethylamine as ligand towards 4-chlorobenzhydrylamine. (This figure was reprinted with 

the permission of ACS). [69] 

When docking is combined with saturated mutagenesis the binding poses are not required to be accurate to have 

sufficient improvement, especially when the active site or the substrate is large and multiple conformations are 

possible. The visualization leads to hypothesis guided complete or partial randomization of the identified hotspots, 

which represents a simple yet highly successful approach without deepening the understanding of the enzyme. For 

this purpose iterative saturated mutagenesis (ISM) became a broadly applied tool.[71]  Besides the application in 

biocatalysis docking is a key tool in medical chemistry, whereas its used to screen large ligand- or receptor- 

libraries in the field of drug discovery and development. Furthermore, molecular modeling can also be applied to 

find certain features in nature. Starting from docking simulation the active site can be rationalized and the proposed 

or predicted changes in the essential amino acids can be screened in large sequence based[72] or structure based 

libraries.  

But docking simulations have their limitations, which strongly dependent on the reaction and investigated property. 

Since it is well known that enzymes are not static catalysts and that their performance is more mechanical driven 

concerted dynamic interaction of all amino acids,[73]  reactions proceeding in multiple dynamic transitions states 

or when the selectivity is depending on the migration of the ligand (tunnel),  docking simulation alone cannot be 

applied to a rational improvement. Therefore, enzyme activity as well as stability are also properties, which usually 

cannot be addressed actively by docking simulations.   

To address such properties as well as to include the dynamic nature of enzymes molecular dynamic (MD) 

simulations were invented.[74] One of the biggest pioneers in this field is D. B. Janssen, his group developed a 

molecular dynamic simulation to predict the enantioselectivity of an enzymatic reaction. Determining transitions 

states or binding motifs as near attack conformations (NAC) with docking simulation. In a subsequent MD 

simulation, the examined amount of time or the population rate of the ligand in this NAC were correlated with the 

enantioselectivity.[75,76] Whereas the enantioselectivity would be then calculated with Epredicted = [NAC]P/[NAC]D. 

P refers to the preferred enantiomer and D to the disfavored enantiomer. The method was designed with 

dehalogenase as example (Figure 5).  The reason for that was, that for four different dehalogenases X-ray 

structures were available as well as experimental data of 45 substrates, which provided conversions and 

enantioselectivities ranging from E-values of 1-200, thus providing the perfect basis for in silico development. 
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Figure 5 shows the NAC determined via docking and the subsequently used MD-simulation to predict the 

enantioselectivity.  

 

Figure 5: Schematic illustration of the dehalogenase catalyzed reaction. Geometries that were clarified to result in a near 

attack conformation (left). MD-simulation to determine the time spend in NAC (right). (This figure was reprinted with the 

permission of ACS). [75]  

Important key players, that need to be mentioned when it comes to modern protein engineering are Bornscheuer 

& Höhne. Besides their utilization of automated HTS methods and bioinformatic tools they also showed many 

examples of molecular modeling guided protein engineering.[77,78] In one example they use MD-simulation for 

substrate specificity and activity  modification of the transaminase from Chromobacterium ciolaceum, enabling 

the conversion of bulky ketones and increasing the activity by 200-fold.[79] Tailoring that the specificity is 

dependent on the tunnel leading to the active site of the enzyme. The MD-simulation guided trajectory of the ligand 

through the tunnel, led to rationalizing key amino acids and modifying them to improve the biocatalytic 

transamination. In Figure 6 the modified positions of the transaminase (F88L, C418L) as well as the bound PMP 

at the end of the tunnel are shown.  

 

Figure 6: Illustration of designed mutant identified via MD simulation. (This figure was reprinted with the permission of 

ACS).[79] 
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MD-simulations are well suited to investigate complex enzymatic reactions and interactions. The costly 

computational times are gradually becoming a matter of the past with regard to the rapid development of chip 

technology.[80] This is also the case for quantum mechanical (QM) methods. While MD simulations are suitable 

for, as the name suggests, dynamic interactions, i.e. movements in general, QM methods are mainly used for the 

determination of transition states. Thus, QM methods can be used to gain a better understanding of the reaction 

steps and to formulate reaction mechanisms (Scheme 9).  

 

Scheme 9: Schematic illustration of the NCS catalyzed Pictet-Spengler reaction. Exemplified transition states as result of the 

QM-calculation as well as the energy profile leading to the formation of (S)- and (R)- products are shown in black and red, as 

illustrative example. (This figure was reprinted with the permission of ACS). [81] 

Norcolaurine synthase (NCS) is able to convert dopamine and 4-hydroxypehnylacetalehyd to norcolaurine, 

however it was unclear how the reaction would proceed, which were the selectivity determining steps, which 

substrate would migrate first and how would the transition states look like. To clarify these questions QM methods 

were applied to determine energy profiles for each pathway and of the formed enantiomer. The extensive 

calculation led to the explanation and tailoring of the mechanism behind the NCS catalyzed reaction. This example 

clearly shows the strengths of QM methods, but with the drawback that QM methods alone are not suited for the 

application of a broad substrate classification, due to the long calculation time including only a specific subset of 

molecules. However, they deliver crucial mechanical inside especially when nothing else about the enzyme is 

known.[81] For an instance the characterization of the NCS enantioselectivity with docking or MD simulation would 

not have been possible for the exemplified reaction of norcoclaurine synthase. The revealed mechanism behind 

the NCS, provides the basis for subsequent work on substrate specificity and selectivity.   
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2.3 Molecular modeling methods to improve stability and activity  

MD simulations are also used to identify dynamic, flexible regions of a protein. Changes in these regions can affect 

protein stability and activity, because catalysis requires certain flexibility of critical residues or parts of the protein. 

The improvement of the stability is a crucial point when it comes to biocatalysis, but besides the usage in organic 

chemistry, increasing the stability of an enzyme is always beneficial, since it promotes the evolvability.[82] At the 

same time, computer-based enhancement of stability (thermostability, solvent tolerance) is the most difficult task 

in terms of rational design. Since stability, unlike selectivity or specificity, does not depend on a few amino acids 

in a particular scaffold, rather the scaffold itself determines the stability. While our current understanding is not 

sufficient to represent an excellent tool for stability calculations, at the same time, many different approaches to 

predict and improve thermostability are available. On the bioinformatic level, it is possible to compare the target 

protein with thermophilic proteins either using a homology model or sequence based comparison.[83] Other 

structure-based methods refer to flexibility (B-fit), hydrophobic interaction in the protein core, disulfide bonds 

(FRESCO) or folding energies (FoldX).[56,84] The most successful way to enhance protein stability is to use small, 

but smart libraries.[85]  

 

Figure 7: The defined mutation sites in Lip A that were chosen for saturation mutagenesis. Thermostability of the purified 

Lip A and mutants X and XI displayed as residual activity curves. (This figure was reprinted with the permission of Wiley-

VCH).[85] 

The libraries development can be achieved by using the named properties as an exploitation principle, to achieve 

a certain accuracy rather than just randomly screening. For an instance Reetz et al.[85] showed by using the B-factor 

as argument of the flexibility of a protein regions as criteria to define hot spots, which then were used to generate 

libraries. Those libraries were screened to identify improvement in thermostability. Lead mutants were then 

combined in a ISM to achieve final variants (X, XI) with highly improved thermostability from 50 °C (at 50% 

residual activity) to 95 °C (Figure 7).[85] 
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Figure 8: De novo design of an enzyme exemplified with Kemp eliminase. (This figure was reprinted with the permission of 

Wiley-VCH).[62] 

Besides that, there are already a few examples exceeding the standard methods and examples and already emerging 

the fourth wave of biocatalysis.[57] Pioneer groups in the field of computational biochemistry achieved examples 

of de novo enzyme design. Starting from QM-calculations to define correct amino acids and ligand geometries for 

a defined and stable transition state of the target reaction. The obtained results lead to an theoretical active site of 

an enzyme, the theozyme.[86] This theozyme is then placed in protein scaffolds using RosettaMatch, the best 

starting points are then further optimized with RosettaDesign to achieve the correct amino acids in the predefined 

theozyme. After further in silico evaluations a few examples 10-100 variants are tested in wet experiments. With 

this method a few de novo designed enzyme were achieved: Retro aldolase,[87] Kemp eliminase[62,88] Diels-

alderase.[89] 

In this work, some of these presented methods and approaches are adopted in order to use them for the enzyme 

class of aldoxime dehydratase, approaching rationally the selectivity, activity and stability. 
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3 Rationalizing the unprecedented stereochemistry of resolutions with 

aldoxime dehydratases via molecular modeling  

3.1 Motivation  

Designing stereochemical processes is of utmost importance for the access to chiral building blocks needed for the 

production of fine chemicals and pharmaceuticals.[57,90,91] While over the last decades numerous examples with 

chiral chemocatalysts as well as enzymes, both representing fascinating chiral catalysts, exist, at the same time 

ñby definitionò there is one general limitation for any type of stereochemical process.[57,90,91] When starting from 

one (enantio)selective catalyst and a specific substrate, only one enantiomeric form of the product will be obtained. 

This is true for any type of asymmetric catalysis starting from prochiral substrates as well as for resolutions starting 

from racemic substrates.[57,90,91] In other words, when having only one enantiomerically pure form of a chiral 

catalyst in hand, only one enantiomeric form of the product will be accessible in the corresponding transformation.3 

Very recently, however, a unique enzymatic transformation which gave access to both enantiomeric forms of a 

chiral nitrile although starting from the same racemic aldehyde and utilizing the same enzyme were identified.4 

This unprecedented stereochemical phenomenon turned out to have its origin in the formation of racemic E- and 

Z-aldoximes as intermediates by simple condensation of the aldehyde as starting material and hydroxylamine.  

 

Scheme  1. Enantioselective dehydration of aldoximes towards the corresponding nitrile. 

These racemic E- and Z-aldoximes serve as the ñrealò substrate for the enzyme and are enantioselectively 

dehydrated to the chiral nitrile. It is noteworthy that the enantiopreference of this enzymatic resolution then 

surprisingly does not depend on the absolute configuration of the stereogenic center at the aldoxime, but on the E- 

or Z-conformation of the aldoxime.  
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In detail, in the presence of the same enzyme, using the E-racemate as substrate then furnished the (S)-nitrile, 

whereas the (R)-nitrile was formed when starting from the Z-racemate (Scheme 10).[47] Thus, when separating 

these E- and Z-aldoximes, both racemates undergo dehydration with formation of the opposite enantiomers of the 

nitrile products, whereas using the non-separated racemic E/Z-mixtures would lead to more or less racemic nitrile 

products. The catalysts being capable of this unique transformation are members of the enzyme class of aldoxime 

dehydratase (EC: 4.99.1.5).[13,23,92] Although they have been known for over three decades, only 8 different 

enzymes have been published with only a little known about their nature. These heme containing enzymes convert 

aldoximes to the corresponding nitriles by release of water without any additional cofactor and contain a catalytic 

triad consisting of an arginine, histidine and serine or threonine. The substrate scope turned out to be very 

broad,[13,16,18,22,23,28,39,46,47,92,93] and among the resulting aliphatic and chiral nitriles are various important products 

for the chemical industry.  

To gain insight into this exciting and very unusual stereochemical behavior of this class of aldoxime dehydratases, 

molecular modeling studies were performed, including in silico mutations and docking studies. In order to prove 

such data on rationalizing the selectivity of an aldoxime dehydratase, the computational studies were combined 

with laboratory experiments by preparing and characterizing the theoretically calculated enzyme mutants. Based 

on a general postulated mechanism for an aldoxime dehydratase by Nomura et al.[16] the  focus of this work was 

rationalizing this unusual switch in enzyme selectivity by means of docking experiments. As a software MOE 

(Molecular Operating Environment)[94] was used to investigate protein-ligand structures. The software has already 

proven to be highly successful for a range of applications.[95,96,97] With the combination of wet experiments 

including a variety of mutants and substrates an approach to understand this unique and unprecedented behavior 

regarding the enantioselectivity of these enzymes was developed. Furthermore, the method should first be able to 

correctly predict the enantioselectivity of the reaction to then be able to predict mutants with increased or decreased 

enantioselectivity. By achieving a model with high accuracy in the enantioselectivity prediction, gaining a rational 

insight into stereochemical properties of such enzyme should be possible. The conducted computational as well as 

experimental work, which will be discussed in the next few chapters was successfully reported in Angewandte 

Chemie.[48] 
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3.2 Biocatalytic dehydration of chiral nitriles  

To characterize the stereoselectivity of the aldoxime dehydratase from Rhodococcus sp. N-771 (OxdRE-WT)[26] 

for a model substrate as a basis for the molecular modeling studies, at first ortho-, meta- and para-fluoro-

substituted phenylpropanal oximes (rac-2FPPOX, rac-3FPPOX, rac-4FPPOX) were synthesized and purified as 

racemic E- and Z-isomers according to previously developed protocols.[47,98] The isolated racemic E- and Z-isomers 

were subsequently used in biotransformations with E. coli BL21-STAR whole cells containing OxdRE in 

recombinant form (Table 5). The reactions with this wild-type enzyme proceed as expected as previously 

described,[47] thus furnishing the (S)-nitrile when starting from the E- isomer whereas utilizing the Z-isomer led to 

the (R)-nitrile. The determined E-values and the corresponding calculated energy values of these biotransformation 

experiments are given in Table 5.  

