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ABSTRACT 

Halohydrin dehalogenases (HHDHs) are rare but catalytically remarkable enzymes. 

They catalyse the cofactor-independent reversible dehalogenation of various 

haloalcohols to the corresponding epoxides and belong to the class of lyases 

(EC 4.5.1.-). From a practical perspective, HHDHs are especially interesting due to their 

epoxide ring opening activity in the presence of alternative nucleophiles, such as azide 

(N3
-), cyanide (CN-), nitrite (NO2

-), cyanate (OCN-), thiocyanate (SCN-) and formate 

(HCOO-). This promiscuous epoxide ring opening activity yields the corresponding β-

substituted alcohol product by formation of novel carbon-nitrogen (C–N), carbon-carbon 

(C–C) or carbon-oxygen (C–O) bonds. Using a sequence motif-based database mining 

approach, in total 64 putative HHDH sequences were identified from publicly available 

sequence databases.  

This thesis addressed the recombinant production of a selection of these putative HHDH 

sequences for further characterization studies. Indeed, in initial activity tests activity was 

validated by dehalogenation of model substrates using cell free extracts of 20 

recombinant expressed putative HHDHs. After the identification of optimal expression 

conditions, 17 HHDHs from all six phylogenetic groups were characterized in depth, 

including their substrate scope, thermostability, enantioselectivity, as well as their 

application in the industrial important cascade reaction towards ethyl (R)-4-cyano-3-

hydroxybutyrate. One novel HHDH, HheG, was shown to convert cyclic epoxides 

cyclohexene oxide and limonene oxide, which resembles an exception among the other 

16 novel as well as the six known HHDHs. To further understand the extraordinary 

catalytic potential of HheG, structural, kinetic, as well as mutational studies were carried 

out.  

Taken together, the findings made in the course of this work contribute to a significant 

expansion of the structural and functional repertoire for this otherwise rare class of 

industrially relevant enzymes. 
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1. Introduction 

1.1 Industrial biotechnology and biocatalysis 

The discipline of biotechnology aims at establishing “technical applications of biological 

parts and systems that provide commodities for human needs“[1]. Biocatalysis, being an 

instrumental tool of biotechnology, makes use of biological catalysts and explores 

sustainable routes to organic synthesis [2]. Nature is a valuable source for enzymes that 

can be employed to chemical synthesis or other new-to-nature applications [1], [3]. In 

industrial biotechnology, a set of methodologies from diverse scientific fields (e.g., 

molecular and computational biology, microbiology, biochemistry, biophysics, and 

engineering) are employed to develop bio-based products and processes.  

The use of enzymes either in isolated form or as whole-cell catalysts is in accord with 

the criteria of green chemistry, which were defined in the “12 Principles of Green 

Chemistry” after Paul Anastas and John Warner [4]. This concept outlines what makes 

a product, a chemical or a process greener. In Green Chemistry, renewable raw 

materials should be utilized as feedstock, waste should be eliminated and the use of 

toxic and hazardous reagent and solvents should be avoided [5]. As outlined in Table 1, 

biocatalysis clearly conforms to 10 of the 12 principles and the remaining two (4 and 10) 

are inherently not applicable to protein-driven processes [5]. 

Table 1: Biocatalysis and the Principles of Green Chemistry. Modified [5]. 
  

Green Chemistry Principles Biocatalysis 

1. Waste prevention Enables synthetic routes with minimized 
waste production 

2. Atom economy Enables more atom and step economic 
routes 

3. Less hazardous syntheses Not relevant 

4. Design for safer products Generally low toxicity 

5. Safer solvents and auxiliaries Usually performed in water or Class 3 
solvents 

6. Energy efficient Mild conditions are conducive with energy 
efficiency 

7. Renewable feedstocks Enzymes are renewable 

8. Reduce derivatization Biocatalysis obviates the need for protection/ 
deprotection 

9. Catalysis Enzymes are catalysts 

10. Design for degradation Proteins are readily biodegradable 

11. Real-time analysis for pollution 
prevention 

Can be applicable in biocatalytic processes 

12. Inherently safer processes Performed under mild and safe conditions 
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Over the past decades, biocatalysis has matured from a concept to an established 

practice in the industrial production of fine chemicals and especially in pharmaceutical 

industry. The production of asymmetric molecules is on high demand in the chemical 

industry, and the growing number of biocatalytic processes for the synthesis of e.g. 

enantiomerically pure α- and β-amino acids, amines, amides, peptides, nitriles, alcohols, 

organic acids and epoxides over the last years signifies the increasing importance of 

biocatalysis and biotechnology in the present as well as in the future [5]–[7]. Another 

opportunity given by biocatalysis and biotechnology is that not only the manufacturing of 

a desired product is changed to a sustainable process but also novel products can be 

generated [8], [9]. However, due to the fact that modern industrial biotechnology is still 

in its early stages of development and covers only a small segment of industrial 

processes, the benefits and potential of it are only partially exploited by industry, policy 

makers, and consumers [10]. 

The use of biocatalysts dates back to ancient times. Rudimentary biotechnology has a 

long tradition in human history and started with the use of fermentation processes, the 

production of wine and beer, pickled food and cheese [11]. With the intense scientific 

efforts in chemistry and biology since the 19th century, the enormous practical potential 

of microorganisms was identified. The exploration of this potential led to the start of the 

true biotechnical revolution with the end of World War II [11]. Looking at the innovations 

and the exponential growth of biotechnical applications since then, especially in the food 

and textile industry but also in pharmaceutical industry, points out the enormous 

importance for the human kind [11]. At present, there are numerous examples of 

processes partially or entirely relying on enzymes, some the most prominent being the 

production of amino acids (e.g., lysine), antibiotics (e.g., penicillin), vitamins (e.g., 

ascorbic acid), and alcohols (e.g., butanol) [7], [12].  

1.1.1 Strategies for identification and creation of novel biocatalysts 

As discussed above, the interest in applying biocatalysts to industrial processes for the 

production of greener products is growing intensively. This is reflected by the 

exponentially growing number of industrial processes for fine- or bulk chemical synthesis 

that involve an enzymatic step or run as multi-enzyme systems. Furthermore, the annual 

growth rate of the global market of industrial enzymes was forecasted to be 5% in the 

upcoming years, and the global enzyme market was estimated at US$ 3.3 billion in 2010 

[13]. In other words, there is a large interest in finding or creating novel biocatalysts to 

serve the requirement of industrial production. 

Nature provides a pool of catalysts that are working under environmentally friendly 

conditions, however naturally occurring enzymes are often not suitable for the desired 
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process [14]. To address the high demand for better biocatalysts several approaches 

can be employed, e.g. rational protein design, multistep processes engineering and de 

novo design of enzyme catalysts, etc. [14]. Engineering a biocatalysts to the desired 

function started in the so called second wave of biocatalysis in the 1980s with the 

availability of protein structures [3]. These structure based approaches extended the 

substrate range of enzymes to allow the synthesis of unusual synthetic intermediates. 

This change expanded the use of biocatalysis to manufacturing of pharmaceutical 

intermediates and fine chemicals. The present wave or third wave of biocatalysis was 

initialized with the pioneering work of Frances Arnold and Pim Stemmer [15]–[20]. The 

extensive progress in molecular biology methods, high-throughput screening systems 

and improvement of bioinformatical tools makes it possible to modify biocatalysts via in 

vitro mimicry of Darwinian evolution, commonly called directed evolution [3] to meet 

industrial requirements. Next-generation DNA sequencing technology and the availability 

of large number of genes in public genome databases make novel enzymes available to 

the scientific community. Multiple sequence alignments across large enzyme families 

and homology searches have identified genes encoding similar catalytic functionality, 

leading to novel, potent biocatalysts. Furthermore, these sequences can also allow the 

reconstruction of ancestral biocatalysts, which may have a broader substrate range and 

catalytic promiscuity [3], [18], [21], [22].  
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1.2 Halohydrin dehalogenases (HHDH) 

Dehalogenases are enzymes that can cleave a carbon-halogen bond [23]. 

Characterization of the hydrolytic dehalogenases, haloalkane dehalogenase and 

haloacid dehalohogenase showed a relation to the widespread esterase and 

phosphatase family [24]–[26]. 

Halohydrin dehalogenases (HHDH; EC 4.5.1.-), also called haloalcohol dehalogenase, 

haloalcohol/halohydrin epoxidase, or halohydrin hydrogen-halide lyases are prokaryotic 

enzymes that belong to a distinct group and cannot be classified in any existing 

dehalogenase family. Instead, they are structurally and, to some extent, mechanistically 

related to members of the short-chain dehydrogenase/ reductase (SDR) family [27]–[29]. 

HHDHs only represent a small part of the 160,000 SDR sequences reported in UniProt 

and in functional terms are an exception in comparison to other described SDR family 

members [27], [30]. These rare but catalytically remarkable enzymes catalyse the 

reverse nucleophilic intramolecular displacement of a halogen by a vicinal hydroxyl group 

yielding in an epoxide [31]–[34]. Furthermore, they efficiently catalyse the reverse 

reaction (epoxide ring opening) with large range of alternative anionic nucleophiles 

including azide (N3
-), cyanide (CN-), nitrite (NO2

-), cyanate (OCN-), thiocyanate (SCN-) 

and formate (HCOO-) (Figure 1) [35]–[37]. From a practical perspective, HHDHs are 

especially interesting due their promiscuous epoxide ring opening activity, which yields 

in almost all cases exclusively the corresponding β-substituted alcohols [37], [38] and 

the formation of novel carbon-nitrogen (C–N), carbon-carbon (C–C) or carbon-oxygen 

(C–O) bonds (Figure 1) [38]. 

 

 

Figure 1: Reaction scheme of the dehalogenation and epoxide ring opening catalysed by halohydrin 
dehalogenases (HHDH). 
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1.2.1 Identification and evolution 

Halogenated organic compounds (HOCs) contain one or more halogens (fluorine, 

chlorine, bromine or iodine) bound to a carbon atom. They are classified as xenobiotics 

and are widely used in the production of herbicides, insecticides, fungicides and as 

intermediates for pharmaceuticals and have been introduced into the environment by the 

chemical industry [39], [40]. These compounds are chemically stable and therefore, 

difficult to decompose. The biodegradation of HOCs has received a lot of attention and 

it has been shown that dehalogenases play a central role in the degradation and 

utilization of HOCs [23], [41]–[43]. Among the other two classes of dehalogenases 

(haloalkane dehalogenase and haloacid dehalogenase), HHDHs are gaining more 

importance because of their versatility and their application in biocatalytic routes to fine 

chemical synthesis.  

HHDHs were historically identified in bacteria applied for the removal of HOCs from 

contaminated waste streams. Naturally, they are involved in the biodegradation of 

xenobiotics, such as epichloro- or epibromohydrin, dibromopropanol or dichloropropanol. 

The microorganisms of origin can use 2,3-dibromo-2-propanol or epichlorohydrin as a 

carbon source and efficiently metabolize it to glycerol [31], [33]. This likely involves 

epoxide hydrolases in the diol formation step [33] (Figure 2). 

First investigation of the enzymatic dehalogenation reaction was described by Castro 

and Bartnicki in 1968. In the respective study, a Flavobacterium strain was shown to 

degrade 2,3-dibromo-1-propanol to glycerol [31] (Figure 2).  

 

Figure 2: Conversion of 2,3-dibromopropanol into glycerol by cell-free extracts of a Flavobacterium sp. via 
the sequence: dibromopropanol � epibromohydrin � dihydroxybromopropane � glycidol � glycerol. [31] 
(A). Degradation pathway of epichlorohydrin by Agrobacterium radiobacter AD1. Epichlorohydrin is first 
hydrolysed by an epoxide hydrolase (EchA) to give 3-chloro-1,2- propanediol. Then, this haloalcohol is 
substrate for a HHDH (HheC) producing glycidol which is further metabolized [27], [33] (B). 
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Later, it was shown that the partially purified enzyme was able to eliminate bromide as 

well as chloride from vicinal haloalcohols by formation of the corresponding epoxide. 

Furthermore, also the catalysed epoxide ring opening by an terminal attack of chloride, 

bromide [44] and iodide [45] anion was investigated. More bacterial strains were 

identified from soil or freshwater sediment sources that were able to mineralize 

halogenated aliphatic alcohols or epoxides, such as epichlorohydrin [33], [46]–[54]. 

Table 2 gives an overview of the isolated microorganisms that exhibit halohydrin 

dehalogenase activity. 

Table 2: Microorganisms producing halohydrin dehalogenase. Adapted from [40]. (1,3-DCP = 1,3-dichloro-2-
propanol; 2,3-DCP = 2,3-dichloro-1-propanol; ECH = epichlorohydrin; 3-CPD = 3-chloro-1,2-propanediol) 
 

Microorganism Source Carbon source 
used for isolation References 

Agrobacterium biovar Soil 1,3-DCP [54] 
Agrobacterium tumefaciens Soil 1,3-DCP [54] 
Agrobacterium strain NHG 3 Soil 2,3-DCP [55] 

Alcaligenes sp. Soil 2,3-DCP [51] 

Arthrobacter strain AD2 Freshwater 
sediment ECH [33] 

Arthrobacter sp. strain PY1 Soil 1,3-DCP [56] 
Corynebacterium strain N-1074 Soil 3-CPD [47] 

Pseudomonas strain AD1 Freshwater 
sediment ECH [33] 

Pseudomonas sp. Soil 2,3-DCP [57] 
Pseudomonas cepacia Soil 1,3-DCP [54] 

Agromyces 
mediolanus ZJB120203 

Not mentioned Not mentioned [58] 

Tistrella mobilis ZJB1405 Not mentioned Not mentioned [59] 
Parvibaculum lavamentivorans 

DS-1 
Not mentioned Not mentioned [60] 

 

Apart of their ability to biodegrade xenobiotics there is a special interest in the biocatalytic 

application of HHDH which came to prominence with the discovery that HHDHs can be 

employed for the stereoselective production of optically active halohydrins from racemic 

substrates [47], [48], [50], [51], [61]–[64]. Furthermore, after the discovery that a HHDH 

from Corynebacterium strain N-1074 catalysed the cyanide-mediated epoxide ring 

opening of 1,2-epoxybutane, 1,2-epoxypropane and epichlorohydrin and the formation 

of the corresponding β-hydroxynitriles by novel carbon-carbon bond formation, these 

enzymes gained further attention as tools in biocatalysis [65]. In particular, the finding 

that epichlorohydrin was highly selectively converted to R-hydroxynitrile was an 

important milestone [66]. Despite their interesting biocatalytic potential, only six HHDHs 

from different bacterial organisms have been cloned and recombinantly produced in E. 

coli for in depth studies. These six enzymes showed similar functionality and were 
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derived from three different geographical regions (England, The Netherlands and 

Japan). With the help of sequence similarities and activity profiles they were classified 

into three different phylogenetic groups, types A, B and C [27]. The six characterized 

HHDHs were evenly organized in the three groups, i.e. HheA from Corynebacterium sp. 

strain N-1074 [67], and HheA2 from Arthrobacter sp. strain AD2 [27]; HheB from 

Corynebacterium sp. strain N-1074 [67], HheB2 from Mycobacterium sp. strain GP1 [35], 

and two identical HheC enzymes from Agrobacterium radiobacter AD1 [27] and 

Rhizobium sp. strain NHG3 [68]. Although the sequences were obtained from individual 

bacterial strains from three different global sampling sites, sequence analysis could show 

that HHDHs are highly similar within the types with identity of 88.7–98.3 % [27], [67], 

[68]. However, they significantly differ between different groups, with an identity of only 

18.9–33.5 %. Due to the involvement of HHDHs and other dehalogenase enzymes in 

the biodegradation of xenobiotics, it is generally believed that these enzymes 

evolutionary developed post-industrial out of adaptation. However, the low sequence 

similarity (less than 50%) between HHDHs and other SDR-family members, as well as 

among dehalogenases within their respective superfamilies point towards an earlier 

specialisation of these enzymes than an century ago [21], [43]. In addition, the natural 

occurrence of halogenated compounds re-affirms the hypothesis that these enzymes 

were actually evolved prior to the industrial revolution [69].  

Recently, a new approach for the identification of novel HHDH sequences in public 

databases has been established [21]. A combination of an N-terminal motif as part of the 

nucleophile binding pocket architecture (T-X4-F/Y-X-G) and a second motif resembling 

the HHDH catalytic triad (S-X12-Y-X3-R) was used for the identification of putative 

HHDH. With the help of these two motifs the sequences were also successfully 

discriminated from other SDR enzymes sequences [21]. With this approach 37 novel 

HHDH genes were obtained by PHI-BLAST, and phylogenetic analysis showed that 

several sequences could not be assigned to one of the three existing phylogenetic 

groups. Thus, four new subtypes D through G were postulated [21] (Figure 3). Up to 

date, in total 64 novel HHDH sequences have been identified in public databases [70]. 



Introduction 
Halohydrin dehalogenases (HHDH) 

18 

 

Figure 3: Phylogenetic representation of the extended HHDH enzyme family. Modified after [70]. 
 

1.2.2 Protein structures, reaction mechanism and catalytic activities 

Phylogenetic and sequence analysis indicates that HHDHs belong to the superfamily of 

short-chain dehydrogenase/reductases (SDRs). The latter is in accord with the 

observation that HHDHs and SDRs also share certain structural and mechanistic 

features [27], [29], [40]. SDRs form a large family of NAD(P)(H)-dependent 

oxidoreductases, sharing sequence motifs and playing critical roles in lipid, amino acid, 

carbohydrate, cofactor, hormone and xenobiotic metabolism as well as in redox sensor 

mechanisms [71]. With the increasing interest in HHDH´s biocatalytic properties, their 

mechanistic features were studied more in detail. The successful crystallization of HHDH 

members from different groups and comparative analysis of their three-dimensional (3D) 

structures was indispensable in this respect. 

The first reported 3D structure in 2001 was that of HheC from A. radiobacter strain AD1 

and it hinted at high similarities to SDR family members [27]. However, the structure was 

generated by computational methods using the coordinate of SDR family members as a 

template [27]. Later, with the help of crystal structures of HheC in complex with bromide, 
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(R)-1-para-nitro-phenyl-2-azido-ethanol, and (R)-styrene oxide and chloride [72], 

respectively, it was possible to confirm these structural similarities to the SDRs [28]. 

To date, the crystal structures of HheA [73], HheA2 [74], HheB [73] were additionally 

solved. They reveal an overall highly similar structural fold - a homotetrameric form, built 

of a pair of dimers. A Ser-Tyr-Arg catalytic triad, similar to the catalytic triad of most SDR 

enzymes (Ser-Tyr-Lys) was identified in HHDH crystals (Figure 4).  

 

 

 
Figure 4: Highly similar structures of (A) gluconate 5-dehydrogenase from Streptococcus suis (PDB 3CXT) 
[75] and (B) HheC from Agrobacterium radiobacter AD1 (PDB 1ZMT) [76]. The structure of the SDR enzyme 
is shown with D-glucunate (pink) and NADP+ (yellow) bound in one of its active sites. The HHDH structure is 
displayed with one active site-bound molecule of (R)-p-nitrostyrene oxide (pink). Modified from [77]. 
 

The overall fold of the monomeric structure resembles a Rossmann fold consisting of six 

β-strands forming a large parallel β-sheet structure and six α-helices located on both 

sides of the β-sheet; this fold is characteristic for SDR-like enzymes (Figure 4 B) [71]. 

Each monomer’s active site is buried within the enzyme and is linked to the bulk solvent 

via a substrate entrance tunnel. This tunnel is differently shaped in the crystallized 

HHDHs and, at least for HheC, various studies demonstrate that residues of the entrance 

tunnel are involved in determining the enzymes’ activity and enantioselectivity [38], [73], 

[78], [79]. Position of the catalytic residues Ser, Tyr, and Arg in the active site of the 

enzymes is highly conserved (Figure 5). Noteworthy, it was observed that HHDHs 

possess, instead of the nicotinamide cofactor binding site in SDR enzymes, a nucleophile 

binding pocket at the corresponding position [71]. The latter serves in stabilization of the 

anion reactants [28], [80]. Stabilisation is carried out via hydrogen bonds from backbone 

amides, slightly positively-charged edges of aromatic residues, as well as via a bound 
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water molecule. Furthermore, it was shown that HHDH contain a proton relay system. 

Protons are transported from the active site Arg toward the bulk solvent via the side -

chain of the partly surface exposed Asp, which is not the case with SDR enzymes which 

use for interactions with the leaving proton the main-chain carbonyl of a highly conserved 

Asn and a hydroxyl group of the ribose moiety [81]. 

 

 

 
Figure 5: Structural aspects of halohydrin dehalogenases, active-site structure of (A) HheA2 (PDB 1ZMO), 
(B) HheB (PDB 4ZD6), and (C) HheC (PDB 1ZMT). Water molecules in the nucleophile binding sites of 
HheA2 and HheC are shown as red sphere; the chloride ion in the active site of HheB is given as green 
sphere. Taken from [70]. 
 