Table 5: Biotransformations of various fluoro-substituted phenyl-2-propanal oximes as E- or Z-isomers with OxdRE-WT  

 

# Name OxdRE-WT 

 
FPPOX Con. / 

% 

ee / 

% 

E- 

Value 

ææG / 

kcal·mol-1 

1 
 

45 96 (S) 112 2.6 

2 
 

50 65 (R) 9 1.2 

3 
 

48 96 (S) 146 2.7 

4 
 

52 64 (R) 9 1.2 

5 
 

34 93 (S) 44 2.1 

6 
 

32 54 (R) 4 0.7 
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3.3 Development of a docking procedure  

This aldoxime dehydratase from Rhodococcus sp. N-771 (OxdRE-WT)[26] has been chosen for this study since 

crystal structures are available for this enzyme (PDB 3a15, 3a16, 3a17),[14] which served as an ideal starting point 

for the molecular modeling of the transition states when converting the various E- and Z-isomers. In detail, three 

different crystal structures are available, including two structures being co-crystallized with non-chiral substrates. 

Furthermore, crystal structures of two different conformations of the OxdRE are known, namely an ñopenò and ña 

closedò conformation. Since the available co-crystals were only found in ñclosedò conformation, the docking was 

performed using the closed conformation of OxdRE as this conformation appeared to be the one being relevant for 

the catalytic cycle. In order to find out which step in the reaction determines the selectivity, normally all 

intermediate states must be calculated. As in this case the enantioselectivity of the enzyme depends on the E- or 

Z-isomer of the substrate and due to the fact that this E/Z information only can play a role in the initial step of the 

catalytic mechanisms during the binding phase of the ligand, the binding energies of the ligands to rationalize the 

stereoselectivity of this enzyme class were calculated. The MM force field calculation was performed using data 

generated from preliminary experiments[47] and from this work. To find the correct protein-ligand-structures (pose) 

the co-crystal[14] with n-propanal oxime as ligand as a basis for this study was used. Based on the distances and 

angles of the co-crystal and the mechanism[16] for the dehydration, cut off values for a correct pose were calculated 

(Figure 9a). 

 

Figure 9. (a) Evaluating the docking results with redocking of propanal oxime; (b) pharmacophore generated with propanal 

oxime. 

b 

a 
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With the redocking of the n-propanal oxime the docking model as well as the calculation were evaluated and 

proven to be correct. To further refine, simplify and automate the docking simulation pharmacophores to obtain 

the correct pose of the ligands (Figure 9b) were generated. The pharmacophore can be used to define the binding 

motif such as the position of the functional group and its orientation. For example, a good pose is not just be 

described by the presence of the ligand inside the pocket, but by the orientation of the aldoxime ligand, in which 

the aldoxime function shows a specific position with specified angles (His-O-Ser ~115°), dihedrals (C-N-O-O, 

~85°) and distances (Fe-N, ~2.5 Å; O-Ser, ~2.8 Å; O-His, 2.7 Å) towards the heme group and the catalytic triad. 

Only when these prerequisites are fulfilled, the subsequent dehydration step can proceed. With these defined 

parameters in hand, a pharmacophore query was created which then allowed to find ligand poses with this specified 

binding motif. Even though metalloenzymes are not well parameterized[99] a combination of MMF94 force field 

with the scoring functions London dG and Affinity dG proved to be suited for this purpose. The protein model 

was prepared using the preparation kit given by MOE. 

 

Figure 10: Ligand interaction pattern with (R,Z)-3FPPOX as an example bound in the active site of OxdRE-WT. 

As a representative example, the 2D-figure in Figure 10 shows the interaction pattern of the enantio- and 

diastereomerically pure ligand (R,Z)-3FPPOX with the active site of the enzyme OxdRE-WT. The ligand shows a 

hydrogen donation to the Ser219 and the H320 donates a hydrogen towards the oxygen of the ligand, while the 

nitrogen is coordinated by the FeII-metal center of the heme. The phenyl group of the ligand interacts with the 

porphyrin ring via ʌ-ʌ-stacking and the aldoxime function for each isomer is always in the same position.   
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It is noteworthy that by means of this modeling tool, it was not only possible to predict the enantiopreference, but 

also to determine quantitatively the enantioselectivity of any aldoxime substrate of this study (Table 6). In detail, 

the calculated difference (ææG) of the ligand binding energies (æG) were used to predict the enantiopreference 

and enantioselectivity. For example, the binding energy of (S,E)-3F of -9.66 kcal·mol -1 is lower than the binding 

energy of the opposite enantiomer (R,E)-3F with -7.68 kcal·mol-1 (Table 6, entry 7&8). Notably, the resulting 

calculated energy difference (ȹȹG) of 1.98 kcal·mol-1 corresponds very well with the experimental value of the 

enantioselectivity and the preferred formation of the S-enantiomer. The high accuracy is underlined when 

comparing the ææG-values from the docking experiments (Table 6) with those obtained from the 

biotransformation experiments (Table 5) demonstrating a perfect agreement of the predicted enantio-preferences 

and a good agreement of the quantitative ææG-values. By looking deeper into the final poses of the protein-ligand-

structures and docked ligands, similarities between each substrate and its conformers (Figure 11) were revealed. 

The methyl group is exposed to M29, L145 and the H320. The general pose of the docked ligand does not vary 

from the position or the type of halogenation of the phenyl ring. Therefore, the halogenation has no direct effect 

upon the selectivity, however, it has a certain influence on the acceptance of a ligand. The enantiomeric excess 

can differ because the binding energies vary with the type and position of substituent on the phenyl ring. 

Table 6: Comparison of docking experiments with OxdRE (3a17) and 2ô-, 3ô-, and 4ô-

fluorophenyl-2-propanal oximes FPPOX and the experimental biotransformation of 

OxdRE-WT with the various aldoximes. 

# Aldoxime 
æG / ææG / 

Prediction Experiment 
kcal·mol-1 kcal·mol-1 

1 2F-ER -7.30 
1.87 

(S) (S) 

2 2F-ES -9.17   

3 2F-ZR -6.24 
1.64 

(R) (R) 

4 2F-ZS -4.60   

5 3F-ER -7.68 
1.98 

(S) (S) 

6 3F-ES -9.66   

7 3F-ZR -6.28 
1.51 

(R) (R) 

8 3F-ZS -4.77   

9 4F-ER -7.07 
2.65 

(S) (S) 

10 4F-ES -9.72   

11 4F-ZR -5.88 
0.92 

(R) (R) 

12 4F-ZS -4.96     

ȹG: Binding energy from docked ligand, ȹȹG: Difference of binding energies between 

two enantiomers of one isomer. Lower binding energy of one enantiomer corresponds 

to the formed enantiomer.  
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Figure 11. Protein-ligand-structure (pose) of 3-FPPOX conformers in the active center of OxdRE-WT. (a) 3-(E,R); (b) 

3-(E,S); (c) 3-(Z,S); (d) 3-(Z,R). 

Therefore, the halogenation has no direct effect upon the selectivity, however, it has a certain influence on the 

acceptance of a ligand. The enantiomeric excess can differ because the binding energies vary with the type and 

position of substituent on the phenyl ring. The methyl group is the only group which differs between the compared 

conformers in space and alignment. Based on that information, that the main reason for the selectivity with respect 

to an isomer the arrangement of the methyl group was claimed. The methyl group is always positioned in a cavity, 

which is formed by the amino acids M29, L145, A147 and H320, but for each conformer in a specific arrangement 

(Figure 11). In general, all PPOX-derivatives follow a certain alignment. The methyl group of the PPOX derivates 

is always in the cavity. However, while the methyl group of the ligands with E,R- and Z,S-conformations (not 

preferred) are closer to the H320 and L145, the methyl group of the ligand with E,S- and Z,R-conformation 

(preferred) are more in the middle of the pocket directing towards the cavity (Figure 11). The available data 

suggests that the position and orientation of the methyl group in relation to the cavity determines the selectivity 

(Figure 11a). The necessary alignment is only possible for the E-isomer in S configuration and for the Z-isomer 

only in R configuration. Due to the scoring function, however, it is not possible to determine the single contribution 

of each Van-der-Waals-(VdW)-interaction. Thus, a direct determination of the energy contribution of the methyl 

group was not possible. Another contribution leading to the observed selectivity could be related to the aldoxime 

function. Due to their small variation in the alignment, the aldoxime moiety could cause the energy gap (ææG) and 

with that the selectivity. Because of the perfectly designed model it is possible to determine single atom energy 

contribution due to the ligand interaction pattern illustrated in (Figure 10). Using the energy contribution, it has 

been successfully demonstrated that no correlation between energy contribution, selectivity and conformation 

a b 

c d 
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exists. Meaning the aldoxime functionality does not correlate with the selectivity. If for an instance the aldoxime 

functionality would have an impact upon the selectivity, then, when comparing ȹȹG values (ȹȹGNOH= ȹESNOH-

ȹERNOH) for a pair of ligands, a sign reversal could be observed leading to an alternating graph when plotted 

against the selected ligand pairs. But Figure 12 shows randomly distribution of the energy differences. Therefore, 

it was concluded that the arrangement of the aldoxime function is essential for the reaction, but insignificant for 

the differentiation between the enantiomeric pairs of an isomer.  
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Figure 12: Energy contribution of the aldoxime function in dependency of the enantiomer formed 

 

3.4 Modeling guided site directed mutagenesis of OxdRE 

To prove the hypothesis about the methyl group being the main cause for the selectivity and in order to validate 

the modeling study further, the calculation as well as experimentally evaluation of various mutants with (i) a more 

enlarged or alternatively (ii) a tighter cavity in the active site, was initiated. Accordingly, these mutants then should 

lead to a decreased (in case of (i)) or increased (in case of (ii)) differentiation of the substrate enantiomers, and 

thus to a decrease of increase of the enantioselectivity. To start with the design of mutants with an enlarged active 

site (case (i)), in silico studies showed that mutants with such an increased size of the cavity goes in hand with a 

significant decrease of the ææG-value. 
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Figure 13. 3-(R,Z)-FPPOX bound in the catalytic center of OxdRE-WT (a), in L145F (b) and 3M (c). The methyl group is in 

the cavity, which is formed by the amino acids M29, L145, A147 and H320. The figure shows the docked position of the 

ligand 3-(R,Z)-FPPOX in three different OxdRE variants. The L145F has a smaller cavity the triple point mutant 3M (M28, 

L145A, A147G) has an increased cavity size 

Consequently, such mutants then should lead to a lower selectivity. As described above, the cavity is formed by 

four amino acids. With A147 being already very small and M29 being highly flexible, L145 was the most 

promising mutation site, due to the highest steric contribution to the cavity. Mutating the proximal H320 to glycine 

or alanine also would increase the size of the cavity tremendously, but as part of the catalytic triad it is not possible 

to mutate the proximal H320 without creating a loss of function mutant.[100]  However, the single point mutations 

of each position did not lead to a significant decrease of the ææG-value except for the H320 mutation (in silico). 

Therefore, double and triple point mutations, whereas the triple point mutation showed a more significant decrease 

in the ææG-value were designed. Based on the in silico analyses, the most promising mutant would have been the 

triple glycine mutant M29G/L145G/A147G (OxdRE-3G). However, in the wet experiments this mutant was found 

to be unstable, and the expressed protein could only be observed as insoluble protein (Figure 14).  

a 

b c 
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Figure 14: SDS-PAGE of OxdRE-WT (WT), OxdRE-L145F (L145F), OxdRE-M28/L145A/A147G (3M) and OxdRE- 

M29G/L145G/A147G (3G). C indicates crude extract while L indicates lysate. The SDS-PAGE show the over expression of 

the Oxds in general by the means of lysate solution with the comparison to the crude extract. 

As alternative the M28/L145A/A147G (OxdRE-3M) mutant (Figure 13c) was generated. For the next step, the 

focus was to generate complementary mutation strategy, to create a variant with a decreased size of the cavity 

(case (ii)), thus making the active site more rigid. Accordingly, for the resulting biotransformation then an 

increased enantioselectivity can be expected. In order to decrease the size of the cavity, the position L145 turned 

out as the only option for a suitable mutation. In contrast, the amino acids M29 and A147 are not suitable for 

rationally decreasing the size of the cavity. The A147 mutations were all in the wrong orientation and not exposed 

to the active site. M29 was already one of the longest amino acids, which could reach the cavity. For Leu145 the 

most promising in silico mutation was found to be L145F (Figure 13b). Other amino acids were also tested in 

silico, but they were either too small, too large or changed the environment of the catalytic triad too much. The 

goal of this study (decreased cavity) was to gain an aldoxime dehydratase, which can convert only one enantiomer 

of four possible conformers (ES, ER, ZS and ZR). The in silico site directed mutation and the performed docking 

predicted, that the L145F mutant would be a promising candidate for a more enantioselective conversion of PPOX 

derivatives (Figure 13b). With these two optimized mutants in hand (addressing case (i) and (ii)), a detailed 

theoretical as well as experimental study was conducted (Figure 15). For a better comparison of the theoretical 

data with the experimental ones from the biotransformation, the E-values from the determined energy values 

(ææG) were calculated. As expected, the enantioselectivity (E-value) is much higher for the L145F mutant, while 

for the 3-M mutant the enantioselectivity is much smaller, which agrees with the proposed hypothesis. For 

example, for the two enantiomers of the 2FE-PPOX substrate a much higher enantioselectivity was determined in 

the docking experiment for the OxdRE-L145F mutant compared to the wild type and the mutant OxdRE-3M. In 

detail, the optimized mutant OxdRE-L145F shows an E-value of over 200 whereas OxdRE-WT and OxdRE-3M 

show much lower selectivities with E-values of 28 and 22 (Figure 15a). The docking data further predicts that in 

general the enantioselectivity for the conversion of the Z-isomer is lower than the conversion of the E-isomer. 