In addition to the structural and mechanistic insights, the catalytic mechanism of HHDHs 

was elucidated with the help of kinetic [82], mutational [27], [81], as well as theoretical 

studies [83], [84]. In all cases HheC from Agrobacterium radiobacter AD1 was used as 

archetype and is therefore, the best studied HHDH enzyme. The catalytic mechanism of 

the dehalogenation and epoxide ring opening reaction is described as follows, and an 

overview can be found in Figure 6. During the dehalogenation of the halohydrin, Ser132 

of the catalytic triad of HheC forms a hydrogen bond with the hydroxyl group of the 

substrate and is responsible for the correct positioning of the substrate. Arg149 is not 

directly involved in the binding of the substrate; it lowers the pKa of the hydroxyl group of 

Tyr145 via hydrogen bond formation. In this way, Tyr145 is activated and can therefore, 

function as a catalytic base abstracting the proton from the substrate´s OH-group. The 

resulting negative charge of the oxyanion is further stabilised by Ser 132 leading to 

cleavage of the carbon-halide bond via a nucleophilic attack [38], [81], [85]. As a 

consequence, the epoxide ring is formed, and the released chloride anion is stabilised in 

the anion pocket. The mechanism of the epoxide ring opening is reversed. Tyr145 and 

Ser132 position the epoxide in the catalytic pocket by donating hydrogen bonds to the 

oxygen of the epoxide. After the nucleophilic attack of a halide (or another accepted 

anion, e.g. CN-, Figure 7) on one of the carbons of the epoxide ring Tyr145 donates a 
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proton to the forming oxygen anion. Tyr145 acts as an acid catalyst and was activated 

by Arg149. This time the partly surface exposed Asp does not support the proton leaving, 

but allows proton import from the solvent.  

 

 

 
Figure 6: Catalytic mechanism of halohydrin dehalogenases in dehalogenation and epoxide ring opening; 
residue numbering according to HheC. Modified from [70]. 
 

The two steps are also proven by a quantum chemical modelling procedure with 

relatively small models of the active sites to study their reaction mechanisms [86], [87]. 

HheC favours the formation of the (R)-enantiomers [76]. In contrast, HheA-AD2 shows 

a low S enantioselectivity [88]. Three amino acids, Val136, Leu141, and Asn178 (HheA-

AD2 numbering), are proposed to be the key residues for controlling enantioselectivity 

[88]. Only in HheC a C-terminal extension can be found that protrudes into the active site 
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and contains a Trp residue (W249, Figure 5 C). It was shown that this residue 

significantly influences HheC´s stereoselectivity [76], [82] 

The epoxide ring opening reaction can be viewed as the natural function of these 

bacterial enzymes [33]. In this reaction, a range of different nucleophiles is accepted by 

the enzymes, e.g. azide (N3-), cyanide (CN-), nitrite (NO2-), cyanate (OCN-), thiocyanate 

(SCN-) and formate (HCOO-). Using different nucleophiles in all cases the corresponding 

β-substituted alcohol is produced [37]. Overview of the possible nucleophiles for the ring 

opening can be found in Figure 7 outlining the different novel bonds that are formed, 

carbon-nitrogen (C–N), carbon-carbon (C–C) or carbon-oxygen (C–O) bonds. Carbon-

sulfur bonds can be formed when thiocyanate is used as nucleophile. The use of cyanate 

in the ring opening reaction results in formation of oxazolidiones. 

 

 

 
Figure 7: Catalytic scope of halohydrin dehalogenase catalysed epoxide ring-opening of epoxides and various 
nucleophiles (modified from [37]) 
 

Furthermore, it has been shown that in the epoxide ring opening reaction the nucleophilic 

attack takes place at the terminal carbon atom in a regioselective manner [47], [48], [50], 

[51], [62], [63]. Crystal structures obtained from HheC with the bound R or S enantiomer 

of p-nitrostyrene oxide showed that both enantiomers occupy a similar position in the 

active site of the enzyme [76]. Differences were found in the orientation of the epoxide 

ring in the active site. For the preferred R-epoxide the oxygen of the epoxide is oriented 

to the catalytic residues Tyr145 and Ser132, and the expected hydrogen bonds are 
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formed. In contrast, for the S-enantiomer the oxygen points away from the catalytic active 

residues [76]. Thus, no hydrogen bonds can be formed and the S-enantiomer is not 

converted. Another interesting observation is that epoxide ring opening using non-natural 

nucleophiles is about two orders of a magnitude higher than observed for bromide or 

chloride [37]. Rates for epoxide ring opening using halides or cyanide as nucleophiles 

are in the range of 0.2 to 0.8 s-1. In contrast to that the rates observed for nitrite or azide 

are 10- or even 100-fold higher. 

In contrast to the natural occurring epoxide ring opening it was also found that many 

different β-substituted haloalcohols can be converted with high regio- and 

stereoselectivity thus producing optically pure epoxides. Also phenyl-substituted 

haloalcohols such as the chromogenic substrate 2-bromo-p-nitrophenylethanol and 

derivates thereof can be converted by HHDHs with high selectivity (E = 150) [82]. Many 

studies showed that HHDHs also accept ethyl esters of 4-chloro-3-hydroxybutyric acid, 

an important substrate for the production of statin side chain of the drug atorvastatin [59], 

[89]–[94]. Regioselectivity was proven by comparing the regioisomers 1,3-dichloro-2-

propanol and 2,3-dichloro-1-propanol as substrates. A strong preference of HheC for the 

haloalcohol having a terminal halide group was observed [27]. The anion-binding pocket 

serves a dual function - stabilization of the halide that is released and activation of the 

nucleophile. The Tyr and Ser residues within the active site are important for substrate 

binding and facilitate protonation and deprotonation of the substrates´ oxygen. Further 

determinant of the enzyme´s high regioselectivity is the narrow cavity where only the R-

group of the haloalcohol can bind such that the halogen is correctly placed in the anion-

binding site. This explanation of the regioselectivity is also in agreement with the highly 

regiospecific nucleophilic attack observed in the epoxide ring opening reactions [35]–

[37], [66], [95]–[97]. 

1.2.3 Biocatalytical applications of HHDHs 

The natural function of HHDHs can be used for the biodegradation of halogenated 

environmental pollutants. C3 and C4 vicinal halohydrins, such as 1,3-dichloro-2-propanol 

are widely used as educts in the synthesis of fine chemicals. Subsequently, these often 

toxic compounds are entering the environment. The key reaction involved in the 

biodegradation is the cleavage of the halogen-carbon bond, which can be catalysed by 

HHDHs. Furthermore, epoxide hydrolases, such as EchA, are also important for the 

degradation and mineralisation of halogenated compounds, and it was shown that EchA 

efficiently metabolize epichlorohydrin together with HheC in Agrobacterium radiobacter 

AD1 [44]. It was shown that whole cells with halohydrin dehalogenase activity can be 

used to decontaminate polluted areas with 1,3-dichloro-2-prpoanol [52], [56], [98], [99] 

or 2,3-dichloro-1-propanol [55], [57], [68], [99]. It was observed that 3-chloro-1,2-
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propanediol or other dichlorinated propanols and their fatty acid esters occur in food, i.e. 

during the acid hydrolysis of proteins or the deodorization of vegetable oils [100]. 

Biodegradation of these toxic compound in food is very important for human health. 

Bornscheuer and co-workers described a process to degrade 3-chloro-1,2-propanediol 

to non-toxic glycerol by employing a halohydrin dehalogenase in combination with 

Candida antarctica lipase A and an epoxide hydrolase from Agrobacterium radiobacter 

AD1 [101]. 

Besides the environmental application of HHDHs, these enzymes have been used in a 

number of biocatalytic applications. High interest is found especially in stereoselective 

biotransformation yielding enantiopure epoxides or β-substituted alcohols for fine 

chemical industry as well as pharmaceutical industry. Prior to the application of purified 

or partially purified enzymes into biocatalytic processes the kinetic resolution of various 

halohydrins by e.g. immobilized cells of Pseudomonas sp. OS-K-29 has been achieved. 

These bacteria assimilated (R)-2,3-dichloro-1-propanol preferentially as carbon source, 

thus (S)-2,3-dichloro-1-propanol was produced with an eeP of 100% isolated [102]. Using 

the same Pseudomonas strain generation of optically active ethyl 4-chloro-3-

hydroxybutyrate, which served as intermediates for chemical synthesis was successfully 

carried out [49]. Various applications of whole cells or partially purified enzymes in the 

synthesis of optically pure C3 or C4 fine chemical precursors can be found in literature 

[49], [103], [104] and have been reviewed [40], [70], [85].  

Chiral epoxides are valuable and extremely important building blocks for the synthesis 

of enantiomerically pure pharmaceuticals and agrochemicals [104], [105]. It was shown 

that HHDHs can catalyse the enantioselective epoxide ring opening by dehalogenation 

of various aliphatic and aromatic haloalcohols [47], [48], [50], [56], [62], [63], [106]. Thus, 

HHDHs can be useful in the production of optically pure epoxide, such as chiral 

epichlorohydrin, which is used in the synthesis of optically active pharmaceuticals 

including (R)-carnitine [107] and Linezolid [108]. A direct synthesis pathway from 1,3-

dichloro-2propanol to (R)-epichlorohydrin with an ee of ≥ 95% was established using 

cells of A. erithii H10a [106]. It was also shown that the enantiomer (S)-epichlorohydrin 

can be formed by transhalogenation catalysed by the same enzyme using rac-

epibromohydrin and KCl as substrates. 

The finding that HHDHs catalyse the stereospecific epoxide ring opening of various 

epoxide with a wide range of anions by the formation of a series of compounds such as 

β-azido alcohols, β-nitro alcohols, and β-hydroxy nitriles increased the interest (Figure 

7) [37]. β-substituted alcohols are important building blocks of pharmaceuticals and 

biologically active compounds [97]. Azidolysis of epoxides and the resulting β-
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azidoalcohols can be employed for a chemoenzymatic route toward enantiopure β-amino 

alcohols, which can be used in the synthesis of chiral ligands and auxiliaries [109] and 

in the production of β-blockers [110]. Recently, HheA2 and HheC were shown to catalyse 

azidolysis of chiral and achiral spiroepoxides containing five- to seven-membered 

cycloalkane rings yielding in the corresponding β-azidoalcohol [111]. Especially 

interesting is the regioselective formation of the corresponding β-azidoalcohol carrying 

the OH group at the tertiary carbon atom, which is in contrast to the chemical azidolysis 

yielding in a mixture of regioisomers (Figure 8). 

 

 

 
Figure 8: HHDH-catalysed azidolysis of spiroepoxides [111]. 
 

Prior to the azidolysis of spiroepoxides Elenkov and co-workers established the cyanate 

(OCN-) mediated ring opening of epibromohydrin by HheC resulting in enantiopure five-

substituted oxazolidiones [96]. A dynamic kinetic resolution of racemic epibromohydrins 

for the production of the corresponding S-oxazolidiones has been published recently 

[112]. 

Among the accepted nucleophiles, cyanide is one of the most interesting candidates for 

the production of chiral building blocks. The formed nitrile group can be transformed into 

an amino, amide, or carboxyl group by nitrile-amide converting enzymes [97], [113]. The 

cyanolysis of epoxides increased also on interest by finding that HHDHs catalyse the 

production of ethyl-(R)-4-cyano-3-hydroxybutyrate. The latter is used as a precursor for 

the synthesis of Atorvastatin. This statin molecule inhibits the 3-hydroxy-3-

methylglutaryl-coenzyme A reductase, which catalyse an early and rate limiting step in 

the cholesterol biosynthesis and leads to reduction of the low density lipoprotein (LDL) 

cholesterol levels. LDL levels are directly correlated to mortality rates in coronary heart 

diseases [93]. Thus, the drug Lipitor (atorvastatin calcium) is one of the best selling drugs 

in the world with sales more than US$ 10 billion in 2010 [90]. The synthesis of 
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atorvastatin requires enantioselective biotransformation because of its two chiral 

centers, and its application as a medical drug requires an higher than 99.5% ee and an 

higher than 99% diastereomeric excess [114]. An efficient and scalable synthesis of 

ethyl-(R)-4-cyano-3-hydroxybutyrate was developed by Codexis Inc. (Redwood City, CA, 

USA) [115]. For the production of the statin drug precursor a two-step cascade reaction 

from ethyl 4-chloroacetoacetate to ethyl-(R)-4-cyano-3-hydroxybutyrate employing three 

different enzymes (ketoreductase, glucose dehydrogenase and halohydrin 

dehalogenase) was developed (Figure 9) [90]. The process is divided into two steps 

starting with the ketoreductase catalysed asymmetric reduction of ethyl 4-

chloroacetoacetate by a NADP-dependent glucose dehydrogenase for cofactor 

regeneration. In the first step ethyl (S)-4-chloro-3-hydroxybutyrate is produced with high 

yields (97% recovered yield) and high selectivity (>99.5% ee). 

In the second step, a highly engineered variant of HheC [89] is employed catalysing the 

one pot production of ethyl (R)-4-cyano-3-hydroxybutyrate by combination of 

dehalogenation of ethyl (S)-4-chloro-3-hydroxybutyrate and subsequent cyanolysis of 

the corresponding epoxide. The reaction was carried out at neutral pH and ambient 

temperature achieving 92 % recovered yield and >99.5% ee. The important step for 

introducing chirality is thereby the first ketoreductase catalysed step. It was possible to 

scale up this process up to a 2,000 litre reactor, indicating its feasibility for industrial 

process application [40], [90]. The analogous reactions with two enzymes starting from 

prochiral α-chloroketones leading to enantiopure β-azidoalcohols and β-hydroxynitriles 

have been reported [116]. An alternative route toward ethyl (R)-4-cyano-3-

hydroxybutyrate proceeds via (S)-4-chloro-3-hydroxybutyronitrile produced by HHDH 

from the cheap aliphatic alcohol 1,3-dichloro-2-propanol (Figure 9). Different HHDH were 

tested in this reaction set up finding that only HheC exhibit the preferred S-selectivity in 

the epoxide ring opening [91]. Over and all, the application of HHDHs in the ton-scale 

production of the statin side chain atorvastatin of the cholesterol lowering drug Lipitor 

displays the most important and promising example. 
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Figure 9: Biocatalytic synthesis of statin side-chain precursors. Taken from [70]. 
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1.3 Laboratory evolution of biocatalysts  

1.3.1 Protein engineering 

Naturally accruing enzymes have evolved to suit the needs of the organism they are 

derived from. Therefore, enzymes are usually not fitting for direct application in industrial 

processes. Bioprocess and protein engineering are used for the adaptation of promising 

enzymes to the needs of industry [3], [117]. Having natural evolution as an example, the 

idea that biological molecules can be tailored to one´s needs by iterative cycles of 

mutation and selection has been postulated already in the 1960s [118]. With the further 

developments in molecular biology (in vitro DNA synthesis and amplification, cloning and 

recombinant protein production) since the early 1990s laboratory evolution became one 

of the main research topics in biocatalysis, and protein engineering has been applied on 

numerous examples to adapt the enzyme for industrial processes [3], [118], [119].  

Generally, laboratory evolution of enzymes can be carried out by three different 

strategies [117], [119], [120] (Figure 10): 

1) rational protein design (employing focused mutagenesis and, in rare cases, de 

novo protein design), 

2) directed evolution (employing random mutagenesis), 

3) shuffling of homologous sequences (employing DNA recombination). 

 

 
 
Figure 10: Mutagenesis methods embraced in 100 randomly selected papers on protein engineering in the 
period 2011 - 2013. Adapted from [120]. 
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Rational mutagenesis 

Site directed mutagenesis (SDM) is the main tool of irrational mutagenesis which 

introduces changes in one or more pre-selected amino acids of a protein and the 

evaluation of the phenotype of each permutation is individually evaluated. A key pre-

requisite to carry out rational protein design is prior knowledge about the target protein 

and is based on the understanding of the connection between its activity and tertiary 

structure. Information can be gained out of protein 3D structures, if possible also in 

complex with substrates, biochemical and biophysical characterization, or previous 

mutagenesis studies. Computational algorithms can be used in order to identify 

functional residues and regions. Furthermore, also sequence alignment studies can 

identify target positions, especially when the protein belongs to a large family of already 

characterized proteins with identical but not similar properties [121]. The identified region 

of the target protein can then partially (single or multiple amino acid substitutions by 

degenerated codons) or thoroughly (site saturation mutagenesis (SSM)) randomized. 

From the viewpoint of the experimentalist, rational design translates into reduced effort 

and increased efficiency of identifying improved variants, mostly by the elimination of 

screening effort by reducing the number of possible mutants [122]. 

The QuikChangeTM Site-directed Mutagenesis Method (QCM) developed by Stratagene 

is the most commonly used method for implementing specific mutation in the target 

protein sequence [120], [123]. This whole plasmid PCR amplification method enables a 

thorough or partial exchange of a single residue in a protein sequence to any other amino 

acid or a subset of amino acids in a single step by implantation of a partially 

complementary primer pair. In this method a high-fidelity DNA polymerase is used to 

amplify the entire plasmid carrying the target sequence. After enzymatic digestion of the 

parental vector the resulting “nicked” double stranded DNA containing the mutation can 

be directly transformed into competent cells (Figure 11). The non-overlapping breaks are 

repaired in vivo in order to obtain the circular mutated vector. Furthermore, in recent 

years derivatives of this classic method have been developed which enable multi-site-

directed mutagenesis (of up to 5 sites) [120]. Besides QuikchangeTM PCR, there are 

several other approaches to implement single site mutations to a desired protein 

sequence. The second commonly used method is overlap-extension PCR (oePCR), 

which employs two primer pairs where one primer of each pair contains the mutation 

[124]. Two PCRs are performed yielding in two double stranded DNA products, where 

each contains the desired mutagenic codon. These are mixed and hybridized to obtain 

heteroduplexes. The resulting overlapping 3’-and 5’-ends of each heteroduplex are filled 

by application of a polymerase, then a second PCR reaction with the non-mutated primer 

pair is performed to amplify the mutated DNA. 
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Figure 11: Overview of the QuikChangeTM Site-directed Mutagenesis Method (QCM). Adapted from Agilent 
Technologies. 
 

By using of specific degenerated codons the site-directed amino acid exchanges can be 

partly or fully randomized yielding libraries of finite size [125]. Exchanging the target 

amino acid codon to an “NNN” codon yields in a variation of 64 codons (four different 

nucleotides (A, T, G, and C) and three positions; 43) and implements all 20 natural amino 

acids on this position including the three stop codons. More frequently degenerate “NNK” 

or “NNS” codons are used which minimize stop codons and change the target amino 

acid to all 20 naturally accruing amino acids. K encodes for G or T and S encodes for G 

or C, thus only one stop codon “TAG” can occur, thus minimizing the chance that an 

introduced stop codon can terminate the translation of the protein prematurely. 

Depending on the desired mutation degenerate codons can be used to exchange an 
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amino acid to a specific group of amino acids, e.g. to all non-polar amino acids. Common 

used degenerated codons can be found in Table 3. Advantages of the site directed 

engineering approach is the generation of single variants of small focused libraries (<100 

variants) which can be rapidly screened. 

Table 3: (A) Overview of different degenerate codons, the number (No.) of codons, amino acids and stop 
codons, as well as the encoded amino acids. (B) Universal nomenclature (IUPC code) of wobble base ( a 
mixture of bases) by eurofins Genomics. 
 

A     
Degenerate 

codon 
No. of 

codons 
No. of amino 

acids 
No. of 
stops 

Amino acids 
encoded 

NNN 64 20 3 All 20 
NNK / NNS 32 20 1 All 20 

NDT 12 12 0 RNDCGHILFSYV 
DBK 18 12 0 ARCGILMFSTWV 
NRT 8 8 0 RNDCGHSY 

     

B     
Degenerate 

codon 
Encoded 

bases 
Degenerate 

codon 
Encoded 

bases  
M AC V AGC  
R AG H ACT  
W AT D AGT  
S GC B GCT  
Y CT N AGCT  
K GT    

 

Direct protein evolution 

In contrast to rational protein design,  direct protein evolution aims at mimicking the 

natural evolution cycle and relies on random introduction of mutations over the whole 

target sequence [16], [126], [127]. Full randomization of the target sequence can be 

obtained by e.g., altering the fidelity of the DNA polymerase (error-prone PCR, epPCR) 

[128]. With this approach a high number of variants is obtained, and a crucial requirement 

for direct protein evolution is the availability of a high throughput screening system. A 

classic directed evolution experiment comprises three main iterative steps: Design and 

construction of a mutant library from a parent gene, screening to identify improved 

variants out of a large mutant pool, and isolating the genes encoding for improved 

variants [129].  
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Figure 12: Schematic representation of a directed enzyme evolution campaign. A typical directed evolution 
campaign comprises iterative rounds in which a parent gene coding for an enzyme of interest is subjected to 
random mutagenesis, generating a mutant library. Enzyme variants are expressed and screened for a given 
property. Improved variants are isolated, confirmed and mutations found are evaluated and recombined 
generating an overall improved variant which can be used as an input for the next round.Taken from [129]. 
 

Advantages of this method are that structural or functional information about the target 

molecule are not needed, and a large variation is generated. On the other hand, direct 

protein evolution also relies on several iterative evolution rounds, a high throughput 

screening system, and on a polymerase that implements mutations with high rates.  

 

1.3.2 Engineering approaches of HHDHs 

Protein engineering has become a useful tool to overcome the limitations of naturally 

occurring enzymes, observed when employing into biocatalytic processes [3], [130]–

[132]. Properties such as activity, selectivity and stability can be improved by means of 

genetic engineering. To improve an enzyme, the main approaches are rational and 

“blind” (also called directed evolution) protein design [133]. Due to the availability of 

structures and reaction mechanism catalytic performance of HheC, HheA2 has been 

engineered. Recently, the first engineering example for HheB has been published [134], 

but the main research was carried out on HheC over the past years. Fox and co-workers 

were searching for a HheC variant that could render the process from ethyl (S)-4-chloro-
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3-hydroxybutyric acid to ethyl (R)-4-cyano-3-hydroxybutyric acid economically viable 

[89]. In their ProSAR-based study they screened about half a million of mutants by 

chromatographic method yielding a variant with at least 35 mutants after 18 rounds of 

evolution that matched the process criteria [89]. The volumetric productivity of the mutant 

enzyme was increased ∼4,000-fold. Simultaneously, the enantioselectivity of HheC was 

inverted from R enantioselectivity to S enantioselectivity towards 4-chloro-hydroxybutyric 

acid ester [89], [135]. One variant HheC-2360 that originated from this study was later 

characterized to carry 37 mutations and displayed a 3.1-fold increased kcat in the 

dehalogenation of the haloalcohol, whereas an almost 10-fold increased kcat was 

observed for the cyanolysis of the corresponding epoxide ethyl (S)-3,4-epoxybutyrate 

[38]. Additionally, HheC-2360 showed an increased thermal stability of at least 8 °C, 

which can be explained by a better interaction of the monomers in the tetrameric 

assembly.  

Position Thr134 in HheC was recently reported to enhance the cyanolysis of various 

epoxides [136]. Changing Thr to Ala a mutant was created with an 11-fold increased kcat 

in the cyanolysis. Furthermore, Ala at position 134 had a positive impact on the 

dehalogenation but reduced the variant´s enantioselectivity. It is suggested that Thr134, 

which is located in close proximity to the Ser134 of the catalytic triad forms a hydrogen 

bond with the latter (Figure 5 C) [136]. Hence, it is being suggested that the mutation 

T134A has not a direct influence on the nucleophile binding but rather alters the 

interaction between Ser 134 and the oxygen of the substrate. Sequence analysis of 

wildtype HHDHs HheA3 and HheB, which are also highly active, as well as the enzyme 

sequences generated by Fox and co-workers also lack a hydrogen bonding partner for 

the catalytic serine [89], [136].  

Another engineering approaches for improving the catalytic activity of HheC in the rate-

determining dehalogenation step [137] could show that variants with the mutation 

W139C exhibit a five-fold higher activity toward p-nitrophenyl-2-bromoethanol [138]. 

Furthermore, modification of the anion pocket of HheC was successfully carried out to 

enhance the activity towards haloalcohols 1,3-dichloro-2-propanol and p-nitrophenyl-2-

bromoethanol [137]. The rate of halide release of a variant with the mutation Y187F was 

5.6-fold higher than compared to the wild-type enzyme. This result indicated that the 

improved activity was caused by an enhanced release of the halide from the enzyme, 

caused by the removal of a hydrogen bond [137].  

In more recent studies, the influence of the C-terminal extension of HheC on the 

enzymes activity has been studied [139]. Here, the 10 C-terminal residues of HheC, only 

found in HheC, were mutagenized. It was observed that this C-terminal extension 
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protrudes from a monomer into the active site of another monomer, which has an effect 

on the activity and enantioselectivity [140]. Removal of all 10 residues resulted in a less 

active and thermostable variant. With the help of single site-saturation mutagenesis a 

2.7 to 4.3-fold increased activity was observed when exchanging W249 to different amino 

acids [139]. Mutation at positions M252-E254 on the other hand had a positive influence 

on the enzyme´s thermostability. Later, a triple mutant (HheC W249P + M252L + P253D) 

was designed that exhibit an almost 18-fold increased thermal inactivation half-life and 

a 4-fold improved kcat [139]. It was concluded that the abolishment of the hydrogen bond 

between W249 and Y187, as well as the formation of two new hydrogen bonds between 

D253 and E254 stabilize the conformation of the anion binding pocket and thus, increase 

the activity [139]. This is well in range with the previous observation that the variant 

Y187F also eliminates this hydrogen bond [137]. 

The inadequate activity of wild type enzymes is only one possible drawback preventing 

the broad application of HHDHs into industrial biocatalytic processes. Enantioselectivity, 

with view of the production of enantiopure fine chemicals or building blocks for drugs is 

also a critical parameter that can be addressed by means of engineering. The 

enantioselectivity of HheA2 in the dehalogenation of 2-chloro-1-phenylethanol is very 

low with a slight preference for the S-enantiomer. A single point mutation (N178A) was 

identified to increase this selectivity (E ≥ 200) [88]. A double-mutant (HheA2 V136Y + 

L141G) was identified having a reverted selectivity. For HheC, two double mutants were 

identified (L142M + T134V; L142F + N176H) with an increased R-selectivity [78]. The 

increased selectivity is caused by a decreased KM for the R-enantiomer and an increased 

KM for the S-enantiomer. With the implementation of the mutations P84V + F86P + T134A 

+ N176A, a mutant was constructed that showed an increased S-selectivity, also caused 

by the increase and decrease of the KM for the enantiomers [78]. 

The synthesis of (S)-epichlorohydrin from prochiral 1,3-dichloro-2-propanol was 

improved by a combination of the mutations P175S and W249P resulting in an HheC 

variant with produced (S)-epichlorohydrin in 95.3% ee. In comparison wild type HheC 

only exhibit an ee of 5.2% [141]. 

Recently, also enantioselectivity of HheB using a combination of site directed and 

random mutagenesis was engineered [134]. The triple mutant (HheB F71W + Q125T + 

D199H) produced with an ee of 98.5% (R)-4-chloro-3-hydroxy-butyronitrile from 1,3-

dichloro-2-propanol, in a cascade reaction combining the dehalogenation and the 

subsequent cyanolysis of epichlorohydrin. Furthermore, the mutant reached higher 

yields comparable to wild type HheB. 
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Industrial processes often take plays under harsh conditions, which are not comparable 

to the enzymes natural environment. Thus, another desired feature of enzymes for 

application in an industrial process is their chemical and thermal stability. Examples of 

increased stability of HHDHs by protein engineering are reported for HheC. It was found 

out that HheC is inactivated under oxidative conditions caused by the formation of 

intramolecular disulphide bonds [142]. Replacement of all four cysteine residues by an 

alanine or serine identified the variant HheC C153S with enhanced stability. 

Soluble recombinant protein production in E. coli of HheA2 was improved by changing 

the GTG codon at position +2 to CCC or CCA codon. Higher expression levels were 

observed due to the removal of a secondary mRNA structure [143]. 
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1.4 Aim of the project 

Recently, the HHDH enzyme family has been enlarged by a motif-based database 

mining approach, using HHDH-specific sequence motifs resulting in a large number of 

novel putative HHDH sequences. Therefore, the main objective of this doctoral thesis 

was to confirm that the identified enzymes represent true HHDHs, and to perform a 

detailed biochemical and biocatalytic characterization. 

To achieve this, the first goal was to clone a set of putative HHDH-encoding genes, 

spanning all six recently postulated phylogenetic subtypes, into expression vectors for 

heterologous expression in E. coli including expression optimization and subsequent 

HHDH activity tests using different model substrates. The obtained results are 

summarized in section 3.1.  

The next aim was to produce and purify the enzymes on a larger scale for subsequent 

in depth characterization. This biochemical and biocatalytic characterization of 17 

purified HHDHs included determination of substrate scopes using six different 

halohydrins (1 to 6) and seven epoxides (8 to 14), thermal stabilities, enantioselectivities 

and the enzymes’ potential for application in cascade reactions. Respective results are 

presented in section 3.2. During these studies, one HHDH, HheG, was found to convert 

also cyclic epoxides in contrast to all other previously known and novel HHDHs. Hence, 

the third goal of this thesis was to investigate the underlying mechanism as well as 

structural reason for this outstanding novel functionality of HheG. For this, results of the 

overall characterization of HheG are summarized in section 3.3, and several 

bioconversions using purified or a whole cell system are described. Finally, the crystal 

structure of HheG was elucidated in cooperation with Christina Diederich from Helmholtz 

Center for Infection Research (HZI) in Braunschweig and presented in section 3.4. 

Furthermore, first optimization studies of HheG´s catalytic performance was initiated by 

means of protein engineering, and the main findings are also described in section 3.4. 

Finally, overview of key findings, conclusions and future perspectives are given in 

chapter 5. 
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2. Materials and Methods 

2.1 Materials 

2.1.2 Chemical standards and substrates 

All chemicals were of analytical grade or the highest available grade and were purchased 

from either Sigma Aldrich Chemie (Steinheim, Germany), AppliChem (Darmstadt, 

Germany), abcr GmbH (Karlsruhe, Germany), Acros Organics (Geel, Belgium) and Carl 

Roth (Karlsruhe, (Germany) unless specified. Substrates 1,3-dichloro-2-propanol (1), 1,2-

dichloro-3-propanol (2), 2-chloro-1-phenylethanol (3), ethyl 4-chloro-3-hydroxybutyrate (4), 

2-chlorocyclohexanol (7), epibromohydrin (9), glycidylphenyl ether (11), trans-stilbene oxide 

(12) and (+) limonene oxide (14) respectively (+)-trans limonene oxide (14a) were 

purchased from Sigma-Aldrich; 1,3-dibromo-2-propanol (5), 1,2-dibromo-3-propanol (6), 

epichlorohydrin (8), cyclohexene oxide (13) as well as trans-2-cyanocyclohexanol (16) were 

obtained from Acros Organics and styrene oxide (10) was supplied by abcr GmbH. 

2.1.2 Kits 

Table 4: List of kits and suppliers 
 

Kit Supplier 

NucleoSpin® Gel and PCR Clean-up Kit Macherey-Nagel  

NucleoSpin® Plasmid Purification Kit Macherey-Nagel  

QIAexpress Detection and Assay Kit (Ni-NTA-HRP Conjugate)  Qiagen  

QIAquick® Gel Extraction Kit  Qiagen  

Quikchange® Site-Directed Mutagenesis Kit Agilent Technologies 
 

2.1.3 Strains 

Table 5: List of Escherichia coli strains  
 
Species Strain Genotype Origin 

E. coli DH5α 
F- φ80lacZΔM15 Δ(lacZYA-argF) U169 recA1 
endA1 hsdR17 (rk-, mk+) phoA supE44 λ- thi-1 

gyrA96 relA1 
Invitrogen 

E. coli BL21 (DE3) F- ompT hsdSB (rB- mB-) gal dcm (DE3) Novagen 

E. coli Top10 
F- mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 

ΔlacX74 recA1 araD139 galU galK Δ(ara-leu)7697 
rpsL (StrR) endA1 nupG 

Invitrogen 

E. coli C43 (DE3) F - ompT hsdSB (rB- mB-) gal dcm (DE3) Lucigen 
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2.1.4 Vectors 

Table 6: List of Vectors and enumeration of their features 
 

Vector Properties Resistance Origin 

pMA-T Col E1 origin; carrying 
synthetic genes Ampicillin life technologies 

TM 

pMA-T-hheA3 
Col E1 origin; carrying 

synthetic gene encoding 
HheA3 

Ampicillin life technologies 
TM 

pMA-T-hheA5 
Col E1 origin; carrying 

synthetic gene encoding 
HheA5 

Ampicillin life technologies 
TM 

pMA-T-hheB3 
Col E1 origin; carrying 

synthetic gene encoding 
HheB3 

Ampicillin life technologies 
TM 

pMA-T-hheB4 
Col E1 origin; carrying 

synthetic gene encoding 
HheB4 

Ampicillin life technologies 
TM 

pMA-T-hheB5 
Col E1 origin; carrying 

synthetic gene encoding 
HheB5 

Ampicillin life technologies 
TM 

pMA-T-hheB6 
Col E1 origin; carrying 

synthetic gene encoding 
HheB6 

Ampicillin life technologies 
TM 

pMA-T-hheB7 
Col E1 origin; carrying 

synthetic gene encoding 
HheB7 

Ampicillin life technologies 
TM 

pMA-T-hheD Col E1 origin; carrying 
synthetic gene encoding HheD Ampicillin life technologies 

TM 

pMA-T-hheD2 
Col E1 origin; carrying 

synthetic gene encoding 
HheD2 

Ampicillin life technologies 
TM 

pMA-T-hheD3 
Col E1 origin; carrying 

synthetic gene encoding 
HheD3 

Ampicillin life technologies 
TM 

pMA-T-hheD4 
Col E1 origin; carrying 

synthetic gene encoding 
HheD4 

Ampicillin life technologies 
TM 

pMA-T-hheD5 
Col E1 origin; carrying 

synthetic gene encoding 
HheD5 

Ampicillin life technologies 
TM 

pMA-T-hheD6 
Col E1 origin; carrying 

synthetic gene encoding 
HheD6 

Ampicillin life technologies 
TM 

pMA-T-hheE Col E1 origin; carrying 
synthetic gene encoding HheE Ampicillin life technologies 

TM 

pMA-T-hheE2 
Col E1 origin; carrying 

synthetic gene encoding 
HheE2 

Ampicillin life technologies 
TM 

pMA-T-hheE3 
Col E1 origin; carrying 

synthetic gene encoding 
HheE3 

Ampicillin life technologies 
TM 

pMA-T-hheE4 
Col E1 origin; carrying 

synthetic gene encoding 
HheE4 

Ampicillin life technologies 
TM 
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pMA-T-hheE5 
Col E1 origin; carrying 

synthetic gene encoding 
HheE5 

Ampicillin life technologies 
TM 

pMA-T-hheF Col E1 origin; carrying 
synthetic gene encoding HheF Ampicillin life technologies 

TM 

pMA-T-hheG Col E1 origin; carrying 
synthetic gene encoding HheG Ampicillin life technologies 

TM 

pBADn 
AraC Orf, pBAD promoter, Myc 
Tag coding sequence, Hexa-

Histidine-Tag coding sequence 
Ampicillin [144], [145] 

pBADn-hheA 
HheA cloned with Ndel and 

Hindlll in pBadn), no His- and 
no Myc-Tag 

Ampicillin [21] 

pBADn-hheB 
HheB cloned with Ndel and 

Hindlll in pBadn), no His- and 
no Myc-Tag 

Ampicillin [21] 

pBADn-hheC 
HheC cloned with Ndel and 

Hindlll in pBadn), no His- and 
no Myc-Tag 

Ampicillin [21] 

pET-28a(+) 

f1 origin,  T7 promoter, His-Tag 
coding sequence (N-and C-
terminal), T7 terminator, lacl 

coding sequence 

Kanamycin Merck 

pET-28a(+)-hheA3 
HheA3 cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin E. Wells, 2012 

pET-28a(+)-hheA5 
HheA5 cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin This work 

pET-28a(+)-hheB3 
HheB3 cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin This work 

pET-28a(+)-hheB4 
HheB4 cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin This work 

pET-28a(+)-hheB5 
HheB5 cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin This work 

pET-28a(+)-hheB6 
HheB6 cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin This work 

pET-28a(+)-hheB7 
HheB7 cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin This work 

pET-28a(+)-hheD 
HheD cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin This work 

pET-28a(+)-hheD2 
HheD2 cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin This work 

pET-28a(+)-hheD3 
HheD3 cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin This work 

pET-28a(+)-hheD4 
HheD4 cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin E. Wells, 2012 
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pET-28a(+)-hheD5 
HheD5 cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin This work 

pET-28a(+)-hheD6 
HheD6 cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin This work 

pET-28a(+)-hheE 
HheE cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin This work 

pET-28a(+)-hheE2 
HheE2 cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin This work 

pET-28a(+)-hheE3 
HheE3 cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin This work 

pET-28a(+)-hheE4 
HheE4 cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin This work 

pET-28a(+)-hheE5 
HheE5 cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin E. Wells, 2012 

pET-28a(+)-hheF 
HheF cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin E. Wells, 2012 

pET-28a(+)-hheG 
HheG cloned with Ndel and 
Hindlll in pET-28a(+), Hexa-
Histidine-Tag (C-terminal) 

Kanamycin This work 

pET-28a(+)-
hheG(T154A) 

pET-28a(+)-hheG single codon 
exchange at amino acid 

position 154 (Threonine to 
Alanine) 

Kanamycin This work 

pET-28a(+)-
hheG(T154C) 

pET-28a(+)-hheG single codon 
exchange at amino acid 

position 154 (Threonine to 
Cysteine) 

Kanamycin This work 

pET-28a(+)-
hheG(NNS-
I104/T106) 

pET-28a(+)-hheG codon 
saturation at amino acid 
positions 104 and 107 

Kanamycin This work 

pET-28a(+)-
hheG(NNS-
T195/N196) 

pET-28a(+)-hheG codon 
saturation at amino acid 
positions 195 and 196 

Kanamycin This work 
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2.1.5 Oligonucleotides for PCR 

Table 7: List of oligos (primers)  
 

Name Nucleotide sequence (5´� 3´) 
Length 

(bp) 
Tm ( °C) 

T7-fwd TAATACGACTCACTATAGGG 20 53.2 
T7-rev GCTAGTTATTGCTCAGCGG 19 56.7 

pBAD-fwd ATGCCATAGCATTTTTATCC 20 50.2 
pBad-rev CTGATTTAATCTGTATCAGG 20 45.6 

Rv-pMA-T (B4) CCATGAGGCCAGTCTTGTG 19 64.5 

Fw-HheB6short-NdeI GTTCAGCATATGGATAAACGTCTGGCA
GGTA 31 73.2 

Fw-HheB7short-NdeI GAGAAACATATGGGTGACCGTCTGGC 26 72.7 

Fw-HheB3short-NdeI GGTGATCATATGAGCAAACGTCTGGAA
GGT 30 73.9 

HheG_T154A_fwd 
CAGCGCGGCAGGTGGTCGTCCGGATC

CG 28 89.1 

HheG_T154A_rev  
CGACCACCTGCCGCGCTGGTAAAAACA

ACACAC 33 83.8 

HheG_T154C_fwd 
CAGCGCGTGTGGTGGTCGTCCGGATCC

G 28 87.6 

HheG_T154C_rev 
CGACCACCACACGCGCTGGTAAAAACA

ACACAC 33 82.3 

NNS-I104/T106-fwd GTGACCGGTCTGNNSGTTNNSGGCAAA
TTTCTGGA ATGACCGATGATCA 49 83.7 

NNS-I104/T106-rev 
CCAGAAATTTGCCSNNAACSNNCAGAC

CGGTCACCAGACATGC 43 82.9 

NNS-T195/N196-fwd 
GTTAATGCAATTGGCNNSNNSTATATGG

ATTTTCCGGGTTTTCTGAAAGCAAG 53 83.5 

NNS-T195/N196-rev 
CGGAAAATCCATATASNNSNNGCCAATT

GCATTAACCTGAACACCATG 48 82.2 
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2.1.6 Commercial enzymes 

Table 8: List of commercial available enzymes used in this thesis. 
 

Enzyme 
Organism or 

source 
Description Supplier 

Lipase PS Pseudomonas 
cepacia 

Enzymatic resolution of trans-2-
hydroxycyclohexanecarbonitrile Sigma-Aldrich© 

T4 DNA ligase Bacteriophage T4 DNA ligation, formation of a 
phosphodiester bonds 

New England 
BioLabs GmbH 

Ndel Neisseria 
denitrificans 

Restriction Endonucleases New England 
BioLabs GmbH 

Hindlll-HF Haemophilus 
influenzae Rd 

High-Fidelity (HF®) Restriction 
Endonucleases 

New England 
BioLabs GmbH 

Taq-polymerase Thermus aquaticus DNA amplification Thermo 
Scientific™ 

Phusion© 
polymerase 

Pyrococcus 
furiosus 

DNA amplification, Pyrococcus-
like enzyme fused with a 

processivity-enhancing domain 

New England 
BioLabs GmbH 

PfuTurbo DNA 
polymerase 

Pyrococcus 
furiosus 

DNA amplification Agilent 
Technologies 

 

2.1.7 Halohydrin Dehalogenases (HHDH) 

Table 9: List of previously known (marked with an asterix (*)) and putative novel Halohydrin Dehalogenases 
(HHDHs) used in the present study. Molecular weight and extinction factor includes hexa-histidine tag except for 
HheA, HheB and HheC. 
 