Thus, from these in silico experiments the prediction shows that the mutant L145F is about 10 times more selective 

than the wild type, while the 3M-mutant is about one third less selective. 
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In order to evaluate if the predictions and hypothesis are correct, in vitro mutations of OxdRE and 

biotransformationôs were performed. The results from these in vitro, which are shown in figure 5b, agree with the 

theoretical data and also revealed interesting results.  

Figure 15. Graph A: Calculated E-values from the ææG values of the docking data for the FPPOX derivatives with each 
enzyme. The graph was normalized to a maximum E-value of 200. Graph B: The E-values from the biotransformation of the 

FPPOX derivatives to their corresponding nitrile with the use of OxdRE-WT, OxdRE-L145F and OxdRE-3M. The graph was 

normalized to a maximum E-value of 200. 

Although the E-values of the docking data are not exactly the same as the E-values of the biotransformation, both 

studies revealed the same tendencies and the calculation is consistent with the experimental data, showing highest 

E-values for the L145F mutant and lowest E-values for the 3M-mutant. The best example for increased selectivity 

is in case of the 2FE-PPOX substrate, whereas the L145F mutant has an E-Value of over 200 compared to the wild 

type with 112. The best example for decreased selectivity can be observed for the 3FE-PPOX, with the mutant 3M 

28

18

35

15

117

5

200

64

184

1

200

11

22

1

28

6

15
11

2FE 2FZ 3FE 3FZ 4FE 4FZ

0

50

100

150

200
E

-v
a
lu

e
 

Ligand

 WT

 L145F

 3M

Graph A: Calculated E-values (docking) 

112

9

146

9

44

4

200

20

200

8

64

11

75

4

16

2

26

1

2FE 2FZ 3FE 3FZ 4FE 4FZ

0

50

100

150

200

E
-v

a
lu

e

Substrate

 WT

 L145F

 3M

Graph B: Experimental E-values (Biotransformation)



 

28 

 

being about 10 times less selective, than the wild type.  The L145F mutant is still able to convert both isomers and 

not able to selectively convert an E/Z-mixture to the (S)-nitrile, but the selectivity is also for the mixture two times 

higher than the wild type, which will be discussed in Chapter 4. It is noteworthy that the selectivity could be 

increased just with one single point mutation and that with gained knowledge the enzyme can be engineered 

further.  

 

3.5 Summary and outlook for rationalizing the stereochemistry of aldoxime 

dehydratase 

In conclusion, the stereochemically unique and to the best of our knowledge unprecedented stereochemical 

phenomenon of aldoxime dehydratases, which can enantioselectively dehydrate aldoximes prepared from the same 

aldehyde to both enantiomeric forms of a chiral nitrile, has been rationalized by means of a molecular modeling 

study utilizing MOE as a software.  

 

Figure 16: General flow chart for molecular modeling. 

Thus, an optimal flow chart for modeling starting from protein and ligand structure, which were designed and 

prepared in silico, was utilized. By combining mechanism knowledge and experimental data a perfectly fitting 

model was accomplished. This modeling gave a detailed explanation why with the same enzyme the use of racemic 

E- and Z-aldoximes led to the opposite forms of the chiral nitrile. Furthermore, the modeling study was supported 

when designing mutants with an increased and decreased cavity, which showed the expected and theoretically 

predicted decrease and increase of the enantioselectivities also in the experimentally conducted 

biotransformations. In addition, based on this validated model it was possible to rationally design mutants with a 

decreased size of the cavity, which then gave superior enantioselectivities compared to the known wild-type 

enzyme with excellent E-values of up to E=200. Thus, this robust and validated model will also serve as a basis 

for predicting aldoxime dehydratase mutants with improved stereochemical properties activities and even stability.  
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4 Chiral nitrile synthesis and formal double dynamic kinetic resolution  

4.1 Motivation  

The kinetic resolution of aldoximes with Oxds require pure isomeric form either as E- or Z- aldoxime to obtain 

enantiomeric pure form of the corresponding nitrile.[101] Even though phenylpropanal oximes (PPOX) with a 

benzylic- and a methyl moiety can be purified into their isomers, the procedure even using automated column 

chromatography is very tedious and only in small amounts possible.[47] Furthermore, the isomers are in a long term 

instable and can only be stored in solution at -20 °C. From the chemical point of view, a kinetic resolution has the 

major drawback of being limited to maximum yield of 50%. In the case of aldoxime transformation with pure 

isomers, the maximum theoretical yield is even further limited. If, for simplification, assuming that the E/Z 

proportion is 50/50, the racemic mixture must first be purified into rac-E and rac-Z. Then, the substrate can be 

converted into the alleged nitrile in a kinetic resolution. In the case of rac-E, an ideal kinetic resolution would 

yield the pure S-nitrile and the remaining (R,E)-aldoxime with 25% each (Scheme 10). In reality, neither the 

enzyme is perfect, nor is the isomer ratio 50/50. For most phenylpropanal oximes, the thermodynamic equilibrium 

is about 70/30 (E/Z), whereas for fatty aldoximes, for example, it is 50/50 (E/Z). Since, the enzyme accepts both 

isomers of the PPOX as opposite enantiomers as substrate, using the substrate as E/Z-mixtures to increase the yield 

will lead to a racemate (when starting from a 50/50 E/Z-ratio). 

 

Scheme 10: Schematic illustration of a perfect kinetic resolution with pure E- or Z- isomer and an Oxd as catalyst 

In addition, the substrate synthesis of the PPOX derivatives, is not only tedious in terms of downstream processing, 

but also inefficient due to the three subsequent steps with each step in average reaching only 50% yield, leading 

to an overall yield of only 7-25% (Scheme 11).[47]   

 

Scheme 11: Multistep synthesis of rac-(E/Z)-PPOX derivatives starting from benzaldehyde.[47] 
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With such low yields in the substrate synthesis as well as in the nitrile synthesis, the reaction is not suited for any 

kind of application. Nevertheless, a reaction to obtain chiral nitriles without the use of toxic substances such as 

cyanides and at the same time the possibility to provide them in a broad application is a very important research 

topic and at the same time the motivation of this work. In order to optimize the reaction, not only the biocatalytic 

process (Scheme 10) had to be optimized, but also the substrate synthesis (Scheme 11).  Therefore, investigations 

were consulted to turn the kinetic resolution into a dynamic kinetic resolution (DKR). However, to improve the 

reaction to a DKR, a racemization method would have been needed, whereas the isomers remain stable. This option 

did not seem to be realizable, moreover it would increase the theoretical yield from 25% to only 50%. Instead, the 

already known isomerizability of aldoximes with a suitable racemization should be combined to develop a feasible 

method. Besides the development of a racemization/isomerization method also a suited biocatalyst for this purpose 

was essential. Therefore, an aldoxime dehydratase with regard to its selectivity, that separation of the E/Z isomer 

is no longer necessary, had to be designed. This would not only increase the theoretical yield from 25% to 100%, 

but would also be the first formal double kinetic racemate resolution (DDKR) (Scheme 12). 

 

Scheme 12: Schematic illustration of a double dynamic kinetic resolution (DDKR) with S-nitrile as target product. 

For that purpose, isomerization and racemization of chiral aldoxime with phenylpropanal oxime as the motif 

structure were investigated. Starting with kinetics for the isomerization of rac-(E)-8 and rac-(Z)-8 including a 

temperature, concentration and solvent profile. The biocatalytic dehydration of rac-(E/Z)-8 was used to obtain the 

enantiomerically enriched (R,E)-8 subsequently, (R,E)-8 was used as a substrate for the racemization study. For 

the racemization itself thiazoles were investigated as racemization agent. The substrate synthesis was optimized 

using an alternative route including hydroformylation as key step starting from styrene derivatives. To optimize 

the enzyme and obtain a suitable catalyst for the reaction rational and semi-rational methods were used, including 

molecular modeling, site directed mutagenesis and saturated mutagenesis. As starting point OxdRE-L15F was 

chosen since the variant was already rationally modified with improved enantioselectivity.[101] After achieving all 

individual steps, the development of a process window to combine each step were also targeted. For this purpose, 

the combination of all steps was investigated in a flow set up.  
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4.2 Isomerization study with PPOX as standard substrate  

The isomerizability  of aldoxime is already well known and S. Nsikabaka et al.[102] were even able to develop a 

detailed mechanism in the aqueous milieu using DFT calculations. Based on this, the isomerization was quantified 

under different parameters. The resulting kinetic data and conditions should then be used in the DDKR.  

 

Scheme 13: Schematic illustration of the isomerization study with (E)-and (Z)-PPOX (8) into the E/Z mixture 

(thermodynamic equilibrium) 

The following isomerization studies were always carried out with both isomers as starting point. To enable direct 

measurements the reactions were always carried out in deuterated solvents. The enzymatic dehydration of 

PPOX (8) was usually carried out with DMSO (10% v/v) as cosolvent and 10 mM substrate concentration, 

therefore the standard conditions were characterized showing the influence of DMSO first (Figure 17). Whereas 

isomerization occurs very slowly or not at all at 40 °C for all solvent ratios, therefore the reaction was repeated at 

90 °C.  The results indicate, that with increased DMSO concentration, the isomerization rate rapidly decreases. 

Moreover, the thermodynamic equilibrium is reached after 18 hours at 70/30 E/Z-ratio. With pure DMSO as 

solvent isomerization couldnôt be observed. Since it was shown that DMSO has a negative influence on 

isomerization, the proportion of DMSO in the reaction solution was kept low at 10% for the further experiments 

Figure 17 :Effect of DMSO on the isomerization rate of PPOX (8, 10 mM) at 40 °C and 90 °C.  
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The overall isomerization rate is quite low at 10 mM substrate concentration.  The isomerization study at different 

temperature (Figure 17) indicated, that with more kinetic energy and thus accumulation of collisions, the 

isomerization rate increases. Therefore, increased substrate concentration should also amplify the isomerization 

rate. 

 

Figure 18: Concentration dependent isomerization rate of PPOX (8) at 100 °C in D2O/DMSO (9:1) 

To verify whether isomerization depends on substrate concentration, concentration dependent isomerization rate 

was measured. For this purpose, only E-(8) was used, due to the low excess to Z-(8). As expected, the rate of 

isomerization is dependent on the substrate concentration. The higher the substrate concentration, the faster the 

thermodynamic equilibrium is reached (Figure 18). In the case of 240 mM the equilibrium is reached after about 

3 hours, while with 10 mM substrate concentration it takes about 15 hours to reach the thermodynamic equilibrium. 

Thus, a high substrate concentration coupled with a high temperature provides a process window in which 

isomerization can be coupled with enzymatic dehydration.  

Figure 19: Comparison of isomerization rate with ethanol and DMSO as cosolvent using PPOX (8, 10 mM) at 100 °C 
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In the downstream process DMSO appeared to be tedious in terms of work up and substrate preparation, therefore 

a switch from DMSO to ethanol as cosolvent was desirable. In order to perform the reaction with ethanol, the 

influence of ethanol on the isomerization rate at different D2O/ethanol ratios and a comparison with DMSO were 

performed (Figure 19). It appeared that ethanol does not inhibit the isomerization rate even at higher ratios. In 

comparison with DMSO, ethanol does slightly improve the isomerization rate. 

For the process discussed later, (chapter 4.4) the enzymes need to be immobilized in superabsorber using 

cyclohexane as solvent.[37] The isomerization and racemization will take place in a two-phase system containing 

water and cyclohexane. To verify whether isomerization can be combined with the reaction, cyclohexane as solvent 

was tested as well. Since the boiling point of cyclohexane is at 81 °C, the reaction was carried out at 80 °C instead 

of 100 °C (Figure 20). It appears that the isomerization in cyclohexane proceed as well, but slightly slower than 

in water. The reason for this, is probably based on the mechanism of isomerization of aldoximes, since the addition 

of water was postulated as an intermediate step.[102] In comparison, the isomerization in water is about twice as 

fast. With evidence, that isomerization also occurs in cyclohexane in a suitable time window and the possibility 

that it is much faster in a two-phase system than in pure cyclohexane, the isomerization study was completed. The 

next step was to develop a method for racemization. 

 

Figure 20: Isomerization rate of E-PPOX (8) in cyclohexane at 80 °C in comparison with 260 mM isomerization in 

D2O/DMSO at 100 °C.  