HHDH Organism or source Accession 
Molecular 

weight 
(Da) 

Extinction 
coefficient 
(M-1 cm-1) 

HheA* Corynebacterium sp. BAA14361 26465 15930 

HheA2* Arthrobacter sp. AD2 AAK92100 26426 15930 

HheA3 Parvibaculum lavamentivorans DS-1 ABS64560 27864 16960 

HheA5 Tistrella mobilis KA081020-065 AFK51877 28366 32430 

HheB* Corynebacterium sp. BAA14362 26179 33920 

HheB2* Mycobacterium sp. GP1 AAK73175 26192 32555 

HheB3 marine metagenome EBL02020 27134 21430 

HheB4 marine metagenome EBP61646 26623 20065 

HheB5 marine metagenome ECR06649 26210 18450 

HheB6 marine metagenome EDB56284 26685 19940 

HheB7 marine metagenome EDD65701 26597 18450 

HheC* Agrobacterium tumefaciens AAK92099 27952 37025 

HheD Dechloromonas aromatica RCB AAZ44846 26407 16960 
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HheD2 gamma proteobacterium HTCC2207 EAS46473 26455 16960 

HheD3 Methylibium petroleiphilum PM1 ABM93639 26152 16960 

HheD4 marine metagenome ECY18578 32143 17335 

HheD5 Thauera sp. MZ1T YP_0023558
72 26205 22460 

HheD6 Marinobacter nanhaiticus D15-8W ENO15189 31287 24200 

HheE marine metagenome EBP63112 26473 19940 

HheE2 marine metagenome ECW41905 26892 19940 

HheE3 marine metagenome EDF62577 26620 26930 

HheE4 marine metagenome EDH34310 23732 25440 

HheE5 gamma proteobacterium IMCC3088 EGG28524 28346 28420 

HheF uncultured bacterium BAH89601 28258 18450 

HheG Ilumatobacter coccineus YM16-304 BAN03849 29881 15470 

 

Accession numbers of synthetic HHDH genes 

Synthetic HHDH genes, codon-optimized for heterologous expression in E. coli [21],were 

deposited at GenBank and can be accessed via the following accession numbers: hheA3 

(KU501237), hheA5 (KU501238), hheB3 (KU501239), hheB4 (KU501240), hheB5 

(KU501241), hheB6 (KU501242), hheB7 (KU501243), hheD (KU501244), hheD2 

(KU501245), hheD3 (KU501246), hheD4 (KU501247), hheD5 (KU501248), hheD6 

(KU900607), hheE (KU501249), hheE2 (KU501250), hheE3 (KU501251), hheE5 

(KU501253), hheF (KU501254), and hheG (KU501255). 
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2.2 Methods  

2.2.1 Molecular and microbiological methods 

2.2.1.1 Bacterial cell growth 

Escherichia coli cells were grown in LB (10 g L-1 peptone, 10 g L-1 NaCl, 5 g L-1  yeast extract) 

or TB medium (4 mL L-1 glycerol, 12 g L-1 peptone, 24 g L-1 yeast extract, 0.017 M KH2PO4, 

0.074 M K2HPO4) supplemented with 50 mg L-1 antibiotic (ampicillin or kanamycin). 

Antibiotics were added after sterilization of the liquid by autoclaving. For preparation of agar 

plates 1.5% (w/v) agar-agar was added to the medium before autoclaving.  

Medium components were purchased from AppliChem (Darmstadt, Germany) or Carl Roth 

(Karlsruhe, Germany). 

2.2.1.2 Preparation of competent Escherichia coli cells 

There are different approaches to increase the probability of genetic transformation of E. 

coli. In this study, two different competent cells and transformation protocols were 

employed. 

Preparation of chemically competent E. coli cells 

Chemically competent cells of E. coli DH5α, Top10, BL21 (DE3) and C43 (DE3) cells were 

produced using the method described by Hanahan [146]. In short, 50 mL LB medium was 

inoculated with an overnight culture of the desired bacterium to an optical density at 600 

nm (OD600) of 0.1 and incubated at 37  °C shaking at 250 rpm until an OD600 of 0.4 to 0.6 

was reached. Cells were kept on ice for 15 min, then harvested by centrifugation (4400 g, 

4 °C, and 30 min). The cell pellet was re-suspended in 20 mL ice-cold RF1 buffer (30 mM 

KCH3CO2, 50 mM MnCl2, 100 mM RbCl2, 10 mM CaCl2, 15%(v/v) glycerol, pH 5.8) and 

incubated for 2 h on ice. Afterwards cell suspension was centrifuged and the resulting pellet 

was re-suspended in 4 mL RF2 buffer (10 mM MOPS, 75 mM CaCl2, 10 mM RbCl2, 15% 

(v/v) glycerol, pH 6.8) and in 200 µL aliquoted.  Aliquots were shock frozen in liquid nitrogen 

and stored at -80 °C. 

Preparation of electrocompetent E. coli cells 

E. coli strains were grown and harvested as described above. After harvesting, the cell 

pellet was washed 3 times with 200 mL ice-cold sterile ddH2O followed by a washing with 

ice-cold 20% (v/v) glycerol/water solution and centrifugation. Finally, the cell pellet was re-

suspended in 2 mL ice-cold 10% (v/v) glycerol solution and 50 µL aliquots were prepared. 

Aliquots were shock frozen in liquid nitrogen and stored at -80 °C. 
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2.2.1.3 Transformation of competent Escherichia coli cells 

Transformation of chemically competent E. coli cells 

To transform chemically competent E. coli cells with vector DNA, 50 to 100 ng plasmid DNA 

was added to one aliquot cells and incubated for 20 min on ice. Afterwards heat shock was 

performed for 90 s at 42 °C, 600 µL SOC medium (2 g L-1 KCl, 2 g L-1 NaCl, 5 g L-1 yeast 

extract, 10 g L-1 tryptone, 10 mM MgCl2, 10 mM MgSO4, 20 mM glucose) were added, and 

cells were regenerated for 1 h at 37 °C with 500 rpm shaking (Thermomixer comfort, 

Eppendorf, Hamburg, Germany). Lastly, cells were plated on LB agar plates containing the 

desired selection marker (antibiotic). 

Transformation of electrocompetent E. coli cells 

To one aliquot of electrocompetent E. coli cells approximately 100 ng plasmid DNA was 

added. The suspension was gently mixed and transferred to a 2 mm cuvette for 

electroporation. Electro-shock was carried out using Electroporator 2510 (Eppendorf AG, 

Hamburg, Germany) at 2500 V for 5 ms. 1 mL pre-warmed SOC medium was immediately 

added to the cuvette and the suspension was transferred to a 1 mL reaction tube and 

incubated for 1 to 1.5 h at 37 °C and 500 rpm. Cells were plated on LB agar plates 

containing the desired antibiotic. 

2.2.1.4 Agarose gel electrophoresis 

For visualization of DNA, agarose gel electrophoresis was routinely employed [147]. 

Agarose gels containing 0.8 or 1% (w/v) agarose dissolved in 1 x TAE buffer (50 x: 2 M 

Tris-HCl, 1 M acetic acid, 50 mM EDTA, pH 8.5) were routinely used. 6x loading dye (New 

England Biolabs (NEB), Frankfurt, Germany) was added to the DNA sample and loaded on 

the gel. To estimate the size of DNA fragments, a 1 kb ladder (NEB) was loaded 

simultaneously. Afterwards, DNA was separated based on molecular weight using an 

electric current of 100 V. As a running buffer 1x TAE buffer was employed. To visualize the 

DNA, the gel was stained in an ethidium bromide-containing bath and visualized under UV 

light. The DNA concentration of samples was quantified using the NanoDrop™ 1000 

spectrophotometer (peqlab). 

2.2.1.5 Cloning in expression vectors 

Synthetic genes of putative halohydrin dehalogenases (HHDH) were ordered from GeneArt 

(Darmstadt, Germany) after back translation of the curated protein sequences and codon 

optimization for E. coli with the GeneOptimize® tool [148].With the help of restriction 

endonucleases Ndel and Hindlll (NEB) synthetic genes were excised from 0.8% agarose 

gel and purified with the help of the QIAquick® Gel Extraction Kit (Qiagen, Hilden, 

Germany). In parallel, vectors for recombinant expression, namely pET-28a(+) (Merck, 

Darmstadt, Germany) or pBADn [145], were digested with the same restriction enzymes 
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and also purified using 0.8% (w/v) agarose gels and the QIAquick® Gel Extraction Kit. Insert 

and vector DNA were ligated using T4 DNA ligase (NEB) using the standard protocol. 

Therefore, insert and vector DNA were mixed in a 2:1 or 5:1 molar ration with water and 

heated for 10 min at 65 °C. After incubation at 65 °C T4 DNA ligase and buffer were added 

to a final volume of 20 µL. Ligation was carried out at room temperature for 1 h and/or 

overnight at 16 °C. After transformation in chemically competent E. coli DH5α cells, 

individual clones were checked by means of colony PCR using T7-fwd and T7-rev or 

pBADn-fwd and pBADn-rev primers. The respective PCR protocol is outlined in section 

2.2.1.6. Recombinant plasmid DNA of positive clones was isolated using the NucleoSpin 

Plasmid kit (Macherey Nagel, Düren, Germany) and sent for sequencing to GATC Biotech 

(Konstanz, Germany). 

2.2.1.6 Polymerase chain reactions (PCR) 

The polymerase chain reaction is a routine, multi-purpose technique for amplification of 

DNA. In this thesis, variations of the PCR protocol were used for verification of ligation 

products after cloning of synthetic genes in respective expression vectors, for the 

amplification of desired genes for the preparation of truncated HHDHs HheB3, HheB4 and 

HheB7 and for side directed mutagenesis of HheG.  

Colony PCR 

After ligation and transformation of E. coli DH5α with ligated DNA, individual colonies were 

picked from LB-agar plates, re-suspended in 5 µL ddH2O and streaked out on a fresh LB-

agar plate. To the 5 µL cell suspension, 5 µL PCR master mix containing Taq-polymerase 

(2U) (Thermo Scientific™, Waltham, Massachusetts, USA), 200 µM dNTPs, 5 µM forward 

and reverse primer, 10% (v/v) Taq buffer (10x) and ddH2O to a final volume of 5 µL was 

added. The themocycling program employed for colony PCR is outlined in Table 10. 

Table 10: PCR conditions of colony PCR using Taq polymerase. 
 

Step Temperature [ °C] Time [min] Cycles 
1 94 5 1 
2 94 1 

30 3 primer Tm-5 °C 0.5 
4 72 1 
5 72 3 1 

 

Gene of interest amplification 

Amplification of target DNA sequences from plasmids for cloning or preparation of truncated 

genes was carried out using 100 ng template DNA, 1 U Phusion© polymerase from New 
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England Biolabs (Frankfurt, Germany), 20% (v/v) 5x Phusion HF buffer, 200 µM dNTPs, 

each 0.5 µM forward, reverse primer and ddH2O in a final volume of 50 µL. 

Table 11: Thermocycling conditions for routine PCR using Phusion© polymerase. 
 

Step Temperature [ °C] Time  Cycles 
1 98 30 s 1 
2 98 10 s 

25 - 35 3 Tm primer -5 °C  30 s 
4 72 30 s per kb 
5 72 10  min 1 

 

Amplified DNA fragments were afterwards extracted from agarose gels using the QIAquick® 

Gel Extraction Kit and cloned into desired vectors as described in 2.2.1.5. 

QuikChange® PCR  

For site-directed mutagenesis, different protocols were used depending on the desired 

outcome (saturation mutagenesis or single amino acid exchange).  In general, for the 

exchange of single amino acids of halohydrin dehalogenase HheG at amino acid position 

154 Site-Directed Mutagenesis Kit (Agilent Technologies, Santa Clara, USA) was used 

according to the standard protocol provided by the manufacturer. As template, 30 ng of 

pET-28a(+)-HheG was used and 125 ng of the respective forward or reverse primer 

(HheG_T154A_fwd, HheG_T154A_rev ,HheG_T154C_fwd, HheG_T154C_rev), 2.5 U 

PfuTurbo DNA polymerase, 200 µM dNTPs, 10% (v/v) 10 x reaction buffer and ddH2O in a 

final volume of 50 µL. Thermocyclic conditions are showed in Table 12. After DNA 

amplification, 10 U Dpnl restriction enzyme was added to the reaction mixture to digest the 

parental vector DNA and incubated 1 to 8 h at 37 °C. Chemically competent E. coli DH5α 

cells were transformed with 5 µL of the PCR mixture and obtained colonies inoculated in 

5 mL LB-medium supplemented with respective antibiotic for plasmid preparation. 

Oligonucleotide exchange was confirmed by sequencing. 

Table 12: Thermocycling conditions for Quikchange PCR using Quikchange® Site-Directed Mutagenesis Kit 
 

Step Temperature [ °C] Time  Cycles 
1 95 1.5 min 1 
2 95 30 

16 3 55 1 min 

4 68 1min per kb 
(6.2 min) 

 

Site saturation mutagenesis libraries (SSM libraries) were prepared using PfuUltra Hotstart 

PCR Master Mix and PfuTurbo Hotstart PCR Master Mix from Agilent Technologies 

following the manufacturer’s recommended protocol. 100 ng parental vector DNA and 125 
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ng respective forward and reverse primer were added to 25 µL of PfuTurbo or Ultra Hotstart 

2× master mix and ddH2O to a final volume of 50 µL. 

Table 13: Thermocycling conditions for Quikchange PCR using PfuUltra Hotstart PCR Master Mix and PfuTurbo 
Hotstart PCR Master Mix 
 

Step Temperature [ °C] Time  Cycles 
1 95 2 min 1 
2 95 30 s 

25 3 60 30 s 

4 72 2 min per kb 
(13 min) 

5 72 10 min 1 
 

After DNA amplification 10 U Dpnl restriction enzyme was added to the reaction mixture to 

digest the parental vector DNA and incubated 1 to 8 h at 37 °C. 

2.2.1.7 Preparation of Site Saturation Mutagenesis Libraries (SSM 

libraries) 

For generation of SSM libraries of halohydrin dehalogenase HheG at amino acid positions 

104 and 106 as well as 195 and 196, each two positions were saturated simultaneously by 

QuikChange PCR using the PfuTurbo Hotstart PCR Master Mix from Agilent Technologies. 

100 ng parental pET-28a(+)-HheG template DNA and each 125 ng of the respective forward 

and reverse primer (NNS-I104/T106-fwd, NNS-I104/T106-rev, NNS-T195/N196-fwd, NNS-

T195/N196-rev) were added to 25 µL of PfuTurbo or Ultra Hotstart 2x master mix together 

with ddH2O to a final volume of 50 µL. The PCR mixture was incubated as shown in table 

11 and afterwards parental vector DNA was digested using Dpnl as described in section 

2.4.6 QuikChange® PCR.  PCR products were loaded completely on a 0.8% agarose gel, 

extracted and purified using the QIAquick® Gel Extraction kit. Afterwards, electrocompetent 

E. coli DH5α cells were transformed with 10 - 20 ng of the purified DNA to increase the 

transformation efficiency of the nicked vector. To have the complete diversity colonies 

(>4000 colonies) were re-suspended in water and plasmid isolated. Electrocompetent E. 

coli BL21 (DE3) cells were transformed with the obtained vector DNA and single clones 

were picked in microtiter plates for the preparation of the libraries (see section 2.2.8). 

2.2.2 Biochemical methods 

2.2.2.1 Heterologous expression in E. coli 

Production of recombinant proteins was carried out using E. coli strains BL21 (DE3) Gold, 

C43 (DE3) and Top10 as expression hosts. For T7 promoter based expression, chemically 

competent E. coli strains BL21 (DE3) Gold or C43 (DE3) were transformed with the 

respective pET-28a(+) plasmid by heat shock. Depending on the purpose (expression tests 
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or purification) 20 to 500 mL TB medium supplemented with 50 mg L-1 kanamycin and 0.2 

mM Isopropyl-β-D-thiogalactopyranosid (IPTG) as an inducer was inoculated with 10% (v/v) 

from a respective overnight culture. Different incubation temperatures (20, 30 and 37 °C) 

and expression times (7h up to 24 h) were used. Previously described HHDHs, HheA2, 

HheB2 and HheC, were expressed in E. coli Top10 cells harboring the respective pBAD 

vector in 20 to 500 mL TB supplemented with 100 mg L-1 ampicillin and 0.002 % arabinose 

for induction. The culture was inoculated with 10% (v/v) from a respective E. coli overnight 

pre-culture and incubated at 37 °C for 7 h. Cells of expression cultures were harvested by 

centrifugation (4,400 g, 20 min at 4 °C) and washed with buffer A. Cell pellets were stored 

at -20 °C until further use. 

2.2.2.2 SDS-PAGE and Western Blot analysis 

Visualization of protein expression was carried out was carried out by SDS-PAGE and 

further verified by Western Blot. 

Tris-glycine SDS-PAGE 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was used for the 

separation of proteins with respect to their molecular weight in a discontinuous gel under 

denaturing condition [149]. SDS gels containing 12% (v/v) acrylamide were used (detailed 

composition see Table 14 below). Total protein concentration in samples was adjusted to 

1 mg mL-1 and 4x loading dye (50 mM Tris-HCl (pH 6.8), 10% (v/v) glycerol, 4% (w/v) SDS, 

0.03 % (w/v) Bromphenol-Blau R-250, 15 mg mL-1 DTT) was added in a final concentration 

of 1x. For denaturation, the proteins mixtures were incubated for 10 min at 90 °C and each 

10 µL of the samples was loaded on the gel. 

Table 14: Composition of a 12% Tris-glycine SDS gel 
 

Component 
Stacking gel  

(5% acrylamide) 
Resolving gel  

(12% acrylamide) 

ddH2O 2.10 mL 1.11 mL 
Acrylamide (40%) 1.50 mL 190 μL 

1.5 M Tris-HCl (pH 8.8) 1.25 mL - 
1 M Tris-HCl (pH 6.8) - 190 μL 

10% SDS 50 μL 15 μL 
10% APS 20 μL 15 μL 
TEMED 5 μL 1.5 μL 

 

The Mini PROTEAN®-SDS-PAGE-System (Bio-Rad) was used for the separation of the 

proteins. At the beginning, an electric current of 90 V was applied in order to stack all 

samples in the stacking gel followed by a current of 150 V until the dye front reached the 

end of the gel. A buffer comprising 20 mM Tris, 18 g L-1 glycine, 5 mL L-1 10% SDS solution 

was used as SDS running buffer. After separation, the gel was stained in staining solution 
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(500 mL L-1 methanol, 100 mL L-1 acetic acid, 400 mL L-1 ddH2O, 1 g L-1 Coomassie Brilliant 

Blue R-250) and destained using destaining buffer (300 mL L-1 ethanol, 100 mL L-1 

acetic acid, 600 mL L-1 ddH2O) [150]. For molecular weight determination PageRuler™ 

Unstained Protein Ladder (Thermo Fisher) was included as protein marker in the gels. 

Western blot  

Western blot was used for the detection of His-tagged proteins in cell free extracts. Proteins 

that have been already separated with SDS-PAGE were transferred to a Nitrocellulose 

membrane (Pure Nitrocellulose 0.45 μm Transfer membrane, AppliChem) using a Semi-

Dry Western Blot System (BiocomDirect) together with transfer buffer (25 mM Tris-HCl 

(pH 8.0), 187 mM glycine, 20% (v/v) methanol). The transfer was carried out for 2 h at 

60 mA. After washing the membrane 3 times for each 5 min with TBST buffer (50 mM 

Tris/HCl (pH 6.8); 150 mM NaCl; 1 mM MgCl2; 0.2% (v/v) Tween 20), the membrane was 

blocked with 5% (w/v) skim milk solution in TBST overnight. Following overnight incubation, 

the membrane was washed 3 times for each 15 min in TBST. For direct detection of His-

tagged proteins, Ni-NTA HRP Conjugate (Qiagen) was used in a 1:1000 solution in TBST 

and incubated for 1 h. Chromogenic substrates (Pierce™ Western Blot Signal Enhancer, 

Thermo Fisher) that are oxidized by the conjugated horseradish peroxidase (HRP) and the 

LAS System (BioRad) was used to localize and visualize proteins harbouring hexa-

Histidine-tags. To estimate the size of the proteins, PageRuler Prestained protein ladder 

(Fermentas) was used as protein marker. 

2.2.2.3 Determination of protein concentration 

Protein concentrations of cell free extracts (CFE) were determined following the protocol of 

Bradford [151]. As a reference substance Bovine Serum Albumins (BSA, Sigma Aldrich) 

was used. Samples were mixed with 5x Roti©-Quant-Reagent (Carl Roth), incubated for 

5 min at room temperature and absorbance at 595 nm measured. Protein concentration of 

purified proteins was measured with NanoDrop™ 1000 spectrophotometer (peqlab) at 

280 nm and calculated using their particular molar extinction coefficient and the Lambert–

Beer law. 

2.2.2.4 Purification of Halohydrin Dehalogenases 

All enzymes were purified by affinity chromatography with the exception of HheC and 

HheB7 for which a two-step purification using a combination of anion exchange and 

hydrophobic interaction chromatography was used. 