4.3 Racemization of chiral aldoximes  

For the racemization of aldoximes a method had to be developed, which would release the hydrogen either as 

proton or hydride in a reversible reaction. Furthermore, the procedure must be selective for the substrate and not 

the product since both are present in the reaction solution at the same time. In view of this fact, only the carbon 

atom of the aldoxime/nitrile functionality remains as possibility to differentiate substrate and product and at the 

same time could potentially provide a racemization method.  The idea was to use a nucleophile with excess to the 

aldoxime, but not the nitrile (Scheme 14). The nucleophile would bind to the positive polarized carbon atom of 

the aldoxime function (I ) forming the amide structure A. The CŬ proton could now tautomerize via a 1,3-H-shift 

(II ) due to its spatial proximity to the negative charged amid leading to the intermediate B. In the next step (III ) 
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the rearrangement of the electrons would lead to the leaving of the nucleophile, while forming a vinylic 

hydroxylamine C. In the last step (IV ) the thermodynamically favored aldoxime could be formed in an imine-

enamine tautomerization type rearrangement.  In the case of the nitrile either step I or step III  will not proceed. In 

step I  the addition of a nucleophile on a CN-bond is very unlikely and even if the imine structure (E) is formed it 

is again quite unlikely to form the ketenimine derivative (F) in step III . All in all, if a suitable nucleophile is 

discovered it should only proceed with the aldoxime not the nitrile.  

 

Scheme 14: Basic concept of theoretical racemization using a nucleophile with aldoxime and nitrile being present in the 

reaction solution  

In literature reactions with similar mechanism do not exist for aldoximes yet, but for aldehydes, namely Stetter-

reaction[103] and benzoin condensation[104]. Those reaction types are generally used to reverse the polarity of the 

carbonyls to subsequently form a C-C coupling. With consideration that aldehydes partly act similar to aldoximes, 

those reactions were investigated first. The Stetter-reaction was originally with the use of cyanide and thiazolium 

salts and later with N-heterocyclic carbenes (NHCs) also as asymmetric catalyst. In this work, the formulated 
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mechanism with thiazolium salts and NHC was particularly attractive.[105] With thiazoles being easily accessible 

and NHCs usually being used for asymmetric coupling, thiazoles were chosen to be investigated in this work.  The 

mechanism behind the ñUmpolungò or pole reversal with Thiazoles as well as NHCs in general is comparable to 

the proposed mechanism (Scheme 15).  

 

Scheme 15: Comparison of the postulated thiazole catalyzed ñUmpolungò mechanism and formation of the Breslow-

intermediate[106] with the proposed mechanism for racemization with thiazoles. 
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The thiazole catalyzed ñUmpolungò starts with deprotonation of the thiazole using a base (I ). In step II  a 

nucleophilic attack of the ylide towards the carbonyl carbon with a follow up (III ) protonation of the oxygen leads 

to the alcohol B. In the last step (IV ) base catalyzed CŬ deprotonation leads to the so-called Breslow 

intermediate.[105,106] In the proposed mechanism for aldoxime racemization, an additional base is not present. The 

thiazole should form the carbene-ylide mesomeres also in water to a small percentage, which could be accelerated 

with thermal energy (I ). Step II  would proceed exactly as for the aldehyde, leading to the amide C, a follow up 

1,3-H-Shift (III ) could lead to the carbanion D as intermediate. Subsequently electron rearrangement fueled by 

the proximity of the positive polarized CŬ next to the carbanion would lead to the formation of the desired vinyl 

hydroxylamine E with the thiazole as leaving group (IV ). In the last step as proposed before, the 

thermodynamically favored aldoxime could be formed spontaneously, in an imine enamine tautomerization type 

rearrangement leading to the compound 8. It is also possible that in step III  the Breslow-Intermediate is formed 

with the aldoxime by a 1,2-H-shift of the hydroxylamine C, but in a reversible reaction with a much lower 

probability of occurrence as well as the followed formation of the racemic substrate (8) a hydride ion had to be 

abstracted, which is again high unlikely. To verify the hypothesis, the enantiomeric enriched aldoximes first had 

to be obtained by doing preparative scale enzymatic dehydration of rac-(E)-(8) with OxdRE-WT (Scheme 16). 
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Scheme 16: Reaction scheme and HPLC chromatogram of the preparative scale reaction using rac-(E)-8 and OxdRE-WT to 

obtain the enantiomerically enriched nitrile (S)-9 and the aldoxime (R,E)-8. 

The nitrile was obtained with 82% ee and the aldoxime with 88% ee (in a second experiment also with 68% ee). 

With the presented HPLC method, it was convenient to determine the ee-values for both the nitrile and the 

aldoxime. The aldoxime and nitrile was then used in a screening with eight different thiazolium salts and thiazoles. 

The screening was performed with 5 mM of aldoxime in water and 0.25 eq of thiazole derivative at 80 °C for 24 h 

(Scheme 17). From the eight tested thiazoles, N-allylbenzothiazolium bromide (13d), thiazole (13g), and thiamine 

hydrochloride (13h) showed a significant decrease of the ee-value (Scheme 17), revealing the possibility of 
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racemization of aldoximes with thiazoles. Thus, further investigations such as concentration, time dependency and 

compatibility with the reaction itself were carried out with the selected thiazoles (13d, 13g, 13h).    

 

Scheme 17: Racemization screening of (R,E)-8 (68% ee) with thiazole derivatives (13a-13h).  

For the investigation of time and concentration dependency of thiazoles catalyzed racemization, (R,E)-8 was used 

with a concentration of 5 mM and an ee-value of 88%. The reaction was carried out at 80°C for 72 h, showing the 

decrease of the enantiomeric excess of (R,E)-8 over the time and in dependency of the thiazole equivalents used 

(Scheme 18). Thiamine hydrochloride (13h) and N-allylbenzothiazolium bromide (13d) demonstrate the highest 

racemization rate by reaching about 12% ee after 72 h with 1 equivalent.  
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Scheme 18: Investigation of the racemization rate of (R,E)-8 with thiazoles (13h, 13g, 13d) in dependency of time with 1 eq. 

of thiazole (left) and concentration after 72 hours (right).  
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The control reaction also indicates that the racemization of the stereocenter occurs even without the addition of 

thiazole derivatives. However, it is evident that with addition of thiazoles 13d and 13h almost complete 

racemization occurred. The addition of thiazole (13g) did not change the ee-values compared to the control 

reaction.  

In the next step the compatibility of thiazolium salts 13d and 13h with the enzyme had to be investigated, to 

exclude inhibitory effect when using thiazoles as additives.  For that biotransformation without and with the 

thiazoles 13d and 13h for 1 hour and 4 hours were performed, using OxdRE as biocatalyst and rac-8 as substrate 

(Scheme 19). The control reaction (without thiazole) reached 50% conversion after one hour. 

N-allylbenzothiazolium bromide (13d) showed a much lower conversion reaching only 15% at 0.06 eq., further 

increasing the reaction time did also not increase the conversion meaning the enzyme was completely inactivated 

in a short time. Increasing the concentration of the thiazole 13d further, lower conversions were reached. In case 

of thiamine hydrochloride (13h) 0.06 eq. had no effect and the reaction still reached same conversion as the control 

reaction without the addition of thiamine. When adding 0.25 eq or 1 eq. of thiamine, lower conversions were 

reached after 1 hour reaction time, however the enzyme was not deactivated since with longer reaction time of 

4 hours the target conversion of 50% was still reached. Concluding that thiamine (13h) has small inhibitory effect, 

reducing the initial activity, but has no effect on the enzyme stability, whereas N-allylbenzothiazolium bromide 

(13d) strongly deactivates the enzyme. With regard to the racemization mechanism, it can be stated that the 

reaction rate presumably is only reduced by the interaction between thiazole and substrate and that thiamine, which 

occurs naturally in E. coli, has no influence on the enzymes stability. 
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Scheme 19: Influence of N-allylbenzothiazolium bromide (13d) and thiamine hydrochloride (13h) on the OxdRE catalyzed 

dehydration of rac-8 
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To exclude the possibility that thiamine hydrochloride (13h) could racemize the nitril 9 also the racemization of 

S-(9) was investigated.  The reactions were performed in PPB (50 mM, pH 6-7) at 80 °C. A racemization could 

not be observed after 24 hours (Table 51), therefore the racemization after 48 hours with different amounts of 

thiamine hydrochloride at pH 6 and pH 7 was investigated.  The resulting data shows, that on the one hand the 

racemization is pH dependent and that on the other hand presumably the added thiamine even suppresses the 

racemization. From the available data this can only be speculated as thiamine itself possibly has no influence at 

all, but only the pH value and the duration of the thermal influence plays a role. Even if the necessary control 

reaction without thiamine as an additive is missing, the gradient clearly shows, that the racemization is not 

catalyzed by thiamine showing higher racemization at lower thiamine concentration.  
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Scheme 20:  Investigation of the racemizability of product S-9  

For a proof of concept, it would be necessary to design the reaction in a time window of 24 hours. In 24 hours, a 

racemization of the nitrile does not occur, thus it does not pose a potential threat to the process. Additionally, the 

thiamine indicated a stabilization of the nitrile, which is also beneficial for the process, while the isomerization 

and racemization of the aldoxime takes place sufficiently. All in all, a suitable isomerization and racemization 

method was developed and will be used in the next chapter to present a proof of concept with respect to a formal 

double dynamic kinetic resolution (DDKR).  
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4.4 Flow set up for the DDKR  

The challenging development of a working double dynamic kinetic resolution (DDKR) was studied with 

phenylpropanal oxime (PPOX). PPOX was a convenient starting point with phenylpropanal being commercially 

available. In the previous chapterôs methods to racemize and isomerize aldoximes were described, since both 

methods require high temperatures, the enzymatic reaction needs to be separated. One possibility would have been 

a multi-sequential one-pot type reaction set up, with adding fresh enzyme to reaction after the thermal/chemical 

treatment, which would be repeated several times until the reaction reaches quantitative conversion.[50,51,107] With 

an immobilization method[37] for aldoxime dehydratase in cyclohexane being available and many examples of 

asymmetric synthesis in flow utilizing enzymes exist[52,108], a more elegant alternative was designed. By separating 

the two reactions (enzymatic dehydration, racemization/isomerization) in two different chambers (flask) and 

connecting those via pipes and using a peristaltic pump, the two reactions can be performed simultaneously in one-

pot (Scheme 21). Using a superabsorber/cyclohexane mixture as biphasic system has two major advantages. One 

advantage is the high stability and convenient preparation of the immobilized cells, by simply using whole cell 

solutions and adding superabsorber until it is solidified.[37] Second advantage is, that the thiamine hydrochloride 

 

Scheme 21: Schematic illustration of DDKR using two reaction flasks as separation for the enzymatic dehydration and the 

chemical racemization/isomerization in a circular flow set up.  

is basically insoluble in cyclohexane and remains in high concentration and without any influence on the enzyme, 

in the water phase of the racemization chamber. This leads to clean and pure transfer of cyclohexane containing 

substrate and product between the two reaction chambers, without any precipitation. Sampling and the work up 

were also straightforward and comfortable. Before setting up the flow reaction, the kinetical data of the enzyme in 

the superabsorber system was investigated (Table 7).  
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Table 7: Summary of reaction kinetics for each reaction step. Qualitative comparison to adjust the flow set up. The displayed 
graph showing incubation time dependent residual activity of OxdRE (20 mg· mL-1) in superabsorber, at 20 °C with 10 mM 

rac-(E/Z)-8 

 

Reaction type Reaction speed 

/ µmol/h 

Temperature 

/ °C 

Concentration 

/ mM 

Isomerization 0.46 (ZŸE) 

0.26 (EŸZ) 

100 10  

Racemization (1 eq. Thiamin) 0.12 100 5  

Biotransformation after 0h 3.6 20 10  

Biotransformation after 3h 2.2 20 10  

Biotransformation after 5h 1.4 20 10  

Biotransformation after 24h 0.4 20 10  

Biotransformation mean 0-24h 1.9-2.4 20 10  

 

By incubation time dependent biotransformations, the degradation rate of the enzyme could be determined. 

Showing that, after 5 hours OxdRE-WT has still about 40% and after 24 hours only about 20% residual activity.  

Therefore, the whole process is limited to a reaction time of about 24 hours, besides with longer reaction time the 

product would as well racemize. By comparing the resulting kinetical data for each step, it appears that the 

enzymatic reaction is about 4 times faster than the isomerization and 10 times than the racemization (Table 7). 

Therefore, certain parameters were chosen for the flow set up (Table 8). The biotransformation itself was carried 

out in Flask1 with a total volume of 5 mL while the racemization took place in Flask2 with a total volume of 

25 mL.  

Table 8: Flow reaction results with 30 mL reaction volume and 17 hours reaction time. 
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1 PPOX WT 30 0.5 eq. 0.6/0.35 20 10 87 7 

(rac) 

2 PPOX WT 30 1.5 eq. 0.6/0.35 20 10 100 1 

(rac) 

3 4FPPOX WT 30 1.5 eq. 0.6/0.35 20 10 92 15 

4 4FPPOX WT 30 1.0 eq. 0.6/0.35 20 10 83 36 

5 3FPPOX L145F 30 1.0 eq. 0.6/0.35 20 10 - - 

6 4FPPOX WT 30 1.0 eq. 1.5/1.0 20 10 43 33 
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Therefore, the volume ratio between the two flasks was set to 1 to 4. In addition, the flow rate (f1, 0.6 mL·min-1) 

from Flask1 to Flask2 was twice as high as the flow rate from Flask2 to Flask1 (f2, 0.35 mL·min-1), which 

theoretically increased the total retention time of the substrate in Flask2 8-fold compared to Flask1 as 

compensation for the higher transformation rate of the enzyme. Furthermore, the volume in each flask was kept 

constant by the height of the syringes.  

 

Figure 21: Foto of the used flow set up showing the two reactions in each flask (Flask 1 left for the 

biotransformation, Flask2 right for the racemization and isomerization) connected to a peristaltic pump.  