Immobilized metal affinity chromatography (IMAC) 

For the purification of His-tagged proteins expressed from pET-28a(+)-based expression 

vectors, immobilized metal affinity chromatography (IMAC) was used in a combination with 
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a 5 mL HisTrap HP column and an Äkta FPLC system (GE Healthcare, Freiburg, Germany). 

Cell pellets obtained after heterologous expression as described in section 2.2.2.1 were re-

suspended according to the cell weight in 25 to 50 mL buffer A (50 mM Tris∙SO4, 500 mM 

Na2SO4, 25 mM imidazole, pH 7.9), containing 1 mg mL-1 lysozyme and 100 µM 

phenylmethylsulfonylfluoride (PMSF) as protease inhibitor. The cells were disrupted on ice 

using sonication (6 cycles of 30 s at an amplitude of 75%, followed by 30 s incubation on 

ice). To obtain CFE containing heterologously expressed HHDH, the crude cell lysate was 

centrifuged (17600 g, 30 min, 4 °C) to remove cell debris. Before loading the CFE on the 

equilibrated column (equilibrated with 5 column volumes of buffer A), the CFE was filtered 

using a 0.45 µm cellulose acetate membrane filter. The loading was carried out with a flow 

rate of 2 mL min-1 and afterwards the column was washed with at least 5 column volumes 

of buffer A with a flow rate of 5 mL min-1 to remove non-specifically bound proteins. To elute 

bound target proteins, a 100 mL gradient of 25 to 500 mM imidazole in buffer A was applied 

using a flow rate of 2 mL min-1 and fractions of 2 mL size were collected. The intensity of 

the UV signal at 280 nm was monitored to determine protein containing fractions, and 

samples (10 µL) of putative HHDH-containing fractions were loaded on a SDS-PAGE gel to 

determine the purity. Fractions of highest HHDH purity were pooled and concentrated using 

Amicon Ultra-15 Centrifugal Filter Units with 10 kDa NMWL (Merck Millipore, Darmstadt, 

Germany). To remove residual salts, concentrated HHDH fractions were applied on PD-10-

columns (GE Healthcare). Finally, proteins were stored as 100 µL aliquots in TE (10 mM 

Tris∙SO4, pH 7.9, 4 mM EDTA) or TEM buffer (TE buffer containing 7.1 mM β-

mercaptoethanol) containing 10% (v/v) glycerol at -20 °C. 

Two-step purification 

Two-step purification combining anion exchange and hydrophobic interaction 

chromatography was carried out to purify non-tagged proteins or those which did not bind 

to the His-Trap column efficiently. Corresponding purification strategy was already 

described previously for HheC [27]. Proteins were expressed and CFE was produced as 

described under section 2.2.2.1 and 2.2.2.4 (IMAC) with the difference that TEM buffer (10 

mM Tris∙SO4, pH 7.9, 4 mM EDTA, and 7.1 mM β-mercaptoethanol) was used instead of 

buffer A for re-suspending the cell pellets. A 120 mL Q Sepharose FF column (GE 

Healthcare) was connected to an Äkta FPLC system (GE Healthcare) and equilibrated with 

TEM buffer. After loading the CFE with a flow rate of 2 mL min-1 on the column, the column 

was washed with 3 column volumes TEM buffer (flow rate 5 mL min-1) and the bound protein 

was eluted over a 400 mL linear gradient of 0 to 500 mM ammonium sulfate in TEM buffer 

(flow rate 2 mL min-1). Individual elution fractions were checked for HHDH activity using 

substrate 1,3-dichloro-2-propanol and the halide release assay as described in section 

2.2.3.1. The fractions rendering specific signal were pooled and conductivity was adjusted 
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to 70 mS using 500 mM ammonium sulfate solution. Afterwards, the protein solution was 

loaded on a pre-equilibrated (using TEM buffer containing 0.5 M (NH4)2SO4) 50 mL Butyl 

Sepharose FF column (GE Healthcare) with a flow rate of 2 mL min-1. The loaded column 

was washed with 3 column volumes of TEM buffer containing 0.5 M (NH4)2SO4 to remove 

unbound protein impurities (flow rate 5 mL min-1). Bound protein was eluted over a linear 

gradient of 500 to 0 mM ammonium sulfate in TEM buffer with a flow rate of 2 mL min-1. 

Individual elution fractions were checked by SDS-PAGE and the fractions with highest 

protein amount and purity of the target HHDH were pooled, concentrated and stored as 

described in 2.2.2.4 (IMAC). 

2.2.3 Dehalogenation reactions using halohydrin dehalogenases 

2.2.3.1 Halide release assay for dehalogenation reactions 

The release of halides in the dehalogenation reaction catalysed by HHDHs was monitored 

using the previously described halide release assay [21], [152]. Figure 13 shows a 

schematic principle of the used assay. Dehalogenation reactions were performed in 25 mM 

Tris SO4 buffer, pH 7.0 at 30 °C with varying concentrations of one out of seven halogenated 

alcohols (1,3-dichloro-2-propanol (1), 1,2-dichloro-3-propanol (2), 2-chloro-1-phenylethanol 

(3), ethyl 4-chloro-3-hydroxybutyrate (4), 1,3-dibromo-2-propanol (5), 1,2-dibromo-3-

propanol (6), 2-chlorocyclohexanol (7)). Substrates were prepared as 1 M stock solutions 

in DMSO. To start the enzymatic reaction, a desired HHDH was added to the reaction 

mixture with varying substrate concentration. The final reaction volume varied between 200 

µL and 2 mL. For determination of the chemical background reaction, negative control 

samples without addition of enzyme were incubated simultaneously. 50 or 100 µL samples 

were collected over time and mixed with an equal volume of assay reagent (mixture of equal 

volumes of solution I [0.25 M NH4Fe(SO4)2 in 9 M HNO3] and solution II [saturated solution 

of Hg(SCN)2 in pure ethanol]) in a microtiter plate (MTP). Absorbance of the samples at 460 

nm was directly measured and the amount of released halide was calculated using a 

respective calibration curve. Calibration curves for halides Cl- and Br- were prepared in 

triplicate using KCl or NaBr, respectively, in a range of 0 to 2 mM. Specific dehalogenation 

activity was calculated in units per milligram protein (U mg-1) with one unit defined as the 

amount of enzyme that converts 1 µmol of substrate per minute.  

 

Figure 13: Reaction scheme of halide release assay. Modified after Bergmann and Sanik [152]. 
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2.2.3.2 HHDH activity tests using cell free extracts  

To test putative halohydrin dehalogenase for catalytic activity in a first test activity was 

measured in reactions using cell free extracts (CFEs) containing heterologously expressed 

HHDHs. For the preparation of CFE, cell pellets of a 20 mL expression culture were re-

suspended in 1.2 mL 25 mM Tris SO4 buffer, pH 7 and disrupted by sonication for 3 times 

20 s at an amplitude of 40% (Vibra-Cell™ VCX130). To separate cell debris from the CFE 

samples were centrifuged and each 200 µL CFE was added to 600 µL 25 mM Tris SO4, pH 

7 buffer containing one of the halogenated compound 1,3-dichloro-2-propanol (1), 2-chloro-

1-phenylethanol (3) or 1,3-dibromo-2-propanol (5) in a final concentration of 10 mM. Each 

50 µL samples were taken after 5, 20 or 60 min incubation at 30 °C and subjected to halide 

release assay (section 2.2.3.2). To the remaining reaction mixture 600 µL methyl tert-butyl 

ether (MTBE) was added and reaction products extracted. The organic phase was dried 

over MgSO4 and analysed by GC (section 2.2.9.1). Volumetric activities were calculated 

from GC data per mL reaction volume of CFE. Expression level of recombinant HHDH was 

visualized using SDS PAGE, followed by Western blot as described in sections 2.2.2.2 and 

whole cell protein concentration was measured using Bradford (section 2.2.2.3). 

2.2.3.3 Determining the substrates scopes of halogenated substrates 

By measuring the dehalogenation release rates of halogenated alcohols 1-6 (see 2.1.2) 

substrate scopes of the novel HHDHs were determined using purified enzymes. Conversion 

of substrates 1–6 was followed by the aforementioned halide release assay (section 

2.2.3.1). Dehalogenation reactions were carried out in a total volume of 200 µL in 25 mM 

Tris SO4 buffer, pH 7.0, at 30 °C using 5 µg of the respective HHDH enzyme and 5 mM final 

substrate concentration. Negative controls were prepared simultaneously and as a positive 

control conversions were performed using HheC. Samples were collected after 5, 10, 20 

and 60 min. Activity of the enzymes was calculated in U mg-1, and the product formation 

was reported in mM. 

2.2.3.4 Thermostability and temperature profiles 

Thermostability 

To determine the stability of the HHDH enzymes at elevated temperatures, T50 values were 

calculated. T50 describes the temperature at which 50% activity is retained after incubation 

of the enzyme at that temperature over a defined time period. Here, T50 values were 

determined after incubation for 10 min at the respective temperature. 5 µg of purified 

enzyme was incubated for 10 min at temperatures ranging from 4 to 90 °C and cooled down 

on ice before addition of chloroalcohol 1 in a final concentration of 5 mM in Tris SO4 buffer 

25 mM, pH 7.0 to a final volume of 200 µL. Reactions were incubated at 30 °C and each 50 

µL samples were taken after different time points. Released halide concentration per 
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sample was measured using the previously described halide release assay (section 

2.2.3.1). Specific dehalogenation activity (U mg-1) was calculated. The highest measured 

activity per enzyme was set to 100% and from this, residual activities were calculated for 

the other temperatures in order to determine the T50 value. Negative controls were 

performed under identical conditions without enzyme addition. HheC was used for 

comparison and as a positive control. All assays were performed in duplicate.  

Temperature profiles 

For HHDHs with T50 values above 55 °C, additionally temperature profiles were determined 

using 5 µg of purified enzyme (50 µg for HheD) and 5 mM final concentration of substrate 

1 in 25 mM Tris SO4 buffer, pH 7.0. The reaction mixture was incubated at temperatures 

ranging from 10 to 80 °C and halide release was monitored using the halide release assay 

(section 2.2.3.1) after 30 min. Specific activities were calculated as described in 2.2.3.1. 

The highest measured value per enzyme was set to 100% and relative activities for the 

other temperatures were calculated accordingly. Negative (no enzyme) and positive (using 

HheC) controls were performed in parallel under identical conditions. All assays were 

performed in duplicate.  

2.2.3.5 Enantioselectivity 

Enantioselectivity of novel HHDHs was analysed in dehalogenation reactions of racemic 

substrate 3. Conversions were performed in a final volume of 1 mL using 25 mM Tris SO4, 

pH 7.0 containing 100 µg (HheC), 250 µg (HheA3, HheA5, HheB3, HheB4, HheB5, HheB6 

and HheB7), or 500 µg purified enzyme (HheD, HheD2, HheD3, HheD5, HheE, HheE2, 

HheE3, HheE4, HheE5, HheF, HheG) and 10 mM racemic substrate 3 at 30 °C. Control 

reactions were performed in the same way whereby enzyme addition was omitted. After 2 

h and 4 h, 300 µL of each reaction were extracted as described in section 2.2.9.1 and 

analysed by chiral GC (see section 2.2.9.1). Enantiomeric excesses of product (eeP) and 

substrate (eeS) were calculated from the peak areas of the respective substrate and product 

peaks in the GC chromatogram, and the enantioselectivity E was calculated according to 

Straathof and Jongejan [153]. 

2.2.4 Epoxide ring opening reactions using halohydrin dehalogenases 

2.2.4.1 Determining the substrates scopes of epoxides 

To determine the activity towards epoxides, epoxide ring opening activity towards seven 

epoxides 8-14 (see 2.1.2) was tested. Product formation of epoxide ring opening reactions 

was carried out by gas chromatography (GC) and GC coupled to mass spectrometry (GC-

MS) (section 2.2.9.1). 500 µL sample was taken after 24 h incubation at room temperature 

from reaction mixtures containing 5 mM substrate 8-13, 20 mM sodium azide (NaN3) as a 

nucleophile and 150 µg enzyme in 1 mL Tris SO4 buffer pH 8 and extracted with 500 µL 
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MTBE containing 0.1% (v/v) dodecane as an internal standard (ISTD). Organic phase was 

dried over anhydrous MgSO4 prior to injection on GC and GC-MS. Detailed information 

about the analytic GC methods can be found in section 2.2.9.1. 

2.2.4.2 Conversion of 2-cyclohexene oxide using HheG 

Epoxide ring opening of cyclohexene oxide (13) by HheG to chiral product 2-

cyanocyclohexanol (16) was carried out in a reaction volume of 2 mL using 1 mg purified 

enzyme, 5 mM 13 and 20 mM NaCN (from 200 mM stock in 100 mM NaOH) in 50 mM Tris 

SO4 buffer, pH 8. Samples (500 µL) were taken after 0.5, 2 and 24 h, extracted with 500 µL 

MTBE (0.1% (v/v) dodecane) and analysed by GC. Conversion (%) was calculated based 

on peak areas obtained from achiral GC analysis and ee values were calculated based on 

peak areas of chiral GC measurements (see 2.2.9.1).  

2.2.4.3 Conversions of limonene oxide using HheG 

Epoxide ring opening of (+)-cis/trans-limonene oxide (14) by HheG was carried out in 1.6 

mL 50 mM Tris SO4, pH 8, using 100 µg purified enzyme, either 10 mM or 30 mM substrate 

and NaN3 as nucleophile in a ratio of 1:2 or 1:3 (substrate: nucleophile). Samples (400 µL) 

were taken after 10, 60 min, 4 and 24 h, extracted with 500 µL MTBE (0.1% (v/v) dodecane) 

and injected on achiral GC (see 2.2.9.1) Conversion (%) was calculated based on peak 

areas of substrate and product.  

2.2.4.4 Temperature and pH profiles of HheG 

Temperature profile 

The temperature optimum of the conversion of cyclohexene oxide (13) by HheG was 

determined using 0.4 mg mL-1 purified protein, 20 mM substrate 13 and 40 mM NaN3 in Tris 

SO4 buffer. The reaction was carried out for 30 min at different temperatures (4, 20, 25, 30, 

35, 40, 50, 60 and 90 °C), followed by product extraction and sample analysis using an 

achiral column using GC 2010 plus. The highest conversion was set as 100 %. Negative 

controls as well as reactions were carried out in duplicates and background reaction was 

subtracted. 

pH profile 

pH profiles of HheG were determined using 0.4 mg mL-1 purified protein, 20 mM substrate 

13 and 40 mM NaN3. Reactions were carried out in buffers with varying pH (50 mM citrate 

buffer with pH of 4.0 to 6.5, 50 mM sodium phosphate buffer at pH 6.0 to 8.0, 50 mM Tris 

SO4 at pH 7 to 9 and glycine NaOH buffer between pH 8 and 11) at 30 °C. After 40 min of 

incubation samples were extracted and product formation analysed using GC 2010 plus 

instrument and an achiral column. The highest conversion was set as 100 %. Negative 
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controls as well as reactions were carried out in duplicates and background reaction was 

subtracted. 

2.2.5 Hill kinetics 

Kinetic parameters of HheG were determined using the Hill equation for cooperative binding 

[154], [155], with the following equation: 

� =  
����[	]�

(��)� + [	]�
 

Where, V is the reaction velocity, Vmax the maximum velocity of the reaction, [S] the substrate 

concentration, K50 the half-maximal concentration constant, and n the Hill coefficient. 

To determine K50, Vmax and kcat values of HheG for different substrates and nucleophiles, 

the enzyme was used in purified form. In general, product formation was quantified using 

either the halide release assay or GC analysis as described (see 2.2.3.1). From that, initial 

reaction rates at different substrate concentrations were calculated in µmol min-1, plotted 

against the used substrate concentration and fitted using the Hill equation for cooperative 

binding. Curves were fitted using the Origin Pro2015 program.  

For determination of kinetic constants of HheG towards chlorocyclohexanol (7), 100 µg mL-1 

HheG was added to reactions containing 7 in concentrations of 0.5 to 150 mM in 25 mM 

Tris SO4 buffer, pH 7, in a total volume of 1.5 mL. Each 100 µL sample was taken after 0.5, 

1.5, 2.5, 3, 4, 5, 6, 10, 15, 20, 30 and 60 min, added to 100 µL halide release assay reagent 

and product formation was calculated based on a respective standard curve for Cl-. 

The K50 of HheG for nucleophiles sodium cyanide (NaCN) and sodium azide (NaN3) was 

determined in reactions with a final volume of 1.6 mL using 300 or 156.25 µg mL-1 HheG, 

respectively, 5 to 150 mM nucleophile and 10 mM substrate 8 in 50 mM Tris SO4 buffer, pH 

8. Each 400 µL samples were taken after 30, 90 min, 4 and 24 h (NaCN) or 10, 30, 60 and 

90 min (NaN3) and extracted using 400 µL MTBE supplemented with dodecane (0.1%) as 

internal standard. Product formation was followed by achiral GC using either a product 

standard curve (16a) or based on substrate depletion (for azidoalcohol 17).  

To determine kinetic constants of HheG for epoxide ring opening of cyclohexene oxide (13) 

with nucleophiles NaCN and NaN3 and limonene oxide (14) with NaN3, reactions were 

carried out in a total volume of 1.6 mL 50 mM Tris SO4 buffer, pH 8, containing substrates 

13 or 14 in concentrations of 5, 10, 20, 50 100, 150 mM. In case of NaCN as nucleophile, 

75 mM NaCN and 300 µg mL-1 HheG were added. In case of NaN3 as nucleophile, 50 mM 

NaN3 and 156.25 µg mL-1 HheG were used. In both cases, samples of each 400 µL were 

taken after 10, 30, 60 and 90 min, extracted using 400 µL MTBE and analysed by GC (see 

section 2.2.9.1). 
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For calculation of turnover rates (kcat), the obtained vmax values from the Hill fit were divided 

by the used enzyme concentration. All kcat values were calculated per active site. 

2.2.6 Cascade reactions and whole cell bioconversions 

Cascade reactions were carried out starting from the respective haloalcohol yielding the 

corresponding β-substituted alcohol via an epoxide ring formation step in one-pot adding 

directly the desired nucleophile. 

2.2.6.1 Conversion of ethyl (R/S)-4-chloro-3-hydroxybutyrate 

For bioconversions of ethyl (R/S)-4-chloro-3-hydroxybutyrate (4), pseudo-racemic substrate 

was prepared by mixing equal amounts of (S)- and (R)-4 (due to unavailability of a 

commercial racemic mixture). The resulting mixture contained an enantiomeric excess (ee) 

of 9 % for the (S)-enantiomer. Reactions were carried out in 1 mL 50 mM Tris SO4 buffer, 

pH 8, containing 10 mM (R/S)-4, 20 mM NaCN (prepared as 200 mM Stock in 100 mM 

NaOH) and 50 µg purified enzyme and were incubated at 30 °C. Samples of 300 µL each 

were taken after 2 and 4 h and subsequently extracted with 300 µL MTBE containing 0.1% 

dodecane as an internal standard. Negative controls contained no enzyme. Samples were 

injected on achiral GC for product quantification and on chiral GC for determining ee values 

(see section 2.2.9.1). Calculation of the ee values was carried out as described in section 

2.2.3.5. Reactions were performed in duplicate. 

2.2.6.2 Bioconversions of 2-chlorocyclohexanol using whole cell 

approaches 

One-pot conversion from racemic substrate 2-chlorocyclohexanol (7) to trans 2-cyano-1-

cyclohexanol (16) was carried out using resting cells with an optical density (OD) at 600 nm 

of 40. HheG was expressed in E. coli BL21 from pET-28a(+) vector using discovered 

condition in 400 mL. After expression, the OD600 was measured and the amount of cell 

culture needed for a 2 mL solution with an OD600 = 40 was calculated. Cells were harvested 

and cell pellets were frozen at -80 °C for at least one night before application. As negative 

control cells were prepared expressing from a pET-28a(+) empty vector. For reactions cell 

pellets were re-suspended in 2 mL 50 mM Tris SO4 buffer, pH 8 complemented with different 

amounts of substrate 7 and nucleophile (NaCN or NaN3). The reaction was carried out at 

room temperature under constant stirring with a magnetic bar (800 rpm). Samples were 

taken at varying time points and extracted as described in section 2.2.9.1. For product 

quantification, GC equipped with an achiral column (Supreme 5ms, CS Chromatographie) 

was used. Enantiomeric excess was measured by injecting same samples on a chiral 

column (Lipodex®E, Machery-Nagel) and calculated as described in 2.2.3.5. 
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2.2.6.3 Bioconversion of limonene oxide using whole cell approaches 

E. coli OD600 40 cells expressing recombinant HheG were produced as described in 2.2.6.2. 

Reaction was carried out as in case of cascade reaction described above with the difference 

that 20 mM substrate 14 and 40 mM NaN3 was used. Reaction was carried out at room 

temperature and 500 µL samples were taken after 1, 2 and 24 h and mixed for extraction 

with 500 µL MTBE supplemented with 0.1% dodecane. Samples were analysed using 

achiral and chiral GC as described in sections 2.2.3.5 and 2.2.9.1. Product formation of 

azidoalcohol 17 was determined using GC-MS and NMR as described in 2.2.4. 