Then the benchmark flow reaction was performed as described with OxdRE-WT (20 mg·mL-1) and rac-(E/Z)-8 

(10 mM), showing in both cases (Table 8, entry 1 and 2) quantitative conversions yet with very low enantiomeric 

excess. The reason for that is, that the racemization is the rate limiting step and OxdRE-WT does not seem to have 

any significant preference, when comparing the isomers E-8 and Z-8. For an instance substituted PPOX derivative 

such as FPPOX (4) does show significant difference in term of the used E- or Z- isomers. The E-isomer is converted 

much more selective than the Z-isomer (Chapter 3.2,  Table 5). By using rac-(E/Z)-4c quantitative conversion 

could also be reached including moderate enantiomeric excess with 15% and 36%, from which it could be 

concluded that the designed set up and reaction are operating as planned. Even if the enantiomeric excess is still 

intermediate, the obtained results implicate a successful DDKR.  

For a more detailed investigation, the flow reaction (Table 8, entry 4) and for comparison a batch reaction with 

same conditions were monitored over 17 hours. The resulting time course of the reaction implies that the enzyme 

is inactivated after 6 hours, resulting for the flow reaction over 80% conversion and for the batch reaction only 

50% (Figure 22). 

Furthermore, the comparison also shows the effect of the isomerization and racemization. While the batch reaction 

as kinetic resolution reaches only 50% conversion, the flow reaction as DDKR achieves 80%. The flow reaction 

or DDKR provides the enzyme with new preferred substrate E-S and Z-R, while in the batch reaction non preferred 

conformation E-R and Z-S accumulates and consequently limits the reaction. This can also be seen from the fact 

that an increased flow rate leads to a reduced conversion (Table 8, entry 6). Because higher flow rates mean shorter 

residence time in one flask. The residence time in Flask2 is essential for the racemization and isomerization of the 

substrate.  
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Figure 22: A: Time course of the DDKR with 4-FPPOX as substrate and OxdRE-WT as biocatalyst (left). B: Time course of 

the kinetic resolution of 4-FPPOX with OxdRE-WT as catalyst. Starting point with (70:30, E:Z).  

To further increase the selectivity the rational designed mutant OxdRE-L145F (chapter 3), which showed 

significant increased selectivity, where used as possible biocatalyst. The investigations also revealed that the 

mutant reached highest selectivity with the substrate 3-FPPOX (4b). Thus, rac-(E/Z)-4b and OxdRE-L145F were 

used in the same flow set up, but unfortunately the reaction did not lead to any conversion. It was reasonable to 

assume that the relative instability of the mutant could be due to its extremely poor expression, which is why 

expression optimization was carried out (chapter, 4.6).  However, before performing expression optimization, it 

was necessary to determine whether the problem of substrate concentration could be overcome. As mentioned 

before, the low substrate concentration leads to slow isomerization and probably also racemization. In order to 

increase the substrate concentration, the volume of the reaction was reduced, since the complex synthesis of 

substrates made them very difficult to access. However, the reduction in volume led to very poor unreproducible 

results. By adjusting the flow apparatus to the small volume many problems occurred, such as precipitation in the 

pipes, evaporation of cyclohexane and heat transfer from Flask2 to Flask1 inactivating the enzyme, which led to 

very low conversion even though high biocatalyst amount was used (Table 9).  

Table 9: Flow reaction results with reduced volume using tubes instead of flask for the reaction separation. 

 

As conclusion, the prior used flow set up with flaks as reaction chambers were superior. To increase the substrate 

concentration without to reducing the volume, the substrate synthesis had to be optimized. Therefore, an alternative 

Entry  Substrate Enzyme Volume 

/ml 

Thiamin  Flow 

(f1/f2) 

/ml·min -1 

Bww/ 

mg·ml-1 

Sub. 

/mM 

Conv. 

/% 

ee % 

1 PPOX RE-WT 7 1 eq. 0.7/0.2 115 25 14 6 

(rac) 

2 4FPPOX RE-WT 8 2.5 eq. 0.7/0.2 100 10 40 18  

3 4FPPOX RE-WT 8 2.5 eq. 0.7/0.2 100 10 47 17  
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synthesis route starting from styrene derivatives over a selective hydroformylation towards the aldoximes in one 

pot were developed. 

4.5 Hydroformylation as alternative aldoxime synthesis  

The synthesis of the phenylpropanal oxime derivatives (PPOX) showed to be very tedious, following a three-step 

pathway starting from the commercially available substituted benzaldehydes. The overall isolated yield did not 

exceed 10% (this work) and hazardous and toxic chemicals as nitromethane or benzyl bromide have been applied 

following the reported protocol.[47,109]  

 

Scheme 22: Multistep synthesis of rac-(E/Z)-FPPOX derivatives (4) starting from benzaldehyde 1.  

The reaction (Scheme 22)  proceeds over three steps, with each step including a work-up, isolation and purification 

of the intermediate.  Since in every step only 50% yield could be obtained the overall yield for the target 

aldoxime (4) was between 7-14%. For some other PPOX derivatives, also an overall yield of 25% were shown to 

be possible.[47] The presented flow process (chapter 4.4) must be carried out at volumes of at least 30 mL and 

proceeds better with high substrate loading. Although, the aldoxime synthesis would not be suitable in any way 

for an industrial application with a yield of ~14%, the synthesis is too inefficient even for the laboratory scale, 

which is why an alternative route was first investigated.  

In cooperation with C. Plass an alternative route opened up, by installing a high-pressure reactor with the 

possibility of utilizing syngas. This enabled a very simple, effective and selective substrate synthesis, without 

isolation of the intermediate aldehyde (Scheme 23).  With styrene as starting material over a rhodium catalyzed 

hydroformylation with subsequent condensation of hydroxylamine the target aldoxime can be obtained without 

any isolation of the intermediate.   

 

Scheme 23: General reaction overview of the synthesis of substituted phenylpropanal oximes. 

Rhodium-catalyzed hydroformylation of styrenes preferably leads to the branched products.[110] This effect is 

argued in the literature by the formation of a stabilized ˊ-benzylic species of the alkene catalyst complex.[111] This 
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effect has been described for different ligand types.[112] The regioselectivity is depending on the solvent as well as 

the reaction conditions.[113] For the desired oximes, hydroformylation and the oxime formation step were combined 

in a sequential one-pot mode to prevent work-up of the oxidation sensitive aldehydes. In the present work, a 

homogeneous hydroformylation setup applying the relatively cheap catalyst system of [Rh(acac)](CO)2/PPh3 

under mild reaction conditions were used. This method led towards the target aldoximes with high selectivities 

and high yields, without any additional purification steps. All of the selected styrene derivatives were commercially 

available, presenting a convenient starting point. The two-step one-pot synthesis starts with hydroformylation of 

the styrene towards the corresponding aldehyde 6. As side product the linear aldehyde is formed. 

 

Scheme 24: Reaction scheme of aldoxime synthesis in a two-step one-pot synthesis.  

The selectivity of the reaction can be determined via NMR. The aldoximes 7j  and 7k were synthesized under neat 

conditions resulting in a low selectivity for the hydroformylation step and low yield for the subsequent aldoxime 

formation. By dilution of the starting material using toluene the selectivity can be increased dramatically. For non-

optimized conditions selectivities from 60% up to 95% were reached. The selectivity should increase further with 

lower substrate concentrations, but for the purpose of this work further investigations were redeemed. In Scheme 

24, all synthesized aldoximes are shown. Overall, the aldoximes were obtained in excellent yields and selectivities. 

To give a clearer picture about the advantage the alternative route provided in a rather unconventional comparison, 

with the multistep synthesis about 1 g of product could be obtained in a week while the hydroformylation route 

allowed the synthesis of about 20 g of product in a day. 

4.6 Expression optimization  

The previous cultivation of Oxds were performed either by AI or by IPTG induced expression. In each case, only 

a book part of the expressed protein was found in the soluble fraction. In order to optimize expression, Oxd 

expression was compared with heme containing enzymes namely the P450 monooxygenases. P450 superfamily 

are widely used and well characterized in terms of expression. It turned out that, for successful overexpression of 

P450 monooxygenases, the use of 5-aminolevulinic acid (5-ALA ) and thiamine hydrochloride is essential.[114ï116] 

The optimization was based on the fact that the heme production is the rate limiting factor. The heme production 
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in E.coli has already been widely investigated in many studies.[117] Thiamine or vitamin B1 is also essential for the 

heme production, by being incorporated in the PDH-complex, that is responsible for synthesis of succinyl-CoA, 

which is the precursor of 5-ALA .[118] Eight 5-ALA molecules form the protoporphyrin IX, which form by insertion 

of an iron ion heme.[119] Since 5-ALA has been shown to improve the expression of some P450 forms,[115,116,120] it 

has been tested whether 5-ALA also improves the expression of OxdRE, with being a heme protein like P450.[14] 

In addition to thiamine and 5-ALA , trace enzymes were also added in some reports, but the amount was not 

precisely quantified. [120,121]  Besides, Hara et al. [119] reported that the trace elements had no significant influence 

on the synthesis of heme. 

 

Figure 23: SDS-PAGE showing the expression of OxdRE-WT. M: Marker (PageRuler Prestained, thermo scientific), 

protein band located at 40 kDa. Comparison of expression with 1 mM thiamine and 5-ALA   as well as 0.1 mM IPTG (1), 

standard expression with 0.1 mM IPTG (2) and standard expression with 1.5 mM IPTG (3).  

The expression of OxdRE-WT was carried using the standard overnight expression at 20 °C in LB-Media with 

induction at 0.6 OD600. Expression 1 was carried out with thiamine hydrochloride and 5-ALA  (1 mM) as additives 

and induced with IPTG (0.1 mM). The expression 2 and 3 were carried out without any additional components but 

varying the used IPTG concentration for induction by 0.1 mM and 1.5 mM. The SDS-Page revealed no significant 

differences between the investigated expressions of OxdRE. Furthermore, in all three cases the largest portion of 

the expressed proteins are insoluble (Figure 23). When changing the expression system to auto induction to 

compare the influence of the addition of 5-ALA  and thiamine hydrochloride again no significant difference can be 

observed (Figure 24). Concluding that, 5-ALA and thiamine hydrochloride did not increase the expression of 

OxdRE-WT.   
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Figure 24: SDS-PAGE showing the expression of OxdRE-WT. M: Marker (PageRuler Prestained, thermo scientific), 

protein band located at 40 kDa. Auto induction expression with Thiamin and 5-ALA (1) compared with standard 

autoinduction expression of OxdRE-WT (2).  

The SDS-PAGES revealed a crucial information about the expression of OxdRE-WT, namely that the expression 

does not perform poorly, but rather far too well. This peculiarity can be seen in the large protein bands of the lysate 

sample, which raises the question of why there is so little of the expressed protein in the soluble fraction (crude 

exctract). The following conclusions could be drawn: The enzymes are expressed too quickly. This is due to the 

fact that pET28a, which contains a T7 promotor is used as a vector. The T7-Promotor is very effective in producing 

the target protein. For most easily soluble proteins or simply foldable proteins without a prosthetic group, it is a 

great advantage leading to the target protein in high yields. However, the aldoxime dehydratases possess a heme 

group, which assumably slows the folding process. A comparatively slow folding process in the presence of a 

rapid expression machinery finally means the accumulation of unfolded proteins. The huge protein aggregates then 

stress the cell and could, under certain circumstances, have a negative influence on the folded proteins and thus 

affect the stability. Therefore, expression without any induction, with different cultivation time and incubation 

methods were investigated (Figure 25).   

 

Figure 25: SDS-PAGE showing the expression of OxdRE-WT. M: Marker (PageRuler Prestained, thermo scientific), 
protein band located at 40 kDa. Comparison of different induction time and induction agent using standard expression 

protocol with leaky expression at 20 °C.  
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Its known that, E.coli pET-vektor expression with T7 promotors do have a basal expression,[122] which is usually 

unfavored and many examples of host cells to reduces this basal expression were designed.[123,124] However, for 

the cultivation of Oxds, the expression strategy using the basal activity could be a solution for the low expression. 

The so-called leaky expression[123] without any induction was compared with the standard expression using IPTG 

and lactose as induction agent. The cultivation was carried out at 20 °C in LB-media for 24 hours and 48 hours. 

Besides the induction at an OD600 of 0.6 also one culture was prepared, whereas the induction was performed after 

24 hours. The crude extract and lysates of those cultures are shown in Figure 25. By comparing the protein bands 

for the 24-hour cultivation, the leaky expression is similar to the IPTG induced variant, which is already quite 

stunning, but much more important is the difference of the protein bands in the lysate. While in the case of leaky 

expression, the gemmate proportion of target protein is found in the soluble fraction, in the case of IPTG 

expression, as suggested, about 10 times the amount (visual estimation) is found in the lysate. The 48-h cultivation 

in general yielded in more protein, also the lactose induction seems to be less harsh then IPTG. In order to validate 

these findings, an activity test was carried out with the differently expressed enzymes. As the SDS-PAGE suggests, 

leaky expression was the best variant and IPTG induction in the logarithmic phase of E.coli (OD600=0.6) was the 

worst. The leaky expression reached 90 % conversion while the IPTG induction only reached 19 %. The lactose 

induction in the stationary phase of E. coli also seemed to be an option. However, the approach was not pursued 

further since the lysate also showed significantly larger protein bands on the SDS-PAGE.  
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Scheme 25: Activity test of different expressed OxdRE-WT. 

By comparing the 24 hours leaky expression with the 48 hours leaky expression, it seemed that for further 

optimization longer cultivation time were needed. Therefore, leaky expression for 72 hours with different 

cultivation temperature for OxdRE-WT and OxdRE-L145F were investigated (Figure 26). The SDS-PAGE shows 

well overexpressed target proteins at 20 °C cultivation temperature. It was also shown that the leaky expression is 

not suited for cultivation at 15 °C or 37 °C, indicated by the very low expression.  For a direct comparison with 

the usual AI expression the standard activity test with octanal oxime (11) were performed (Scheme 26), which 

revealed that leaky expression tremendously increased the activity. For OxdRE-WT the activity was increased 
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about 20-fold, but the mutant L145F was 100 times more active than with the AI expression. Concluding that the 

slow basal expression leads to soluble proteins in high yield compared to the induced expression were 

accumulation of unfolded proteins lead to protein aggregates, reducing activity and stability of the biocatalyst.   

 
Figure 26: SDS-PAGE showing the crude extract of OxdRE-WT and OxdRE-L145F as leaky expression using different 

cultivation temperature. M: Marker (PageRuler Prestained, thermo scientific), Protein band located at 40 kDa. 

In addition to the much better activity, the cultivation is particularly convenient since only one pre-culture has to 

be prepared and transferred to the main culture, which can then be harvested after 72 h. With the now optimized 

expression method, no further studies on expression were performed even though co-expression of chaperones 

would have offered a possible alternative.[125] With the completion of expression optimization, only one problem 

remained for the DDKR, and that was the selectivity of the enzyme. 
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Scheme 26: Comparison of leaky expression at different temperature with AI-expression of OxdRE-WT and OxdRE-L145F 
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4.7 Rational designed mutations  

Based on the rationalizing work in chapter 1 the L145F-mutant was identified as the variant of OxdRE with the 

highest selectivity. The investigation revealed that in the active site only the position L145 has a significant impact 

on the selectivity. However not excluding positions which could not be modified in a rational way such as 

backbone proteins. The mutant L145F led to higher selectivity due to smaller cavity, which gives the unpreferred 

conformations less space in the active site of the protein. Unfortunately, non-other amino acid were able to reduce 

the space just by the side chain size at this position. To overcome the problem of low selectivity, three different 

approaches were pursued. The first approach (i) was to determine whether polar amino acids could be used as 

geminate mutations at position 145, as these were considered promising in the in silico studies, even though the 

probability was very high that polar amino acids would deactivate the enzyme, due to their proximity to the 

catalytically active arginine and histidine. Another approach (ii) was to replace the enzyme instead of changing 

the mutation. This gave rise to the possibility that the mutation might have a much stronger effect on other aldoxime 

dehydratase. The last and most elaborate option (iii) , but with the certainty of success, would be to screen saturated 

mutation libraries.   

4.7.1 Investigation of mutation at position L145 

As mentioned before position L145 is the most important site for modifying the selectivity, which is why this 

position was saturated in silico. It was shown that there are only very few possibilities to change this position with 

respect to the protein integrity and selectivity. 

 

Figure 27: Comparison of OxdRE-L145 variants, showing suitability of the mutations. OxdRE-WT (a), OxdRE-L145F (b), 

OxdRE-L145N and OxdRE-L145R. Distance between R178 and H320 as well as H320 and the ligand are shown in Å. 

a b 

c d 
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While small amino acids, such as alanine and glycine, decrease the selectivity by an enlargement of the cavity size, 

larger amino acids can increase the selectivity by reducing the cavity space. From the possible larger amino acids 

only phenyl alanine and tyrosine remained available as tailored before in chapter 3. Moreover, polar amino acids 

could produce a similar effect by electrostatic repulsion (i). An example illustration of the suitability of an amino 

acid is shown in Figure 27. Comparing WT (a) with L145F (b) as rigid large amino acid and asparagine (c) as 

well as arginine (d) as polar amino acids examples. When comparing the wild type, with the L145F mutant the 

catalytic residues in proximity (R178, H320) do not change their position or distance to each other or to the ligand, 

moreover the model suggests a closer distance of histidine to the ligand (1.82 Å). This is different for the examples 

L145N and L145R. In both cases the model suggests increased distances between the H320 and R178 (2.15 Å and 

2.28 Å) as well as with the ligand (1.98 Å and 1.94 Å). Besides the fact that arginine is also just too large for the 

cavity (Figure 27) both mutants (depending on the protonation state) could act as proton acceptor and therefore 

deactivate the enzyme. Thus, to validate the in silico studies, a set of mutants were designed in vitro via site 

directed mutagenesis and cultivated via leaky expression.  Subsequently, the mutants were tested for their activity 

and selectivity using the standard substrate rac-(E/Z)-8 (Table 10). 

Table 10: Intial selectivity screening of rational designed Oxd-variants using rac-(E/Z)-PPOX (8) as standard substrate 

 

 

# 

Enzyme 
 

Expression 

/ °C 

conversion / 

% 

ee. / 

% 

Enantiomer 

7 OxdRE-L145M  20 25 34.1 S 

8 OxdRE-L145N  20 0 0.0 - 

9 OxdRE-L145D 20 0 0.0 - 

10 OxdRE-L145R 20 0 0.0 - 

11 OxdRE-L145P 20 0 0.0 - 

12 OxdRE-L145Del 20 0 0.0 - 

13 OxdRE-L145S  20 21 37.8 S 

14 OxdRE-L145Y  25 0 0 - 

15 OxdRE-S219Y  20 0 0.0 - 

 

The enzymes were well expressed as shown in the SDS-PAGE (Figure 28). Only L145P and L145Del were only 

found in the insoluble fraction (SDS-PAGE not shown). The polar amino acids, as predicted, showed no activity, 

although the proteins were very well expressed. Concluding that these mutations deactivate the catalytic triad of 

the enzyme, as predicted. Only L145M and L145S showed activity, but without a significant change in selectivity. 

The promising tyrosine mutant, which could have been an improved version of the phenyl alanine variant (L145F), 
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could not be stably expressed () as either OxdRE or OxdB variant and showed no significant activity. Concluding 

that, for OxdRE only the L145F mutant remains as selective variant for rational designed approach.  

 

Figure 28: SDS-PAGE showing the expression of OxdRE-L145M, OxdRE-L145R and OxdRE-L145N as leaky 

expression (left). Expression of OxdB-128Y and OxdRE-L145Y are shown as leaky expression (right). M: 

Marker (PageRuler Prestained, thermo scientific), Protein band located at 40 kDa 

 

4.7.2 Investigation of the L145F mutation in OxdA and OxdB  

The mutant OxdRE-L145F was shown to be superior in terms of selectivity, therefore the same mutation in a 

different host enzyme could provide similar or better performance. Besides OxdRE[26] there are also 7 further 

known aldoxime dehydratase[18,21,22,25,27,126] from which OxdA[24] and OxdB[8,13] were chosen to investigate the 

same mutation as OxdRE-L145F. 

 

Figure 29: SDS-PAGE showing the expression of OxdA-WT, OxdA-L145F, OxdB-WT and OxdB-L128F as 

leaky expression using LB-media (72 h, 25 °C). M: Marker (PageRuler Prestained, thermo scientific), Protein 

band located at 40 kDa 
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The mutation L145F corresponds structurally to the exact same position in OxdA, in OxdB homologous mutation 

appeared to be the L128F. These two mutations were introduced into OxdB and OxdA via site directed 

mutagenesis. The enzymes were cultivated via leaky expression under optimized conditions (72 h, 25°C, 160 rpm) 

resulting in very good over expression of the target protein (Figure 29). The wild type and the phenyl alanine 

mutations were then screened with all available PPOX (4, 7) substrates. This screening was intended to show 

whether there is a possible combination of enzyme and substrate that can achieve high selectivity for the 

corresponding nitrile without first separating the substrates into their isomers.  The screening results are presented 

in Figure 30, showing the E-value of each reaction.  
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Figure 30: Screening results of OxdA, OxdB and OxdRE as wild types and L145/L128F mutants with 14 different PPOX 

derivatives 
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In general, the phenyl alanine mutants are more selective than the wild type enzymes, however the wild type 

enzymes show high selectivity for substrates which were not obtained as mixture, but more like pure isomers. The 

substrates o-Cl, and o-Me-PPOX are present as pure Z- isomers and o-Br-PPOX, respectively, in a ratio of 20:80 

(E/Z), which is why the mutants show only a very low conversion under these reaction conditions and the wild-

type enzymes achieve particularly high E-values (RE-WT, E=23). OxdA-WT and OxdA-L145F did not show any 

possible combination of substrate and enzyme set that achieved a sufficiently high E-value (minimum of 10). 

OxdB-L128F, seemed to be very promising on the first glance, showing that high E-values could be achieved with 

a small substrate scope. However, OxdB-L128F reached only for one substrate promising conversions for the other 

substrates the conversion did not exceed 5%, which makes the determined E-value unreliable. With m-Br-PPOX 

as substrate, an ee-value of 80% and 13% conversion could be achieved, corresponding to an E-value of 10. 

OxdRE-L145F was particularly interesting, since on the one hand p-Br-PPOX (70/30, E/Z) with an E-value of 11 

was converted to the R-nitrile and on the other hand o-Br-PPOX to the S-nitrile with an E value of 9, although the 

E/Z ratio was 20/80. These two combinations are particularly promising since a selective conversion was achieved 

despite the fact that, the E/Z ratio was not favorable for the formed enantiomers. In detail, as described before if 

the isomers are separated and then used in a biocatalytic transformation the E-isomers is converted preferable to 

the S-nitrile and the Z-isomer preferable to R-nitrile, concluding that the least favored conformations are (R,E) and 

(S,Z) for the enzyme, which means the selectivity of a kinetic resolution for a mixture of all four conformations 

should depend on the affinity of (S,E) and (R,Z). If (S,E) and (R,Z) are both equal in terms of affinity, the selectivity 

would then only be dependent on the E/Z-ratio. In case of p-Br-PPOX the E/Z ratio is 66/34, which means 33% of 

the substrate is available as (S,E) and 17% (R,Z) and the reaction still reaches an E-Value of 11 for the R-nitrile 

and vice versa for the example of o-Br-PPOX with an E/Z-ratio of 20/80, which is illustrated in Scheme 27.  

 

Scheme 27: Screening result for OxdRE-L145F with o-Br-PPOX as illustration for the increased affinity towards a low 

accessible substrate. 

Thus, it can be concluded that this constellation of substrate and enzymes in the combination of the DDKR set up 

can only improve the selectivity, since the favored substrate is already present in the deficiency. Concluding that 

in total three possible combinations were found to perform a DDKR: OxdB-L128F with m-Br-PPOX, OxdRE-

L145F with p-Br-PPOX and o-Br-PPOX. The fact that the DDKR could then only be presented as a proof of 

concept with a limited substrate spectrum, further investigation in terms of finding a more suitable biocatalyst 

were carried out.  
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4.8 Smart library screening to increase the selectivity of OxdRE-L145F  

The rational approach of site-directed mutagenesis to increase the selectivity of aldoxime dehydratase proved to 

be limited, because the in silico designed variants may not necessarily represent the expressed enzyme (4.7). 

Furthermore, with the in silico approach only the active site of the enzyme can be investigated, since structural 

changes induced by mutations with greater distance to the active site are difficult to predict additionally the 

computational time is higher as well. In comparison with a randomized mutagenesis with a suitable screening 

method, which could cover a significantly higher mutation space (1010-1012-variants),[127] the in silico approach is 

very limited. However, a non-specific randomized mutagenesis such as ePCR[128] is not suitable to increase the 

selectivity especially for an already well-tailored enzymes.[129] Unlike stability, solubility or activity, selectivity is 

more likely to be influenced by a few positions in the protein.[130] The other protein properties can be improved 

very well by randomized mutagenesis as part of directed evolution.[131] Thus, only requiring a high-throughput 

screening method, which is usually provided by various color assays,[132] but the high effort is subsequently the 

bottleneck of directed evolution.[133,134]  Alternatively, to the completely randomized directed evolution, a saturated 

mutagenesis can be performed for specific mutations (SM). The positions can be chosen via different rational 

approaches,[63,135] with the benefits of being more widely applicable and in general reducing the screening efforts.  

These rationally designed positions, which are chosen for saturation are called smart libraries.[78,136]  These smart 

libraries reduce the number of mutants required for finding lead mutants and similar to directed evolution these 

achieved lead variants can then be used in repetitive cycles to amplify the properties, either by rescreening a new 

library, or by combining the lead structures in combinatorial mutations. The former one is a variation of the 

classical directed evolution the latter falls under the designation iterative saturated mutagenesis (ISM) (Figure 

31).[64]  

 

Figure 31: Illustration and comparison of directed evolution (a) and ISM (b).  

Since, randomized mutagenesis mainly treats mutations distant from the active site and the improvement of 

enantioselectivity by mutation spatially close to the active pocket is more pronounced than mutation spatially 

distant from the active pocket, a (semi)-rational approach is clearly more useful to increase enantioselectivity.[130] 

The most promising and effective way to increase the enantioselectivity of an enzyme, while minimizing the effort, 

is to use smart libraries in an ISM. Reetz et al. described also specified version of ISM, which includes only amino 

acids in direct spatial distance to active site namely the Combinatorial Active-site Saturation Test (CAST).[137] The 
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CAST method has proven to be a valid method for improving the enantioselectivity of enzymes for many 

examples.[138] Thus, the following smart library was designed according to the CASTing method.  