2.2.7 Enzymatic resolution of trans 2-cyano-1-cyclohexanol 

To determine the different enantiomers of the cyanoalcohol 16a Lipase PS from 

Pseudomonas cepacia (Lipase PS, Sigma Aldrich) was used as a biocatalyst and vinyl 

acetate as an acyl donor as described elsewhere [156] [157]. In short, a 3 mL reaction was 

performed using 300 mg immobilized lipase, 100 mM trans 2-cyano-1-cyclohexanol (16a), 

200 mM vinyl acetate in MTBE at 22 °C and 800 rpm. Reaction was extracted after 1.5 h 

and after overnight incubation at room temperature and injected on a chiral GC (see 

2.2.9.1). 

2.2.8 Screening of SSM libraries 

Site-saturation mutagenesis (SSM) libraries of HheG generated by Quikchange PCR (see 

section 2.2.1.6) and electrocompetent E. coli BL21 were transformed. Colonies were picked 

and transferred to microtiter plates (MTP) containing 100 µL TB medium per well 

complemented with 50 mg L-1 kanamycin. As controls, clones expressing WT HheG were 

transferred to each MTP in wells A1, H12, D6 and clones containing only empty vector to 

wells A12, H1 and E7 of each MTP. Cells were incubated at 37 °C and 800 rpm in a MTP 

shaker. To prepare master plates, each 100 µL 50% (v/v) sterile glycerol solution was added 

to the wells after overnight incubation to protect the cells during the freezing procedure. 

Plates were stored at -80 °C for further usage.  

For library screening, pre-cultures were inoculated from frozen master plates in MTPs 

containing each 200 µL TB supplemented with 50 mg L-1 kanamycin per well using a 96-

well replicator. Pre-cultures were incubated at 37 °C and 800 rpm in a MTP shaker 

overnight. Afterwards, expression cultures were inoculated with 10% (v/v) of the pre-

cultures. Expression was carried out in MTPs containing 200 µL TB medium per well 

supplemented with 50 mg L-1 kanamycin and 0.2 mM IPTG at 20 °C and 800 rpm for 24 h. 

After expression, cells were harvested by centrifugation (30 min, 4400 g) and cell pellets 

were frozen for one night at -80 °C. To prepare CFE for activity tests, frozen cell pellets 

were re-suspended in each 200 µL 25 mM Tris SO4 buffer, pH 7, containing 1 mg mL-1 

lysozyme and incubated for 1 h at 37 °C. After cell lysis and removal of cell debris by 
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centrifugation (60 min, 4400 g), each 100 µL CFE was added to each 100 µL 10 mM 

substrate 7 in 25 mM Tris SO4 buffer, pH 7, and dehalogenation was followed by halide-

release-assay (30 °C, samples after 10, 20, 30 and 60 min). Clones that rendered higher 

activity than wild type HheG, present on the MTPs, were picked from master plates in 

triplicate into new MTPs and re-screened following the same protocol. Clones exhibiting 

also higher activity in the re-screening were inoculated in LB-Amp media for plasmid 

preparation and send for sequencing 

2.2.9 Analytical methods 

2.2.9.1 GC analysis 

Achiral GC analysis on a GC 2010 plus gas chromatograph (Shimadzu) equipped with an 

FID detector was used for determination and quantification of product formation, while chiral 

GC analysis, using the same gas chromatographic instrument, was applied for the 

separation of enantiomers and the determination of enantiomeric excesses. In general, 

samples were extracted using an equal volume of methyl tert-butyl ether (MTBE) 

supplemented with 0.1% dodecane as internal standard (ISTD). Samples were mixed for 1 

min using a vortex mixer and centrifuged for better phase separation. Organic phases were 

separated and dried over anhydrous MgSO4. Furthermore, gas chromatography coupled 

with mass spectrometry using a GC-MS QP2010S (Shimadzu) was used to analyse and 

confirm commercially unavailable compounds. For achiral separation, a Supreme 5ms 

column (CS Chromatographie Service) was used. GC-MS analysis of samples was 

performed on an achiral Optima 17ms column (Macherey-Nagel). For chiral separation, a 

Lipodex E column (Macherey-Nagel) was used to separate the different enantiomers of 

substrates 3, 4, 7 and the product of substrate 13. Detailed information of the used columns 

and the applied temperature programs are summarized in Table 15. 

. 
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Table 15: GC programs used for analysis of biochemical conversions of listed compounds using [A: achiral GC; 
Column: Supreme 5ms (Machery-Nagel), B: GC-MS; Column: Optima 17ms (Machery-Nagel) and C: chiral GC; 
Column: Lipodex®E (Machery-Nagel)] 
 

A   

Compound Temperature program 
Ret. time 

(min) 

1,3-dichloro-2-propanol (1) 40 °C 1min// 10 °C/min // 
120 °C// 20 °C/min// 300 °C 6.6 

2-chloro-1-phenylethanol (3) 80 °C 1min// 10 °C/min // 
160 °C// 20 °C/min// 300 °C 8.6 

ethyl 4-chloro-3-hydroxybutyrate (4) 80 °C 1min// 5 °C/min // 150 °C// 
20 °C/min// 290 °C 8.6 

1,3-dibromo-2-propanol (5) 40 °C 1min// 10 °C/min // 
120 °C// 20 °C/min// 300 °C 4.8 

2-chlorocyclohexanol (7) 100 °C 3min// 50 °C/min // 
200 °C// 20 °C/min// 300 °C 4.6 

epichlorohydrin (8) 40 °C 1min// 10 °C/min // 
120 °C// 20 °C/min// 300 °C 3.8 

1-azido-3-chloro-2-propanol 40 °C 1min// 10 °C/min // 
120 °C// 20 °C/min// 300 °C 10.5 

epibromohydrin (9) 40 °C 1min// 10 °C/min // 
120 °C// 20 °C/min// 300 °C 4.9 

1-azido-3-bomochloro-2-propanol 40 °C 1min// 10 °C/min // 
120 °C// 20 °C/min// 300 °C 10.6 

styrene oxide (10) 80 °C 1min// 10 °C/min // 
160 °C// 20 °C/min// 300 °C 5.7 

2-azido-1-phenylethanol 80 °C 1min// 10 °C/min // 
160 °C// 20 °C/min// 300 °C 10.2 

glycidylphenylether (11) 80 °C 1min// 10 °C/min // 
160 °C// 20 °C/min// 300 °C 8.9 

1-azido-3-phenoxy-propan-2-ol 80 °C 1min// 10 °C/min // 
160 °C// 20 °C/min// 300 °C 11.9 

trans-Stilbene oxide (12) 120 °C 1min// 10 °C/min // 
240 °C// 20 °C/min// 300 °C 10.5 

cyclohexene oxide (13) 100 °C 3min// 50 °C/min // 
200 °C// 20 °C/min// 300 °C 3.3 

(+) limonene oxide (14) 80 °C 1min// 10 °C/min // 
160 °C// 20 °C/min// 300 °C 7.3 

(+) trans-limonene oxide (14a) 80 °C 1min// 10 °C/min // 
160 °C// 20 °C/min// 300 °C 7.4 

ethyl 4-cyano-3-hydroxybutyrate (15) 80 °C 1min// 5 °C/min // 150 °C// 
20 °C/min// 290 °C 12.1 

2-cyanocyclohexanol (16a) 100 °C 3min// 50 °C/min // 
200 °C// 20 °C/min// 300 °C 5.6 

2-azidocyclohexanol (16b) 100 °C 3min// 50 °C/min // 
200 °C// 20 °C/min// 300 °C 5.5 

2-azido-1-methyl-4-(prop-1-en-2-
yl)cyclohexan-1-ol (17a) 

80 °C 1min// 10 °C/min // 
160 °C// 20 °C/min// 300 °C 10.6 

* length: 30 m; inner diameter: 0.25 mm; film thickness: 0.25 um; flow: 1 mL*min-1 
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B   

Compound Temperature program 
Ret. time 

(min) 

epichlorohydrin (8) 
60 °C 1min// 10 °C/min // 

160 °C// 20 °C/min// 300 °C 1 
min 

2.5 

1-azido-3-chloro-2-propanol 
60 °C 1min// 10 °C/min // 

160 °C// 20 °C/min// 300 °C 1 
min 

7.3 

epibromohydrin (9) 
60 °C 1min// 10 °C/min // 

160 °C// 20 °C/min// 300 °C 1 
min 

3.5 

1-azido-3-bomochloro-2-propanol 
60 °C 1min// 10 °C/min // 

160 °C// 20 °C/min// 300 °C 1 
min 

8.9 

styrene oxide (10) 
60 °C 1min// 10 °C/min // 

160 °C// 20 °C/min// 300 °C 1 
min 

7.9 

2-azido-1-phenylethanol 
60 °C 1min// 10 °C/min // 

160 °C// 20 °C/min// 300 °C 1 
min 

12.5 

glycidylphenylether (11) 
60 °C 1min// 10 °C/min // 

240 °C// 20 °C/min// 300 °C 1 
min 

11.7 

1-azido-3-phenoxy-propan-2-ol 
60 °C 1min// 10 °C/min // 

240 °C// 20 °C/min// 300 °C 1 
min 

15.7 

trans-Stilbene oxide (12) 
60 °C 1min// 10 °C/min // 

240 °C// 20 °C/min// 300 °C 1 
min 

17.5 

2-azidocyclohexanol (16b) 
60 °C 1min// 10 °C/min // 

240 °C// 20 °C/min// 300 °C 1 
min 

9.5 

2-azido-1-methyl-4-(prop-1-en-2-
yl)cyclohexan-1-ol (17a) 

60 °C 1min// 10 °C/min // 
240 °C// 20 °C/min// 300 °C 1 

min 
12.3 

* length: 30 m; inner diameter: 0.25  mm; film thickness: 0.25 um; flow: 1 mL*min-1 
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C   

Compound Temperature program 
Ret. time 

(min) 

(R/S)-2-chloro-1-phenylethanol (3) 
110 °C 15min// 10 °C/min // 
170 °C 1 min// 10 °C/min// 

205 °C 5min 

14.6 (R), 
14.7 (S) 

ethyl (R/S)-4-chloro-3-hydroxybutyrate (4) 
110 °C 15min// 10 °C/min // 
165 °C 5 min// 10 °C/min// 

205 °C 

9.8 (R), 
10.2 (S) 

(R/S)-styrene oxide (9) 
110 °C 15min// 10 °C/min // 
170 °C 1 min// 10 °C/min// 

205 °C 5min 

3.8 (S), 
4.1 (R) 

ethyl (R/S)-4-cyano-3-hydroxybutyrate 
(15) 

110 °C 15min// 10 °C/min // 
165 °C 5 min// 10 °C/min// 

205 °C 

22.1 (S), 
22.4 (R) 

rac-chlorocyclohexanol (7) 80 °C 5min// 10 °C/min // 110 °C 
5 min// 2 °C/min// 180 °C 5 min 9.5, 9.7 

cyclohexene oxide (13) 80 °C 5min// 10 °C/min // 110 °C 
5 min// 2 °C/min// 180 °C 5 min 2.6 

(1S, 2R)-2-cyanocyclohexanol (16a) 80 °C 5min// 10 °C/min // 110 °C 
5 min// 2 °C/min// 180 °C 5 min 30.6 

(1R, 2S)-2-cyanocyclohexanol (16a) 80 °C 5min// 10 °C/min // 110 °C 
5 min// 2 °C/min// 180 °C 5 min 30.9 

rac-2-azidocyclohexanol (16b) 80 °C 5min// 10 °C/min // 110 °C 
5 min// 2 °C/min// 180 °C 5 min 17.5, 17.8 

Limonene oxide (14) 80 °C 5min// 10 °C/min // 110 °C 
5 min// 2 °C/min// 180 °C 5 min 17.8, 18.1 

* length: 25 m; inner diameter: 0.25 mm; film thickness: 0.25 um; flow: 0.8 mL*min-1 
 

2.2.9.2 Product analysis of azidoalcohol 17 

To determination the regioisomers of the product formed in the reaction from limonene oxide 

(14) to the corresponding azidoalcohol (17) was carried out using different analytic methods. 

For purification product was produced following the described whole cell bioconversion in 

2.2.6.3 starting from trans-14. In total 600 mg trans-14 were converted using 10 mL resting 

cells. Whole cell reaction mixture was extracted three times with dichloromethane (DCM) 

and crude product was purified using silica gel chromatography with gradient of 

pentane/DCM 1:1 solution to DCM. Obtained product was analysed by the following 

methods:  

GC and GC-MS analysis 

For GC analysis of the conversion of 14 500 µL of whole cell reaction was extracted using 

500 µL MTBE (0.1% dodecane) and injected into GC2010-Plus Instrument (Shimadzu). For 

detailed protocol refer to section 2.2.9.1. 

GC-MS analysis was carried out using the purified product dissolved in diethyl ether and 

GC-MS instrument (GCMS-QP2010SE, Shimadzu) equipped with a ZB-5MS GUARDIAN 
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column (30 m x 0.25 mm, 0.25 µm film thickness, He carrier gas (1.5 mL min-1)). Injection 

temperature was set to 250 °C and interface temperature to 280 °C. For separation 

following temperature program was used: 50 °C/ 3 min// 12 °C min-1//300 °C/ 8 min. Product 

was detected at a retention time of 12.6 min with 195 m/z. 

NMR analysis 

To determine the position of the C–N3 bond the obtained product 17 was furthermore 

analysed by 2D-NMR (AV ll-600, Bruker, Billerica, USA) after dissolving it in DMSO. 

Therefore correlations in 1H (600 MHz), 13C (151 MHz), 1H-1H-COSY, NOESY and 1H-15N-

HMBC spectra were analysed. 

Mass spectrometry 

Obtained product 17 was dissolved in diethyl ether for determination of the exact mass 

using mass spectrometry analysis (ESI-HRMS; LTQ-Orbitrap Velos, ThermoFisher 

Scientific, Bremen, Germany).  

Specific rotation 

To determine the specific rotation of azidoalcohol 17 the solid product was injected and 

analysed by a polarimeter (Propol Digital Automatic Polarimeter, Dr. Kernchen, Seelze, 

Germany). 
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2.3 Machines and Software 

Table 16: List of machines and suppliers. 
 

Machine Supplier 

ÄKTAprime™ and ÄKTApurifier™  GE Healthcare  
ÄKTA pure GE Healthcare 

Biophotometer plus  Eppendorf  
BioView-Transilluminator (USDF-20ML-8R)  Biostep  
CARY 50 Bio UV-VIS Spektrophotometer  Varian  
CARY 60 Bio UV-VIS Spektrophotometer Agilent Technologies 

CO-Begasungssystem Lecture Bottle Station  Aldrich  
Concentrator plus  Eppendorf  

EmulsiFlex-C3 (Hochdruckhomogenisator)  Avestin Europe GmbH  
Eppendorf Centrifuge 5424 (Rotor: FA-45-24-11)  Eppendorf  
Eppendorf Centrifuge 5415 R (Rotor: F-45-24-11)  Eppendorf  

Eppendorf Centrifuge 5810R (Rotor: A-4-81)  Eppendorf  
Eppendorf Centrifuge 5810R (Rotor: F-34-6-38)  Eppendorf  

Avanti® J-E Centrifuge (Rotor: JA-25.50) BECKMAN COULTER 
Sorvall RC6+ Centrifuge (Rotor: SS34 und F10S-6X500Y)  Thermo Scientific  

Megafuge 1.0R Thermo Scientific 
MICRO STAR 17 VWR 

GC2010 plus with AOC-20i-injcektor  Shimadzu  
GCMS-QP2010 S with AOC-20i-injector  Shimadzu  

Gel Doc™ XR+ System  Biorad  
Mastercycler® pro  Eppendorf  

peqSTAR, Thermocycler peqlab  
NanoDrop™ 1000 spectrophotometer peqlab  

Speed Vac® SC 110  Savant  
U:Genius Compact Gel Imaging System  Syngene  

CLARIOstar BMG LABTECH 
Sunrise™ MTP reader Tecan 

ThermoMixer C Eppendorf 
Vortexer REAX 2000 Heidolph 
Vibra-Cell™ VCX130  Sonics  

 
 
 
 

 

 

 

 

 

 



                                          Materials and Methods 
Machines and software 

 

67 

Table 17: List of software and suppliers 
 

Software Supplier 

BioEdit (7.0.9.0.)  Tom Hall  

Cary Win UV (4.10)  Varian  

ChemBioDraw Ultra (12.0)  Perkin Elmer  

Clone Manager (9.1)  Scientific & Educational Software  

GCsolution (2.32.00)  Shimadzu  

GCMSsolutions (2.53)  Shimadzu  

LabSolution (5.51)  Shimadzu  

Prime View (5.31)  GE Healthcare  

PyMOL (1.3)  Schrödinger, LCC  

UNICORN (5.31)  GE Healthcare  

Yasara (15.8.31) Yasara Bioscience 
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3. Results 

This chapter is divided in four sections. In section 3.1, the cloning, expression and initial 

activity tests of 20 genes predicted to encode novel halohydrin dehalogenases (HHDH) 

is outlined. The in-depth characterization of the corresponding HHDH including 

expression optimization, purification and determination of substrate scope, thermal 

stability as well as enantioselectivity is described in section 3.2. Bioconversions of the 

industrially relevant substrate ethyl (R/S)-4-chloro-3-hydroxybutyrate (4), and the ability 

of the enzymes to produce enantiopure β-substituted alcohols is included in this section 

as well. Section 3.3 focuses on the halohydrin dehalogenase HheG. This novel HHDH 

was investigated in purified form and as a whole-cell catalyst with respect to its 

biocatalytic efficiency in the conversion of cyclic haloalcohols and epoxides such as 

2-chlorocyclohexanol (7) and cyclohexene oxide (13). Finally, the crystal structure of 

HheG as well as a first protein engineering approach for optimizing the activity of HheG 

towards 2-chlorocyclohexanol is presented in section 3.4. 

Database mining for novel HHDH sequences based on a conserved motif of the typical 

HHDH catalytic triad (Ser-Tyr-Lys) and other HHDH-specific motifs (identified by 

comparison of the previously known five members of the HHDH family) resulted in the 

identification of 37 putative novel HHDH sequences [21]. To distinguish HHDH 

sequences from those encoding short-chain dehydrogenase/reductase (SDR) enzymes, 

each sequence was carefully analysed. Special attention was paid that the precise 

catalytic triad (Ser-Tyr-Arg for HHDHs vs Ser-Tyr-Lys for SDR) was present and that the 

glycine rich motif responsible for cofactor binding in SDR was replaced by a nucleophile 

binding pocket in which a phenylalanine or tyrosine residue plays a key role as shown 

before [81], [158]. The detailed data mining procedure has been developed and 

described by Schallmey et al. [21] and is outlined schematically in Figure 14 A. An 

alignment excerpt of the selected putative HHDH sequences to two archetypal SDRs is 

shown in Figure 14 B and C, highlighting the differences in catalytic triad and the 

presence of conserved phenylalanine or tyrosine in HHDHs. The identification of these 

37 putative sequences by computational means was the starting point of the present 

work. 
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Figure 14: A) Scheme of the in silico strategy for identification of putative HHDHs. Homologous protein 
sequences were collected using blastp and were aligned by MAFFT to identify novel HHDH sequences by 
sequentially removing sequences that possessed the typical Ser-Tyr-Lys catalytic residues of SDR enzymes 
(“S-Y-K”), that lacked the conserved HHDH catalytic triad of Ser-Tyr-Arg (no “S-Y-R”), and that did not possess 
the specific aromatic Phe or Tyr (no “F/Y”).A+B) Partial MAFFT alignment of previously known (asterisked) 
and novel HHDH sequences. Excerpts from the complete alignment show sequences around the conserved 
Phe or Tyr residue (shaded) (A) or around the Ser-Tyr-Arg catalytic triad residues (shaded) (B) in HHDHs, as 
well as sequences around the corresponding residues in two homologous, experimentally verified SDR 
enzymes, FabG and DHRS4. The sequence logos given above each of the alignment excerpts schematize 
the amino acid distributions observed in all HHDHs or in 718 homologous SDR sequences. Taken from [21]. 
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3.1 Cloning, expression and activity tests of putative HHDHs 

3.1.1 Cloning in expression vectors 

To enable the characterization of the putative HHDH sequences identified in public 

databases, it was necessary to produce the respective enzymes in a heterologous 

expression system. Escherichia coli is one of the most widely employed hosts for over-

expression of prokaryotic and eukaryotic proteins, whereby the term “over-expression” 

implies that the target protein is expressed at a level that provides a convenient amount 

of protein for biochemical or structural studies [159]. From the 37 putative HHDH 

sequences, 20 sequences were chosen (HheA3, HheA5, HheB3 to HheB7, HheD to 

HheD6, HheE to HheE5, HheF and HheG) and ordered as synthetic genes. For the 

production of the 20 putative HHDH enzymes, an Escherichia coli–bacteriophage T7 

RNA polymerase expression system using expression vector pET-28a(+) was chosen to 

produce N-terminally His-tagged fusion proteins. A schematic overview of the vectors 

and the cloning strategy used in the present study is shown Figure 15. 

 

Figure 15: Cloning of halohydrin dehalogenases from pMA-T in pET-28a(+) expression vectors explained on 
the example of HheB3. 
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Synthetic genes in pMA-T vectors synthesized by the company Life Technologies were 

digested using endonucleases Ndel and Hindlll as described in section 2.4.5 [21]. The 

DNA fragment of interest was separated on an agarose gel, and the respective band 

(typically between 600 to 700 bp in length) was excised from the gel and purified in 

preparation for ligation. Commercially available pET-28a(+) vector (Merck) was digested 

in the same manner, and the vector backbone (5299 bp) was also extracted from an 

agarose gel. An image of the agarose gel prior to extraction of double digested inserts 

and vector backbone is shown in Figure 16 A. The T4 DNA ligase-catalysed ligation was 

carried out using a molar ratio of 1:3 (vector to insert). In a negative control reaction, the 

insert DNA was replaced by an equal volume of ddH2O. After transformation of 

chemically competent E. coli DH5α cells with the ligation mix, individual colonies were 

checked by colony PCR for the presence of the correct insert. An exemplary agarose gel 

showing a typical colony PCR result is shown in Figure 16 B. The insert gene sequence 

was amplified using oligonucleotides, which bind to the T7 promoter and terminator 

region of the pET-28a(+) vector backbone, therefore integration of the correct gene insert 

is indicated by the presence of a ~ 1 kb PCR product as seen for samples labelled “2” 

and “3” in Figure 16 B. Furthermore, vectors of positive clones were sent for sequencing 

of the inserted fragment to verify the correctness of the cloned sequence. Using this 

workflow, 20 synthetic genes were cloned into the expression vector pET-28a(+). In 

parallel, genes were also cloned in pBADn expression vector to be able to produce the 

enzymes without a fused His-Tag if necessary (data not shown). 

 

Figure 16: Agarose gels of t Ndel/Hindlll restriction of the pMA-T vectors carrying synthetic genes for HheE, 
HheE2, HheE3 and HheE4 and linearized pET-28a(+) vector (A) and the result after colony PCR of DH5α 
clones transformed with ligation reactions of HheE insert DNA and pET-28a(+) vector backbone (B). Boxes 
highlighting A) gene fragments of the synthetic genes with an expected size of 650 to 750 bp and B) amplified 
gene from pET-28a(+)HheE with expected size of ~ 1000 bp. As a positive control for colony PCR vector 
pET-28a(+)HheE5 obtained from previous work (Master Thesis, E. Wells, 2012) was used. Negative control: 
empty pET-28a(+) vector. Ladder: 1 kb GeneRuler DNA Ladder (Thermo ScientificTM). 
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Generation of truncated versions of HheB3, HheB6 and HheB7 

Gene annotation of HheB3, HheB6 and HheB7 indicated the presence of an internal 

AUG start codon within the mRNA sequence. In comparison to the other HHDH genes, 

which are typically 680 to 690 bp long, these aforementioned sequences were 20 bp 

(HheB3), 75 bp (HheB5) and 99 bp (HheB7) longer. To ensure translation starting from 

the second, internal AUG start codon, the 3 genes were re-amplified using forward 

primers that excluded the sequences upstream of the internal AUG codon and introduced 

an Ndel restriction site at the 5´-end of the PCR product. After amplification and PCR 

clean up, PCR products were digested and ligated into pET-28a(+) as described above. 

Figure 17 shows the result of the PCR amplification of truncated halohydrin 

dehalogenase genes and the colony PCR results. For all three constructs, positive 

clones were identified and could be evaluated by sequencing. The generated expression 

vectors containing the truncated genes were used throughout this study.  

 

Figure 17: Agarose gels of PCR amplified and restricted HheB3, HheB6 and HheB7 (A) and colony PCR of 
clones obtained from ligation of gene fragments in a linearized pET-28a(+) vector backbone (B). 
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3.1.2 Expression tests of putative HHDHs 

Having all novel HHDH sequences in pET-28a(+) based expression vectors at hand, the 

next objective was to identify suitable expression conditions for soluble protein over-

expression. E. coli was the host of choice for the production of the recombinant proteins 

since it provides a generalized and well characterized platform for protein expression. 

Another reason for the use of a bacterial expression system was the origin of the HHDH 

enzymes - so far HHDH have only been identified in prokaryotic microorganisms (refer 

to 2.3). The T7 expression system using pET-28a(+) vectors in combination with the 

cloning strategy explained in the previous section enabled the production of His-tagged 

enzymes, which in turn greatly facilitated protein purification. Different expression 

conditions were tested by varying the incubation time and temperature. E. coli strain 

BL21 (DE3) was tested first as a host for the production of recombinant proteins. To 

avoid halide contamination that could interfere activity measurements later on, all 

cultures were prepared in TB instead of LB medium. Starting with a 10% (v/v) inoculation 

using a respective pre-culture, protein expression was directly induced by addition of 0.2 

mM IPTG. Expression was carried out for 7 h at 37 °C. If no soluble protein was detected 

on SDS-PAGE gel, expression temperature was decreased to 30 or 22 °C, and 

expression time was adjusted accordingly. The expression test of the halohydrin 

dehalogenase HheG, shown in Figure 18, serves to exemplify a typical target protein 

expression result. In this particular example, it can be seen that an increase of 

expression temperature results in less soluble protein in the size range of 30 kDa (HheG 

has a predicted molecular weight of 29.8 kDa including His-tag, as shown in section 2.3). 

Interestingly, the amount of protein found in the insoluble (pellet) fraction increased at 

lower temperatures too. The other, E. coli-innate protein bands on the gel indicate that 

the cell lysis was not as efficient for the 22 °C sample increasing even the assumed 

soluble protein amount. The amount of soluble protein produced at the lowest tested 

temperature was significantly higher than that obtained from fermentations at 30 or 

37 °C. Hence, expression at 22 °C and for 24 h was chosen as the best expression 

condition for HheG. 
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Figure 18: Expression tests of HheG using E. coli BL21 (DE3) as an expression host and pET-28a(+)HheG 
vector. Comparison of different expression temperatures (22 °C to 37 °C) and incubation times. Incubation at 
22 °C was performed for 24 h, 30 and 37 °C for 7 h each. The CFE was obtained after sonication of cell pellet 
and centrifugation. Insoluble pellet fraction was re-suspended in buffer and loaded on the gel. Ladder: 
Prestained ProteinLadder (Fermentas). In each lane, 10 µg of total protein amount as determined by Bradford 
was loaded. 
 

For the other 19 enzymes, similar expression tests were carried out. For most of them, 

expression conditions were found using E. coli strain BL21 (DE3) for production of the 

recombinant protein. In case of HheB3 and HheE2, expression of the recombinant 

proteins in E.coli BL21 (DE3) resulted solely in inclusion bodies. To increase the solubility 

of these proteins and produce them in a higher amount, the expression strain was 

changed to E. coli C43 (DE3). E. coli C43 (DE3) is a double mutant strain of BL21 and 

was previously described for the over-expression of poorly-soluble or toxic proteins [160]. 

After initial expression tests, most of the putative HHDH could be expressed in 

appropriate amounts. An overview of expression conditions employed for individual 

enzymes is shown in Table 18. These expression conditions were used for the first 

activity measurements of putative HHDH shown in section 3.1.3. HheA2, HheB2 and 

HheC were expressed as described previously using E. coli Top10 (Life Technologies) 

and arabinose inducible vector pBAD (Life Technologies) [21]. 
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Table 18: Conditions for the heterologous production of 20 novel, putative HHDHs and previously described 
HHDHs HheA2, HheB2 and HheC used as controls. Taken from [21]. 
 

HHDH Expression strain Conditions HHDH Expression strain Conditions 

HheA2 E. coli Top10 7 h at 37 °C HheD2 E. coli BL21(DE3) 7 h at 37 °C 

HheA3 E. coli BL21(DE3) 7 h at 37 °C HheD3 E. coli BL21(DE3) 7 h at 37 °C 

HheA5 E. coli BL21(DE3) 7 h at 37 °C HheD4 E. coli BL21(DE3) 24 h at 20 °C 

HheB2 E. coli Top10 7 h at 37 °C HheD5 E. coli BL21(DE3) 7 h at 37 °C 

HheB3 E. coli C43(DE3) 24 h at 30 °C HheE E. coli BL21(DE3) 7 h at 30 °C 

HheB4 E. coli BL21(DE3) 7 h at 30 °C HheE2 E. coli C43(DE3) 24 h at 30 °C 

HheB5 E. coli BL21(DE3) 7 h at 37 °C HheE3 E. coli BL21(DE3) 7 h at 30 °C 

HheB6 E. coli BL21(DE3) 24 h at 20 °C HheE4 E. coli BL21(DE3) 7 h at 37 °C 

HheB7 E. coli BL21(DE3) 7 h at 37 °C HheE5 E. coli BL21(DE3) 7 h at 37 °C 

HheC E. coli Top10 7 h at 37 °C HheF E. coli BL21(DE3) 7 h at 37 °C 

HheD E. coli BL21(DE3) 7 h at 37 °C HheG E. coli BL21(DE3) 24 h at 20 °C 
 

To compare the expression levels of individual HHDH, all enzymes were produced in 20 

mL expression cultures. The resulting cell pellets were each re-suspended in 1.2 mL 25 

mM Tris∙SO4 buffer, pH 8.0, and disrupted by sonication as described in section 2.6.1 

and total protein amount was measured using Bradford. Each 10 µg of total protein was 

loaded on 10% acrylamide gels and separated using SDS-PAGE. Figure 19 shows the 

total protein content of CFE from E. coli BL21 (DE3), C43 (DE3) or Top10 cells producing 

the different HHDH enzymes. Overexpressed HHDHs exhibited a molecular weight 

between 26 and 32 kDa (including His-tag). As controls for further activity tests, three of 

the known and previously characterized HHDH enzymes, HheA2 [15], [16], HheB2 [16] 

and HheC [17], were expressed using pBADn vector system and E. coli strain Top10. 

Apart from HheC, the other two enzymes were not efficiently expressed (Figure 19 A). 

Nevertheless, these were used as positive controls for following activity measurements 

and the obtained expression was sufficient. From the SDS-PAGE gels, it could be 

observed that not all HHDH were overproduced. Especially for HheA3, HheB3, HheB4, 

HheB7, HheD6, HheE3, HheE5 and HheF no or only little target protein was detected in 

soluble fractions. For visualization of low amounts of expressed HHDH enzymes, the 

unstained SDS-PAGE gel was blotted on a nitrocellulose membrane and His-tagged 

protein was detected by Western blot as described in section 2.5.2. Thus, for all enzymes 

but HheB3 soluble protein was detected using a Ni-NTA HRP conjugate (Figure 19 B). 

As negative controls for expression and Western blot analysis, E. coli BL21 (DE3), C43 

(DE3) and Top10 cells were transformed with empty pET-28a(+) or pBADn vectors and 

cultured simultaneously. No target protein band could be detected in the respective 

lanes. 
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Figure 19: SDS-PAGE (A) and Western blot (B) after optimization of expression conditions for pilot activity 
tests in CFE. Taken from [21].  
 

3.1.3 Activity measurements of putative HHDHs 

To verify target activity of the recombinant expressed putative halohydrin 

dehalogenases, activity measurements were carried out using an indirect colorimetric 

halide release assay and were further confirmed by gas chromatography measurements. 

The biotransformation of three model substrates, namely 1,3-dichloro-2-propanol (1) and 

2-chlorophenylethanol (3) as well as bromoalcohol 1,3-dibromo-2-propanol (5), were 

carried out with CFE containing recombinant expressed HHDH as described in section 

2.6.2. The halide release assay (section 2.6.1) was performed by collecting samples 

from the biotransformation reaction over time and mixing these with the respective 

detection reagent. The addition of reagent typically led to colour change of the solution 

from bright yellow to orange, indicating the presence of free halides. Figure 20 

exemplifies the result of the halide release assay using CFE containing enzymes HheD2, 

HheD3, HheD4 and HheD5. As negative control, CFE of the respective E.coli strain 

transformed with an empty vector was used. In this way, activity was detected for all 5 

enzymes with the three different substrates as indicated by a stronger colouration in 

comparison to the negative controls. As a general trend, more pronounced colour change 

was observed for the aliphatic haloalcohols in comparison to the tested aromatic 

substrate, giving a first indication of substrate preference of the tested HHDH enzymes. 

Furthermore, it was observed that the reaction with bromoalcohol 5 as substrate 

exhibited a significantly higher chemical background in comparison to the other tested 

substrates.  
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Figure 20: Colorimetric assay of halide release using CFE containing recombinantly expressed HHDH HheD 
to HheD5 Column 1 (EV) represents the empty vector control, in this case CFE from BL21 (DE3) cells 
transformed with pET-28a(+) vector. Columns 2 to 6 show the different reactions carried out with CFE extract 
of HheD enzymes. Each three lines correspond to one of the used substrates, 1,3-dichloro-2-propanol (1), 
2-chloro-1-phenyethanol (3) and 1,3-dibromo-2-propanol (5). Each reaction was carried out in triplicate. 
 

Due to the nature of the colorimetric halide release assay, HHDH activity is indirectly 

detected via released halide ions. While convenient to perform, this indirect detection is 

prone to false positive results as epoxide ring formation is not confirmed. Therefore, 

verification of product formation in these enzymatic reactions was carried out by gas 

chromatography after extraction of samples taken after 60 min incubation time. Samples 

were analysed using a GC instrument equipped with an achiral Supreme 5ms column. 

Prior to sample analysis, the GC program for separation of substrates and potential 

products was established using commercially available standards. Figure 21 exemplifies 

the GC chromatogram of the conversion of substrate 1, 2 and 3 using CFE containing 

recombinant expressed HheD (pink) and HheD2 (blue) enzyme. As a reference, the 

empty vector control (black) reaction is also shown. Product formation was detected for 

all three substrates as indicated by appearance of product peak (green box) at a 

retention time of either 3.8 (epichlorohydrin (8)), 4.9 (epibromohydrin (9)) and 5.7 min 

(styrene oxide (10)). Substrate depletion could be also followed by the decrease of the 

respective substrates peaks (highlighted with a black box). For substrates 1 and 3 only 

product peaks were detected for reactions that contained expressed HHDH (HheD or 

HheD2). The chromatograms also show that in case of substrate 1, HheD formed a 

higher product peak than HheD2 (Figure 21 A). In case of substrate 3 more product was 

detected for reactions carried out with HheD2 containing CFE (Figure 21 C). 
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Figure 21: Conversion of haloalcohols 1, 5 and 3 by HHDH followed by GC. Chromatograms of the 
conversion of (A) 1,3-dichloro-2-propanol (1) to epichlorohydrin (8), (B) 1,3-dibromo-2-propanol (5) to 
epibromohydrin (9) and (C) 2-chloro-1-phenylethanol (3) to styrene oxide (10) using HheD (pink), HheD2 
(blue) and as a negative control CFE expressing from empty pET-28a(+) vector (black). Substrates are 
highlighted with a black box and products with a green box. 
 

The result as described above serves to illustrate the general workflow for initial activity 

testing. Tests were carried out with CFE of all 20 putative HHDH enzymes as described 

for HheD and HheD2. GC data was analysed for substrate 1, 3 and 5, and the activity 

was calculated in units per mL CFE. The respective negative controls were always 

subtracted from the conversion data in the presence of enzyme. Figure 22 shows the 

summarized volumetric activities of all putative HHDH and the previously described 

HHDH HheA2, HheB2 and HheC (for comparison). Using the abovementioned 
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approaches, for all but one putative HHDH, halide release as well as epoxide formation 

for at least one of the three substrates could be detected. In case of HheB3, no 

detectable activity by halide release assay nor GC analysis of extracted products could 

be observed. However, this enzyme was also hardly expressed in soluble form in E. coli 

as indicated by SDS-PAGE gel and Western blot analysis (Figure 19). Notably, HheB4, 

HheB6 and HheF exhibited a rather low conversion of substrate 1 and no conversion of 

substrate 3. 

 

 

Figure 22: Specific activities of CFEs from recombinant HHDH expression. Activities are shown for the 
formation of epoxides, detected via GC (epichlorohydrin and styrene oxide) from chloroalcohols (1,3-dichloro-
2-propanol [filled bars] and 2-chlorophenylethanol [open bars], respectively) after the subtraction of 
background activities from empty-vector controls. For reference, activity data are also shown for CFEs from 
the expression of previously known HHDHs (marked with asterisks). Adjapted from [21]. 
 

During the conversion of bromoalcohol 5, a rather high chemical background was 

detected using CFE of cells not expressing any HHDH (empty vector control) (Figure 21 

B). This was already observed in colorimetric halide release assay (see above). The high 

background reaction hampered a quantitative prediction of the activity towards substrate 

5. One reason for this high background could be an enzymatic activity towards this 

compound present in E. coli. Using heat-inactivated CFE of E. coli (95 °C, 30 min) no 

background reaction was observed anymore indicating such an enzymatic activity. In 

contrast, control reactions with chloroalcohols 1 and 3 showed only marginal epoxide 

formation (<5%). Therefore, only results for the conversion of chloroalcohols 1 and 3 are 

shown. 14 of the novel HHDH (HheA3, HheB4, HheD to HheD6, HheE to HheE5, HheF, 
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and HheG) preferentially converted the small aliphatic compound 1, whereas HheA3, 

HheB4, HheB6, HheD, HheD6 and HheF showed no activity towards aromatic compound 

3. In comparison to the described HHDH, HheA2, HheB2 and HheC did not exhibited a 

particular substrate preference and are all able to convert the aromatic compound as 

well as the aliphatic substrate. HheA5, HheB2, HheB5, HheB7 and HheE2 exhibit a 

similar high activity range towards the aromatic haloalcohol 3 as previously studied 

HHDH. 

In summary, true HHDH activity could be confirmed for 19 of the tested 20 novel 

halohydrin dehalogenases.  
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3.2 Biochemical and biocatalytic characterization of 17 novel 

HHDHs 

After initial confirmation of true HHDH activity for 19 of the novel enzymes as discussed 

in section 3.1, further in-depth investigation of their biochemical and biocatalytic 

properties was desired. This required large-scale expression and purification of the 

respective enzymes. The purified HHDH were investigated in terms of substrate scope 

in the dehalogenation of six haloalcohols (1-6) and the epoxide ring opening of seven 

epoxides (8-14); their enantioselectivity towards (R/S)-2-chloro-1-phenylethanol (3) was 

also analysed. Furthermore, the thermal stability and pH optima of these enzymes were 

determined. Finally, the capability of the studied HHDHs to convert the industrially 

relevant substrate ethyl (R/S)-4-chloro-3-hydroxybutyrate (4) was studied. 

3.2.1 Expression and purification of HHDH enzymes 

In order to produce sufficient amounts of purified recombinant HHDH enzymes, it was 

necessary to further improve the expression level for a number of enzymes in large-scale 

expressions. As shown in Figure 19 not all HHDHs were overexpressed yet using E. coli 

strains BL21 (DE3) or C43 (DE3) as heterologous expression hosts. In addition, on 

several occasions the up-scaling of expression using the expression conditions 

presented in section 3.1 led to an overall reduction of the expression level. The 

optimization process this time included modifications of both expression temperature and 

incubation time, which in most cases was sufficient to obtain higher amounts of solubly 

expressed HHDH. Fine tuning of temperature and incubation time was beneficial for the 

expression of HheA5, HheB4, HheB5, HheB6, HheD, HheD2, HheD3, HheD5, HheE3, 

HheE5, HheF and HheG. In case of HheA3, HheB3 and HheB7, the change of the 

expression strain to E. coli C43 (DE3) led to a better soluble expression. For HheD4 and 

HheD6, only trace amounts of soluble enzyme could be obtained even after extensive 

optimization of expression conditions and change of the expression hosts. An overview 

of the expression conditions at 400 mL scale cultivation is presented in Table 19. After 

identification of satisfying expression conditions, all 17 solubly expressed enzymes could 

be purified. Immobilized metal affinity chromatography (IMAC) using a Ni-NTA column 

and FPLC system (Äkta) was employed for all HHDH enzymes besides HheC and 

HheB7. HheB7 did not efficiently bind to the Ni-NTA matrix via the fused hexa-Histidine-

tag (His6-tag), and HheC did not carry a His-tag. Hence, they were purified as described 

previously using a combination of ion exchange and hydrophobic interaction 

chromatography previously [27]  
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Immobilized metal affinity chromatography (IMAC) 

Enzymes were purified taking advantage of the N-terminal fused hexa-histidine-tag (His6-

tag) and immobilized Ni2+ ion affinity chromatography as described in section 2.5.4. 

Proteins fused to a His6-tag bind reversibly to the Ni-NTA-matrix of the employed His-

Trap column. By increasing the imidazole concentration in the buffer using a linear 

gradient (25 mM to 500 mM), His6-tagged proteins can be selectively released from the 

matrix. Loading and elution of the enzymes were followed by monitoring the absorption 

at 280 nm. As an example, the purification chromatogram and SDS-PAGE gel of HheB5 

is shown in Figure 23. 