4.8.1 Generation of a smart library  

The mutant library was commercially acquired from Twist Bioscience®, which had the advantage of dismissing 

bias in the libraries, because every mutant in one library is generated by a specific primer set. The mutants were 

generated on a semi-rational level for which MOE[94] was used as a tool. Positions were selected that were either 

close to the active pocket, in interaction with the active site, or at positions such as loops that could have a large 

influence on the positioning of the essential amino acids in the active site (Figure 32, Figure 33, Figure 34). OxdRE-

L145F, with already increased enantioselectivity, was used as starting point. 

 

 

Figure 32: Library selection Set 1 of OxdRE-L145F with mutation sites spatial close to the active site highlighted in green. 

In Set1 (Figure 32) all positions spatially close to the active site were chosen to be saturated. However, these 

positions are not promising, although they represent the closest amino acids to active pockets, they are very far 

from the selectivity determining cavity with the exception of Met29 and W30. Set 2 (Figure 33) is the most 

promising set, since the shown positions are on structural elements close to the F145, which was shown to have 

the highest impact on selectivity. Mutations in this area can have a direct influence on the orientation and 

positioning of the F145 or the entire structural element and thus also on the cavity. In Figure 34, Set 3 is shown, 
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consisting of positions far away from active pockets but localized at loops, which may also have an influence on 

activity and selectivity.  

 

 

Figure 33: Library selection Set 2 of OxdRE-L145F with mutation sites on same ɓ-strand as L145F highlighted in green.  

 

 

Figure 34: Library selection Set 3 of OxdRE-L145F with mutation sites on loops and turns far from the active highlighted in 

green.   
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4.8.1.1 Screening development and validation  

A high throughput method for the screening of the smart libraries were developed. The standard analysis for PPOX 

derivates with HPLC (30 min) was not suitable. Therefore, a new method was developed for the substrate 

o-FPPOX (4a) with an analysis time of 5,5 min. 96-deep-well plates were selected to carry out the reaction and 

the work-up. The cultivation could also be carried out conveniently in the 96-deelwell plates, due to the preceding 

expression optimization. With the exception that after work up the samples had to be filled into glass vials, a high 

throughput method was developed.  

The benchmark of the screening was carried out with OxdRE-WT, which was transformed in E. coli-BL21-Star 

strain using standard transformation protocol. For transformation 2 µL of the plasmid solution (200 ng·µL-1) was 

used on 50 µL competent cell solution resulting in over 100 clones.  The clones were transferred individually to a 

deep-well-plate with LB-Medium (1.8 mL) containing kanamycin (50 µg·mL-1). Two different cultivation 

protocols were tested, to examine the most suitable. For the first cultivation method the picked clones were 

resuspended in the media and grown for 48 hours, thereby the temperature was reduced from 37 °C after 24 hours 

to 20 °C. For the second cultivation method, LB-Medium was inoculated with single colonies and cultivated for 

24 h at 37 °C. The suspensions were used as preculture and were used to inoculate (50 uL) fresh media and then 

grown another 24 hours at 20 °C. The cells were then harvested via centrifugation (3500 rpm, 2 min) and resuspend 

in PPB (450 µL, 50 mM, pH 7). Then an ethanolic substrate solution of rac-2-FPPOX (4a, 20 mM, 50 µL) was 

added. The reaction was carried out for one hour in a shaker at 20 °C and 200 rpm. As workup cyclohexane (1 

mL) was used to extract the reaction solution and then analyzed via HPLC. The results of the screening validation 

are shown in Scheme 28. In terms of conversion both cultivation method shows high fluctuations, but the 

preculture expression being slightly more stable with a standard deviation (SD) of 6.2 versus 9.9 the enantiomeric 

excess as well as the E-value are quite stable in both cultivation method. However, the clone expression shows 

again slightly better performance with a SD of 1.2 versus 2.3. Accordingly, clone expression was chosen for 

screening, as it not only had a lower standard deviation, but was also very easy to handle, with only the transfer of 

the clones into the deep-well plates. Based on the validation, the libraries were cultivated and screened with small 

adjustments (Figure 35).  For transformation 10 µL of the plasmid solution (10 ng·µL-1) was used instead of 2 µL. 

on the competent cells (50 µL) resulting in over 100 clones. The cultivation was carried out as clone expression.  
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Scheme 28: Screening validation with OxdRE-WT and comparison of 96-well-plate leaky expression with and without 

preculture.  

4.8.2 Screening results  

The main culture volume as well as the substrate concentration was lowered to reduce the overall execution time 

and substrate consumption. Furthermore, one clone was used for two inoculations to have one culture as backup 

and one culture for the reaction. The backup was stored after harvesting at -20 °C.   

 

Figure 35: Schematic illustration of the screening method 
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The screening was carried out with 16 saturated positions mainly from Set 2 of the designed libraries leading to 

over 900 reactions. The measured conversions and enantiomeric excess are shown in experimental section 

(9.6.6.3). The corresponding E-values are displayed in Scheme 29.  
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Scheme 29: Plot of all E-values from the screening of the 16 mutant libraries, for the reaction of rac-(E/Z)-4a to the product 

S-10a. The blue dotted line (E = 10) marks the minimal requirement for the hit identification. 

The screening resulted also in E-values over 200, but those values were only reached, because the conversion were 

below 5% and therefore beyond the detection limit of the HPLC. Thus, these values were not included in the 

illustration and the results, as they were considered false positives. Set 2 proved to be extraordinarily successful, 

as almost every position showed a variant with improved E-values.  Over 16 hits were found that have a higher 

E-value than 10.  Positions W99 and M159 did not show conversion for any reactions, concluding that a systematic 

error must have occurred with a high probability in the production of the enzymes during the experiment. 

Nevertheless, a large number of variants with enhanced enantioselectivity were found. A small set of examples, 

with a minimum conversion of 10% were used to identify the mutation and further investigations (Table 11). Six 

mutants were cultivated in quantitative scaled and utilized in biotransformation. The chosen examples as well as 

the results of the biotransformation are shown in  Table 12. The biotransformations revealed an overall much 

lower E-values than in the screening process. The cause for the discrepancy could be, that for the screening itself 

not the validated substrate concentration was used, but a much lower. The substrate concentration had to be 

lowered because of the high consumption of the substrate. The substrate access was limited and therefore a lower 

substrate loading was used. This lower substrate loading probably led to an inaccuracy in the E-value. However, 

the hits still showed improved E-values, but were not in the range to perform the DDKR.   
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Table 11: Promising hits of the screening that have been evaluated for their mutation. WT and L145F (blue) marking the 
starting point. 

# Clone Mutation  E-Value 

A WT - 2 

B L145F - 4 

1 4C-C8 Y146F 9 

2 4D-C2 A147M 8 

3 4E-F4 F148E 10 

4 4F-D4 Q149D 13 

5 4G-D4 G150W 12 

6 4G-H2 E150C 19 

7 4H-B2 D151E 17 

8 4H-H5 D151L 12 

9 6A-C3 D160C 26 

10 6B-A3 G161R 9 

11 6B-D1 G161D 10 

Table 12: Results of OxdRE-L145F Library screening showing E-Values and mutation site. For comparison, the wild type 

and OxdRE-L145F also shown (blue). 

  
# Clone Site E-Value 

A WT - 2 

B L145F - 4 

1 6B-A3 G161R 7 

2 6B-D1 G161D 8 

3 6A-C3 D160C 9 

4 4H-B2 D151E 10 

5 4H-H5 D151L 5 

6 4G-D4 G150W 6 

 

Considering the WT as the initial enzyme, the L145F mutant represents phase 1 and the screening, phase 2 of this 

CASTing approach (Scheme 30). The next step (phase 3) would be to combine the mutations from phase 2 to 

create triple mutants with even higher selectivity. These triple mutants can then be formed into quadruple mutants 

in phase 4, this can be repeated until the desired enantioselectivity is reached, as already described and illustrated 

for a general ISM method (Figure 31).  
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Scheme 30: Enantioselectivity of OxdRE as function of the ISM-phase 

The mutants II (L145F, D151E), III  (L145F, D160C) and IV  (L145F, G161D) wich showed signifcant higher 

enantioselectivity, are part of the designed smart libaries from Set2. The positions are on close structure elemets 

to the active site and the cavity.  By introducing mutations at this point, the structural properties can change. It was 

also attempted to rationlize the introduced mutations, which led to higher selectivity by perfomoring a MD-

simluation for OxdRE-L145F and a combination of the mutants II , III  and IV . Through preliminary rationalization 

with OxdRE-L145F, the model was already optimized and a MD-simulation showed no change in the protein 

structure. By introducing the new mutants and subsequent simulation for finding an optimal conformation 

(thermodynamical minimum), it was shown that the mutations contributed to a change in the orientation of the 

phenylalanine (Figure 36). However, no precise rational conclusion could be drawn on how these mutations led 

to this change. Only the D160C mutation did show a new hydrogen bond with L100. Nevertheless, the MD-

simulation showed that mutations in library Set 2 can influence the cavitiy indirectly, as expected. Last, it can be 

concluded that the semirational screening led to an enzyme with higher selectivity, reaching an E-value of 10. 

With regard to the ISM, these variants may only need to be combined as suggested in the simualtion, to obtain a 

highly selective variant.  
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Figure 36: Conformational change of OxdRE-L145F (green) towards OxdRE-L145F/D151E/D160C/G161D (grey) using 

MD simulation for both enzymes. 

 

4.9 Summary and Outlook for the chiral nitrile synthesis in a double dynamic kinetic 

resolution  

This section focused on the development of an industrially relevant and academically first formulated double 

dynamic kinetic resolution, as tool to generate biocatalytically chiral nitriles. In this context, isomerization as well 

as racemization method for aldoximes were extensively studied and developed. The isomerization of aldoxime 

was achieved by thermal treatment and showed increased isomerization rates at higher substrate concentration, 

whereas the thermodynamic equilibrium (E/Z, 70/30) could be reached under three hours (Scheme 31).   

  

Scheme 31: Isomerization of (E)-PPOX (8, 89:11, E/Z) at 100°C at 240 mM substrate concentration reaching the 

thermodynamic equilibrium in 3 hours.  

A racemization method for chiral aldoxime with PPOX derivates as examples could be developed and a possible 

mechanism was postulated (Scheme 15). Racemization was made possible with thiazoles, with thiamine 

hydrochloride as the best example. The enantiomeric excess of (R,E)-8 was successfully reduced from 88% to 

35% within 24 hours using thiamine hydrochloride (Scheme 32). 
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Scheme 32: Racemization of (R,E)-PPOX (8) with thiamine hydrochloride. 

For the DDKR a flow set up was designed to perform the racemization and isomerization simultaneously with the 

enzymatic dehydration. The flow set-up consisted of a two-phase system (cyclohexane/water) with two reaction 

chambers. Cyclohexane was used as the mobile phase. The enzymatic reaction was carried out at room temperature 

while the racemization and isomerization were performed at 80 °C. The coupling of racemization and 

isomerization with enzymatic dehydration was successfully demonstrated in flow reaching 83% conversion and 

36% ee, which showed the proof of concept for the first demonstrated DDKR (Scheme 35). 

Since the reaction performs better at higher volume and substrate concentration, but the substrate access was 

limited, the substrate synthesis with only 10% isolated yield was optimized using hydroformylation of styrenes as 

key step with subsequent condensation of hydroxylamine. By using this alternative route, the substrates could be 

obtained conveniently and with high isolated yields reaching up to 98% (Scheme 33).  

 

Scheme 33: General reaction overview of the synthesis of substituted phenylpropanal oximes. 

The selectivity of OxdRE-WT was addressed via three different approaches. The biocatalyst production could also 

be optimized due to a new expression method (leaky expression), leading to a 100-fold higher activity for OxdRE-

L145F. The fully rational site directed mutagenesis, led to the variant OxdRE-L145F with a twice higher 

enantioselectivity (E = 4) than the WT (E = 2). The introduction of the L145F mutant into other aldoxime 

dehydratases (OxdA and OxdB) was also successfully achieved, leading to increased selectivities for both 

aldoximes dehydratases compared to their wild type. As part of the approach, to introduce the mutant L145F into 

other aldoximes dehydratases, 16 different substrates were screened. The screening revealed a few combinations 

of Oxd-Variants and substrates with improved selectivities reaching E-values of up to 11. As last approach high 

throughput screening method as well as smart libraries were designed. The high-throughput screening was 

achieved utilizing expression and reactions in 96-deepwell plates with a subsequent fast analysis via HPLC-

chromatography. As screening reaction rac-(E/Z)-2-FPPOX (4a) was used, for which a HPLC method of 5.5 mins 

could be designed. The 52 smart libraries were designed using MOE as visualization tool to define promising areas 

for mutation.  The screening was conducted with over 900 clones from 16 smart libraries. Variants with 5 times 

higher selectivities than OxdRE-WT were identified. The best variant OxdRE-L145F/D151E showed an E-Value 

of 10 for the transformation of rac-(E/Z)-2-FPPOX (4a). 
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Scheme 34: Demonstration of the reaction with rac-(E/Z)-2-FPPOX and OxdRE variants. 

Furthermore, MD-simulations were performed to show the influence of the new variants. The MD-simulation 

could illustrate structural changes in the active site induced by the identified mutations in the screening. As outlook 

those identified hits could be combined as part of the ISM to obtain a much more selective variant. With a highly 

selective variant the subsequent DDKR would need less optimization. Furthermore, the remaining unscreened 

libraries could be investigated before conducting ISM type combination of mutants. Alternatively the screening 

could also be conducted using citronellal oxime as citronellal is commercially available and presents an alternative 

chiral substrate with already established GC-methods.[139]  

 

Scheme 35: Summary of the overall developed process in this work. Substrate preparation using hydroformylation (black), 

biocatalyst preparation (green), chemical racemization and isomerization (red) and nitrile synthesis with an engineered 

biocatalyst. Representation of DDKR as a flow process with enzymatic nitrile synthesis at room temperature and chemical 

racemization/isomerization at 80 °C. 

Furthermore, if enzyme stability happen to be rate limiting for the developed process it is also thinkable option to 

switch from superabsorber/cyclohexane system towards alginate-beads in water.[139] Hinzmann et al. already 

demonstrated the compatibility of alginate beads with aldoximes dehydratase as encapsuling technique.[36] This 

method could provide higher stability for the enzyme while also the reaction temperature for the 

racemization/isomerization could be increased to 100 °C with water as solvent.   
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5 Improving the biocatalytic transformation  of non-soluble fatty aldoximes 

by targeting activity and stability of OxdB 

5.1 Motivation  

Over the last years protein engineering gained significant interest in academia and industry.[57,91] With the latest 

achievements, enzymes can be optimized very effectively for their use as biocatalysts addressing either selectivity, 

activity or stability. The state of the art in protein engineering in terms of efficiency is the combination of directed 

evolution[58,140], high throughput screening (HTS) methods[141] and computational analysis[142,143]. Lately, machine 

learning was also incorporated showing future perspectives in terms of automatization and effectivity.[144] The only 

but crucial drawback of this methodology is its dependence on a screen able system[133,145]. If this cannot be realized 

in silico methods alone are also a viable tool to modify enzymes by direct identification of either mutation sites[79] 

or hot spots to generate smart libraries[78].  

Aldoxime dehydratases proven to be interesting biocatalysts being capable of a cyanide free route for the synthesis 

of nitril compounds starting from an aldoxime. Beside their broad substrate scope[23,47], these heme b containing 

enzymes accept incredible substrate loading of 1.4 kg/L in case of octanal oxime and OxdB,[28] without the need 

of additional cofactors. Thus, they are clearly interesting for the bulk chemical sector. However, they were shown 

to be limited by the length of the substrate alkyl rest with respect to fatty aldoximes.[28] The longer the chain, the 

less conversion was observed. To clarify the reason behind the limitation of the enzyme for fatty aldoxime different 

aspects of the problem were targeted (Figure 37).  

 

Figure 37: Concept to improve fatty nitrile synthesis with addressing three different problems to find a suited solution for the 

conversion of fatty nitriles 

The acceptance of the fatty aldoximes and their solubility as well as the stability of the enzymes were investigated. 

Depending on what is identified as the bottleneck of the reaction, several approaches can be viable. The 
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identification can be done by first investigating the solubility of the substrates under certain reaction conditions 

and comparing these with kinetic data of the enzyme towards the substrate class. If for an instance the solubility 

would be the issue, increased reaction temperatures or cosolvent ratios could drastically increase the solubility. 

Temperature and co-solvent can only be increased if the enzyme is stable enough, which is why the enzyme itself 

or the biocatalyst formulation would need modification to withstand harsher conditions. Besides the protein 

engineering aspect, another option could be the incorporation of the enzyme in particles and use them in a two-

phase system, where the fatty aldoxime are solved in the organic phase.[146,147] However, if the substrates are too 

large for the active site, these attempts would not be successful. Since, it is also possible, that the enzyme does not 

convert bulky substrates, because the enzyme-substrate-complex cannot be formed due to sterically hinderance, 

which can be investigated via molecular modeling. Therefore, molecular modeling studies including site directed 

mutagenesis were conducted to investigate the enzyme substrate complex of OxdB and long chain fatty aldoximes. 

The acceptance and activity were rationally modified using docking studies and homology modeling. The 

solubility of aldoximes were investigated using ACD/I-Lab and were targeted by increasing co-solvent ratios or 

the reaction temperature. To withstand increased reactions temperature and co-solvent ratios OxdB was modified 

in terms of stability. In the process, a new method for in-silco based enhancement of enzyme stability was 

developed. 

5.2 Solubility and enzyme substrate complex of fatty aldoximes  

To determine if the solubilities of the substrates were a problem, they were first calculated, which allowed a 

quantitative comparison. The calculation revealed the overall low solubility of the fatty aldoximes. As expected, 

the solubility drops dramatically with the growth of the chain length or in general the solubility is nearly halved 

per added alkyl rest. While heptanal oxime still had a relatively good solubility of 59 ɛg·ml-1, dodecanal oxime is 

practically insoluble with 6.20 ɛg·ml-1 (Table 13).  

Table 13: Calculated solubilities of aldoximes in water at 25 °C by using the The ACD/I-Lab program.[148] The realibility of 

the calculation presented in colors (green = good, yellow = low). 

Aldoxime Solubility 

/µg·ml-1 

LogSw 

 

Reliability: Conc. 

/µM 

C7 59 -3.3 0.65 460 
C8 39 -3.6 0.55 270 

C9 24 -3.8 0.55 150 

C10 18 -4.0 0.67 110 

C11 11 -4.2 0.69 60 

C12 6.2 -4.5 0.68 30 

C13 2.9 -4.9 0.63 14 

C14 0.37 -5.8 0.56 1.6 

C15 0.17 -6.2 0.53 0.70 

C16 0.10 -6.5 0.48 0.27 

C17 0.02 -7.02 0.45 0.0007 

C18 0.01 -7.29 0.45 0.0004 

 

The KM-values for OxdB (aldoxime dehydratase from Bacillus sp.) and fatty aldoxime are in the range of 4 mM.[13] 

Comparing the KM-value with the solubility of the substrates, the obtained conversions reported by Hinzmann et 

al. are in agreement with the calculated data. The solubility of the substrates could also explain why such a high 

substrate loading is possible. While the aldoximes from hexanal oxime to decanal oxime are still soluble enough 

to be converted excellently, the solubility is at the same time probably low enough to cause no inhibition for the 
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enzyme. The higher fatty aldoximes, on the other hand, are even less soluble in water. The program did not allow 

to calculate solubilities at different temperatures or solvent ratios. In fact, the biotransformation proceeds in 10% 

ethanol, in which octanal oxime is soluble up to 100 mM and dodecanal oxime to approximately 5 mM (visual 

estimation). While substrates such as octanal oximes with a solubility higher than the KM value of OxdB can easily 

be transformed to the nitrile, substrates with solubilities far below the KM-values are converted poorly or not at all. 

To increase the overall conversion either the KM-Value has to be lowered or the solubility of the substrates has to 

be increased. The former can be achieved by modifying the active pocket, the latter can be achieved by increasing 

the cosolvent content or the temperature. Since OxdB-WT is not stable enough to withstand higher reaction 

temperature or solvent ratios, the enzyme has to be engineered for both matters first.  

 

 

Figure 38: Molecular docking using MOE as software. Frame a shows dodecanal oxime inside the active site. Frame b 

showing hexadecanal oxime in the active site showing same pose as dodecanal oxime with only the alkyl rest merging further 

out. 

a

b
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5.3 Increasing protein stability and in silico method development  

Protein stability prediction has been a challenge for decades. These approaches are either based on empirical 

forcefield, statistical potentials, sequence- and/or structural information. With the PoPMuSiC program being one 

of the earliest[149] a lot of powerful predictors with different approaches (FoldX, PoPMuSiC 2.1, I-Mutant2.0, I-

Mutant3.0, HotSpotWizard 2.0) were developed.[150] Even though these methods represent very powerful tools, 

the overall accuracy is only moderate.[151] Besides intramolecular interactions and structural integrity protein 

stability depends on more than just the folded construct. When considering protein biosynthesis in a host cell, in 

which translation and folding have a major impact upon protein stability,[152] it is to be expected that these 

prediction tools provide only moderate accuracy. From the mentioned protein design applications 

HotSpotWizard2.0 has the advantage of using primer sequence and structural data as well as evolutionary 

information from three different databases to provide a combined prediction.[143] However, the tool does not predict 

specific mutations with a quantitative analysis, but instead it predicts hot spots for screening purposes. Therefore, 

the idea was to combine the advantages of both predictor types, using the information of database analysis and 

empirical forcefield calculation. For this purpose 3DM[153] and MOE[94] were used. 3DM creates large libraries, 

which are divided in subfamilies of  specified enzyme class. Those libraries are generated by the structural identity 

of proteins using its own numbering scheme and automated access to protein structures and models. MOE 

(Molecular Operating Environment) is a multipurpose software and provides the stability calculation. The use of 

both tools combines structural and evolutionary information via 3DM and empirical force field calculation with 

MOE, which should lead to an increased accuracy of the prediction.  

5.3.1 Design of a stable aldoxime dehydratase using OxdB as template 

The aim of this project was to increase the stability of OxdB, which is the most stable aldoxime dehydratase 

known.[13,28,93] The structure of OxdB was only available as model, leading to a decrease in the prediction accuracy. 

However, due to a  high structural homology with OxdA (3w08) it remained the best starting point. Using MOE, 

in silico saturated site directed mutagenesis can be performed to screen for mutants with increased stability, 

whereas the stability is calculated as Gibbs-Free-energy (ȹȹG = ȹG(wildtype) ï ȹG(mutant)) in an empirical forcefield 

based calculation. As starting point three different aldoxime dehydratases with known thermostabilities were 

compare to find structural differences. This comparison could provide information for possible mutation sites. 

Thereby OxdB represent the most stable, OxdA[16] second and OxdRE[14] the most instable protein. By comparing 

the in silico generated properties of the selected Oxds an interesting correlation (Table 14) were encountered.  

Table 14: Comparison of calculated structure related properties of thermostable enzymes with three different aldoxime 

deydratases using MOE. 

Enzyme (PDB-file) K-D 

Hydrophobicity 

moment/ D 

Dipole 

moment 

/D 

Mobility 

/cm2·V.s-1 

Dipole-/ 

Hydrophobicity 

moment 

VdW 

Volume 

/Å3 

VdW 

Surface 

area /Å2 

Cal-A (2VEO) 1131 314 -4.9 0.28 42482 14389 

Bc.st-ADH (1RJW) 791 615 -27 0.78 33628 14749 
Lk-ADH (1ZK4) 329 364 7.3 1.1 24332 11353 

Chol. Ox. (3JS8) 1136 442 15 0.39 53849 18600 

P450-BM3 (4ZFA) 1575 990 -12 0.62 48282 19325 

Cyp117 (1IO7) 1602 329 -2.9 0.20 39241 16339 
OxdRE (3a17) 398 776 -75 1.95 35959 14432 

OxdA (3w08) 497 607 -54 1.22 36401 14804 

OxdB-WT 788 340 -17 0.43 30567 15613 
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The values of the hydrophobicity moment[154], the dipole moment and the mobility[155] of the enzymes showed a 

certain tendency in dependency to the enzyme stability. The most instable aldoxime dehydratase OxdRE among 

those three variants has the lowest hydrophobicity moment of 398 D and the highest dipole moment of 776 D, 

while the most stable aldoxime dehydratase OxdB has the highest hydrophobicity moment of 788 D and the lowest 

dipole moment of 340 D. A tendency can also be seen for the mobility (molecular shape and charge distribution) 

of the protein. Showing higher mobility for a more stable variant. To ensure that these findings were not just a 

coincidence, other thermostable and solvent-tolerant proteins were considered in the comparison. Therefore, 

(thermostability stated in °C) Cal-A (90 °C),[156] Bc-st-ADH (~70 °C),[157] Chol-Ox (85 °C),[158] 

CYP119 (91 °C)[159] and P450-BM3 (58 °C)[160] were chosen for the comparison. Those thermostable enzymes, 

including heme containing enzymes such as CYP119 and P450-BM3 also showed high hydrophobicity moments 

with smaller dipole moments. To complete the picture, a non-stable enzyme, namely LK-ADH[161]  were included, 

which shows a low hydrophobicity moment. In order to validate the hypothesis about the utilizability of protein 

descriptors to enhance the thermostability of an enzyme, mutations with respect to the mentioned properties by 

choosing mutation sites on the surface randomly were screened. 
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Scheme 36: Thermo and solvent stability investigation with OxdB-Sol derivatives and OxdB-WT. The thermostability 

investigation was carried out with 1 mg·mL-1 purified enzymes. The solvent tolerance study was carried out with 30 mg·mL-1 

whole cell catalyst. 

Initially, the mutants were divided depending on their position in secondary structure elements to investigate if 

these values can be improved randomly or not. From these mutants OxdB-Sol1 (M19L/P20R/P36R) with 

mutations on the loops showed enhanced properties in terms of stability and solvent tolerance (Scheme 36). The 

in silico determined hydrophobicity moment with these three mutations increased by 173 D and the dipole moment 

decreased by 189 D (Table 15). The thermostability was about twice as high at 50 °C compared to the wild type. 

The solvent tolerance could be stated as slightly improved with about 10% higher relative activity at 40% ethanol 
















































































































































































































































































