Loading of HheB5 containing CFE was clearly visible by an increase of the UV signal to 

2400-2600 mAu. On the SDS-PAGE gel (Figure 23 B) the CFE sample represents the 

total soluble protein content of HheB5 overexpressing cells which was loaded on the 

column. The presence of a thick protein band around 30 kDa indicated successful over-

expression. Although the pellet fraction still contained part of HheB5 target band, 

possibly due to incomplete cell disruption, the CFE appeared to contain sufficient soluble 

protein amount and therefore, was loaded on the column. The flow through fractions (3-

10) showed sufficient binding of HheB5 to the column, since no characteristic band was 

detected at a size of 30 kDa in comparison to CFE. Washing at low imidazole 

concentrations (20 mM) removed unspecific bound proteins as a slight increase in UV 

signal in the chromatogram indicates (fractions 20-44). Elution was visualised by a 

distinct peak at an imidazole concentration around 215 mM (~40% buffer B). Collected 

elution fractions (45 to 65) were also loaded to the SDS-PAGE gel, and HheB5 protein 

at the expected size of 30 kDa with a high purity was detected. All 20 elution fractions of 

HheB5 were pooled and concentrated. Removal of imidazole was carried out using a 

PD-10 desalting column as described in section 2.5.4 and protein concentration was 

measured by NanoDrop. Exact protein concentration was calculated using the specific 

extinction coefficient of HheB5. Purification of HheB5 resulted in a yield of 15 mg L-1 

expression culture and an estimated purity exceeding 90%. 16 further HHDH were 

expressed and purified as described for HheB5 with yields ranging from 6 to 171 mg L-1 

and an estimated purity higher than 90% (Figure 26, Table 19). 
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Figure 23: Purification of HheB5 using immobilized metal (Ni2+) affinity chromatography (IMAC). (A) FPLC 
Chromatogram showing the UV signal at 280 nm (blue line), concentration of imidazole containing buffer B 
(green line), pressure (brown line), conductivity (red line), temperature (bright blue line) and pH (pink line). 
Elution of the bound protein is highlighted with a green box. Fraction were collected and afterwards purity and 
protein content checked by SDS-PAGE (B). Ft: Flow through (proteins that did not bind to the His-Trap column 
found in fraction 3-10); Washing: Washing of the column at low imidazole concentrations eluting weak bound 
proteins; Elution: Fraction 45 to 65, increasing of the imidazole concentration and UV peak are; Cell lysis: CFE 
and pellet after sonication. 
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Two-step purification of HheC and HheB7 

HheC without and HheB7 (not binding to Ni-NTA column) were purified in two steps using 

anion-exchange chromatography (AEC) followed by hydrophobic interaction 

chromatography (HIC) (section 2.5.4).  

 

 
 
Figure 24: Anion-exchange chromatography (AEC) of HheC. (A) Purification chromatogram showing UV 
signal at 280 nm (blue line), concentration of ammonium sulfate (green line), pressure (brown line), 
conductivity (red line), temperature (bright blue line) and pH (pink line). Highlighted in a green box elution peak 
of HheC determined by activity tests of the obtained fractions using halide release assay (B). Fraction 35 to 
45 showed equal activity in comparison to HheC containing CFE and higher signals compared to buffer 
controls (TEM, Tris). 
 
After AEC, fractions for which dehalogenation activity was detected (Figure 24) were 

pooled, conductivity was adjusted to 60 mS using ammonium sulphate and loaded on a 

50 mL Butyl Sepharose FF column (GE Healthcare). The bound protein was eluted over 

a 300 mL linear gradient of 0.5 to 0 M ammonium sulfate in TEM buffer, pH 7.9. The 

elution fractions were again checked for activity using halide release assay, and the 

purity of purification was evaluated by SDS-PAGE. 
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Figure 25: Hydrophobic interaction chromatography (HIC) of HheC. (A) Purification chromatogram showing 
UV signal at 280 nm (blue line) detecting proteins, concentration of ammonium sulfate (green line), pressure 
(brown line), conductivity (red line), temperature (bright blue line) and pH (pink line). Highlighted in a green 
box elution peak of HheC determined by activity tests of the received fractions using halide release assay (B). 
Fraction 57 to 87 showed equal activity in comparison to HheC containing CFE and higher signals compared 
to buffer controls (TEM, Tris) and were additionally loaded to SDS-PAGE (C). As a control also pooled CFE 
purified by IEC is loaded (IEC). (D) SDS-PAGE of 10 µg HheC, CFE of expression and IEC pooled fractions 
as control for purity. 
 

HheC eluted at low ammonium sulfate concentration of ~80 to 0 mM. Elution fractions 

57 to 66 (leftmost peaks in the highlighted green box) contained impurities. HheC protein 

could be visualized on the SDS-PAGE gel as a protein band around 30 kDa in fractions 

69 to 79 with the highest elution UV signal (peak 2 in the highlighted green box). 

Therefore, fractions 69 to 79 were pooled and concentrated as described in chapter 2.5.4 

and protein concentration determined as described before. Purification of HheC yielded 

of 45 mg L-1 (per L expression culture) with a slightly lower purity than the His6-tagged 

proteins (Figure 25 D). The purity of the preparation was nevertheless sufficient for 

further biocatalytic studies. HheB7 was purified in the same manner as HheC and yielded 

225 mg L-1 purified protein with a higher purity than HheC (Figure 26).  

To summarize the results of the HHDH expression and purification, Table 19 outlines all 

investigated expression conditions of HHDH, the purification method which was used, 

and the obtained yield (mg L-1). Figure 26 shows SDS-PAGE gels, from which the purities 

of all 17 purified HHDH could be estimated. 
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Table 19: Optimal expression and purification conditions of 17 novel HHDHs and previously known HheC 
[IMAC: immobilized metal affinity chromatography; AEC: anion-exchange chromatography; HIC: hydrophobic 
interaction chromatography]. Taken from [161] 
 

HHDH Expression conditions Purification method 
Yield  

(mg L-1) 

HheA3 E. coli C43, 22 °C, 24h IMAC 21 

HheA5 E. coli BL21, 37 °C, 7h IMAC 48 

HheB3 E. coli C43, 22 °C, 24h IMAC 7.6 

HheB4 E. coli BL21, 22 °C, 24h IMAC 5.7 

HheB5 E. coli BL21, 37 °C, 7h IMAC 15 

HheB6 E. coli BL21, 22 °C, 24h IMAC 41 

HheB7 E. coli C43, 22 °C, 24h AEC and HIC 225 

HheC E. coli Top10, 37 °C, 7h AEC and HIC 45 

HheD E. coli BL21, 22 °C, 24h IMAC 29 

HheD2 E. coli BL21, 30 °C, 7h IMAC 24 

HheD3 E. coli BL21, 30 °C, 7h IMAC 7.6 

HheD5 E. coli BL21, 30 °C, 7h IMAC 18 

HheE E. coli BL21, 22 °C, 24h IMAC 44 

HheE2 E. coli BL21, 30 °C, 24h IMAC 171 

HheE3 E. coli BL21, 37 °C, 7h IMAC 43 

HheE5 E. coli BL21, 30 °C, 7h IMAC 22 

HheF E. coli BL21, 22 °C, 24h IMAC 30 

HheG E. coli BL21, 22 °C, 24h IMAC 20 

 

 

Figure 26: SDS-PAGE analysis of purified HHDHs with a characteristic monomeric size between 23 to 30 
kDa (see 2.1.7) [M: PageRuler Prestained Ladder (Life Technologies)]. Taken from [161]. 
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3.2.2 Substrate scopes and enantioselectivity of HHDH variants 

After successful purification of 17 novel HHDH, their biocatalytic characterization was 

subsequently performed. At first, the substrate spectra of all enzymes were determined. 

Dehalogenation activity was tested using haloalcohols 1-6.; epoxide ring opening 

reactions were performed with epoxides 8-14 (Figure 27). HheC from Agrobacterium 

radiobacter AD1 was used as a reference in these experiments. 

 

 

 
Figure 27: Substrates used in dehalogenation and epoxide ring opening reactions with novel HHDHs [1: 1,3-
dichloro-2-propanol; 2: 2,3-dichloro-1-propanol; 3: 2-chloro-1-phenlyethanol; 4: ethyl 4-chloro-3-
hydroxybutyrate; 5: 1,3-dibromo-2-propanol; 6: 2,3-dibromo-1-propanol; 8: epichlorohydrin; 9: 
epibromohydrin; 10: styrene oxide; 11: glycidylphenylether; 12: trans-stilbene oxide; 13: cyclohexene oxide; 
14: limonene oxide]. 
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Dehalogenation 

Dehalogenation of substrates 1 to 6 was carried out as described in section 2.6.3 and 

followed by halide release assay. Specific activities in U mg-1 purified protein were 

calculated and negative controls (reaction carried out without addition of enzyme to the 

reaction mix) were subtracted. 

Table 20: Specific activities of purified HHDHs (25 µg mL-1) in the conversion of 5 mM halogenated 
compounds 1,3-dichloro-2-propanol (1), 2,3-dichloro-1-propanol (2), 2-chloro-1-phenylethanol (3), ethyl 4-
chloro-3-hydroxybutyrate (4), 1,3-dibromo-2-propanol (5) and 2,3-dibromo-1-propanol (6). Red: low to no 
activity; orange: lower activity than HheC; light green: activity in the range of HheC; dark green: higher activity 
than HheC. Negative controls (buffer controls) subtracted. Adapted from [161]. 
 

Enzymes Specific activities (U mg-1) 

1 2 3 4 5 6 

HheA3 2 <0.1 2.3 2.7 46 <0.1 

HheA5 20 <0.1 1.9 30 49 1.1 

HheB3 <0.1 <0.1 <0.1 <0.1 0.2 <0.1 

HheB4 <0.1 <0.1 <0.1 <0.1 0.1 <0.1 

HheB5 36 <0.1 0.3 38 52 1.4 

HheB6 35 <0.1 3.1 36 43 0.9 

HheB7 36 <0.1 1.4 47 79 0.8 

HheC 34 <0.1 17 26 43 5.3 

HheD 0.1 <0.1 <0.1 1.8 19 <0.1 

HheD2 13 <0.1 <0.1 32 56 1.4 

HheD3 <0.1 <0.1 <0.1 0.2 11 <0.1 

HheD5 <0.1 <0.1 <0.1 4 11 <0.1 

HheE 18 <0.1 <0.1 33 41 <0.1 

HheE2 0.4 <0.1 <0.1 5.9 44 <0.1 

HheE3 11 <0.1 0.1 22.8 80 0.5 

HheE5 12 <0.1 <0.1 32 37 <0.1 

HheF 0.1 <0.1 <0.1 0.3 35 <0.1 

HheG <0.1 <0.1 <0.1 0.2 19 <0.1 

 

Table 20 gives an overview of specific activities for 17 novel HHDH and HheC as a 

control towards haloalcohols 1 to 6. In general, activities towards aliphatic haloalcohols 

1,3-dichloro-2-propanol (1) and 1,3-dibromo-2-propanol (5) were higher in comparison 

to the regioisomers 2,3-dichloro-1-propanol (2) and 2,3-dibromo-1-propanol (6) 

indicating that HHDH are regioselective and show a preference towards dehalogenation 

of compounds carrying a terminal halogen group. For HheC, an activity towards 

bromoalcohol 6 of 5 U mg-1 was measured. Similar activity was previously reported by 
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van Hylckama Vlieg and co-workers [27]. HheA5, HheB5 to B7 as well as HheD2 and 

HheE3 also exhibited a slight activity (0.8 to 1.4 U mg-1) towards 6 but still lower than 

that measured for HheC. HheB3 and HheB4 generally showed no significant activity 

(≤ 0.1 U mg-1) in the substrate scope studies, confirming the initial observation during 

activity tests using CFE (section 3.1.3). This result indicated that the low reactivity was 

not caused by a low expression level in the initial expression/activity studies. The 

obtained data also illustrated the generally low activity ranging from ≤0.1 to 3.1 U mg-1 

towards aromatic haloalcohol 3 for all tested enzymes. Five (HheA5, HheB5 to B7, 

HheE3) out of the 17 HHDHs showed a slight activity up to 3.1 U mg-1 towards 3. Still, 

HheC exhibited a 5.5 times higher activity than the best novel HHDH in this particular 

reaction. Activity towards ethyl (R/S)-4-chloro-3-hydroxybutyrate (4) was generally good 

(0.2 to 47 U mg-1). Eight enzymes showed similar (HheE and HheE3) or even higher 

(HheA5, HheB5 to HheB7, HheD2 and HheE5) activity towards 4 in comparison to HheC. 

HheA5 as well as HheB5 to HheB7 exhibited similar substrate scope as HheC. 

Furthermore, also two atypical HHDH substrates were tested, one non-vicinal 

haloalcohol, (S)-3-chloro-1-phenyl-1-propanol, and the fluorinated haloalcohol (R/S)-

2,2,2-trifluoro-1-phenyethanol (Figure 28). In case of the non-vicinal haloalcohol, 

dehalogenation would lead to the formation of an oxetane ring instead of an epoxide. In 

both cases, the novel HHDHs did not convert any of these substrates. 

 

 
 
Figure 28: Dehalogenation of (S)-3-chloro-1-phenyl-1-propanol and (R/S)-2,2,2-trifluoro-1-phenyethanol. 
 

Epoxide ring opening 

In addition to the substrate specificity in dehalogenation reactions, the epoxide ring 

opening of seven epoxides was also tested. In these reactions, sodium azide (NaN3) was 

supplied as nucleophile to produce corresponding azido-alcohols. Conversion was 

followed and quantified using GC. To confirm that the expected product was formed, 

samples were further analysed by GC-MS. Since corresponding mass spectra of the 
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formed azido-alcohols were not present in the NIST library of the GC-MS program, the 

product structures were confirmed using their specific molecular weight as well as 

fragmentation pattern. Figure gives as an example for the product prediction by GC-MS 

for the conversion of glycidylphenylether (11) to 1-azido-3-phenoxy-propan-2-ol. In this 

example, conversion was carried out using 150 µg mL-1 HheD. To quantify the 

conversion of the chemical background reaction, control reactions were performed 

containing only buffer, substrate and nucleophile. After 24 h of reaction, HheD gave full 

conversion of substrate 11. All seven epoxide ring opening reactions were carried out as 

described before (section 2.6.3) using all 17 novel HHDHs and HheC as control. Product 

yields (%) were calculated after 24 h of reaction.  

 

 
Figure 29: GC-MS chromatogram showing (A) substrate glycidylphenylether (11) in the negative control at a 
retention time of 11.7 min and the corresponding mass spectrum of the substrate peak (highlighted with a red 
box). (B) Gas chromatogram of the conversion of glycidylphenylether by HheD (150 µg mL-1, 24 h) and 
corresponding mass spectrum of product 1-azido-3-phenoxy-propan-2-ol (highlighted with a green box), 
detected at a retention time of 15.7 min. 
 

In Figure 30, the determined yields (%) in the epoxide ring opening of six epoxides (8 to 

14) by 17 novel HHDHs, and HheC are summarized. Also here, HheB3 appeared to be 

inactive as observed already before in the dehalogenation of various substrates. Product 

yields obtained for HheB3 lay in the range of observed product yields for negative 

controls. Interestingly, HheB4 showed activity towards epoxides 9 and 11 indicating that 

the enzyme is not completely inactive as initially assumed. In the epoxide ring opening, 



                           Results 
Biochemical and biocatalytic characterization of 17 novel HHDHs 

 

92 

six times higher amount of enzymes was used, which can explain that here a slight 

activity of HheB4 was detected. In general, 11 of the novel enzymes were able to convert 

epichlorohydrin (8) to the corresponding product 1-azido-3-chloro-2-propanol, or even 

further to 1,2-epoxy-3-azidopropane (Figure 27), with product yields higher than 90%. 

 

 

 
Figure 30: Product yields obtained in conversions of epoxide substrates epichlorohydrin (8, grey), 
epibromohydrin (9, yellow), styrene oxide (10, purple) and glycidylphenylether (11, green), cyclohexene oxide 
(13, orange) and limonene oxide (14, pink) with azide after 24 h using 150 µg mL-1 purified HHDH. Adapted 
from [161]. 
 

In negative controls, a chemical background reaction of 2-4% azidoalcohol could be 

detected. In case of HheD3 and HheD5 no activity towards 8 was detected in accordance 

with their low activity towards haloalcohol 1. Interestingly, some of the novel HHDHs 

such as HheE or HheE2 which showed low activity towards 1 (0.2 or 0.4 U mg-1) exhibited 

in the epoxide ring opening reactions almost full conversion of corresponding epoxide 8, 

indicating that the increase of enzyme concentration in the reactions resulted in a better 

conversion. Production of 1-azido-3-bromo-2-propanol by azidolysis of substrate 9 was 
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observed for all enzymes with yields between 60 and 100% product. HheB3, HheD3 and 

HheD5 showed conversion in the range of the negative control (13 to 23%). Epoxide ring 

opening of styrene oxide (10) was generally good (20 to 84% yield) except for HheB3, 

HheD3, HheD5, and HheG, although significant dehalogenation of corresponding 

chloroalcohol 3 was only observed for HheA5, HheB5, HheB6 and HheB7 with higher 

specific activities than 0.1 U mg-1. Especially E-type members showed this activity 

pattern, i.e. low activity towards 3 and high product yields of 2-azido-1-phenylethanol of 

up to 100%. All novel HHDHs -except HheB3- and known HheC were able to convert 

glycidylphenylether (11) to 1-azido-3-phenoxypropan-2-ol with product yields ranging 

from 60 to 100%. Even enzymes HheD3 and HheD5, which displayed only poor specific 

activities on epoxides 8–10, formed comparably high product amounts with this 

substrate. Product 1-azido-3-phenoxypropan-2-ol is a useful intermediate which 

resemble synthons of β-adrenergic receptor blocking agents [162]. Aromatic substrate 

trans-stilbene oxide was not converted by any of the used HHDH, indicating that bulky 

and sub-terminal epoxide groups are not well accepted as substrates by most HHDHs.  

Outstanding, HheG exhibited full conversion of cyclic epoxide 13 yielding 2-azido-

cyclohexanol as product. Other HHDH showed only low conversion (40% at best, 

HheE3) whereas the chemical background reaction already yielded between 21 and 35% 

product. In addition, conversion of limonene oxide (14) was tested. Again, the highest 

product yield of 98% was detected for HheG. Just four other HHDHs HheA3 (31%), 

HheE3 (33%), HheE5 (62%) and HheF (79%), were able to convert 14 to the 

corresponding azidoalcohol with product yields higher than the negative control which 

varied between 5 and 25%. Interestingly, the otherwise only slightly active HheG was 

identified to be the only HHDH to convert cyclic substrates such as cyclohexene oxide 

(13) and limonene oxide (14) with highest activity. 
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Enantioselectivity of novel HHDH 

To assay the enantioselectivity of the novel HHDH enzymes, conversion of racemic 

substrate 1-chloro-2-phenylethanol (3) was performed. To make sure that conversion will 

not be limited by the amount of enzyme, concentrations were increased in comparison 

to the initial activity tests. Enzyme concentration was increased from 25 µg mL-1 in the 

case of HheC to 100 µg mL-1, to 250 µg mL-1 in case of HheA3, HheA5, HheB3, HheB4, 

HheB5, HheB6 and HheB7 and to 500 µg mL-1 in case of HheD, HheD2, HheD3, HheD5, 

HheE, HheE2, HheE3, HheE4, HheE5, HheF, and HheG depending on the previously 

made observations on activity. Kinetic resolution of 3 was followed by chiral GC as 

described in section 2.6.3. Furthermore, HheC was used as a reference for comparison 

of enantiopreference as HheC is known to be highly (R)-selective in this reaction (E = 

65) [78], [136] (Figure 31). 

 

 
Figure 31: Kinetic resolution of (R/S)-2-chloro-1-phenylethanol (3) by (R)-selective HheC yielding 

(R)-styrene oxide (10). 

 

Table 21 summarizes the conversions (%) after 4 h of reaction, the enantiomeric 

excesses of substrate and product (eeS (%) and eeP (%)) and the resulting E values for 

17 novel HHDHs and known (R)-selective HheC. Under the applied reaction conditions, 

HheC gave the product styrene oxide (10) in a high enantiomeric excess and exhibited 

an E value higher than 100. Conversion was only 5.3% and, thus, lower in comparison 

to the other novel HHDHs except for HheB4 and HheE2, which can be explained by the 

lower enzyme concentration in case of HheC applied in the reaction. Some of the novel 

enzymes were also found to preferably convert (R)-3, even with higher conversion than 

HheC but with lower selectivity. In contrast to HheC, B-type and E-type enzymes as well 

as HheF showed a preference in conversion of the (S)-enantiomer yielding (S)-styrene 

oxide (10). However, also here E values were very low, and no significant 

enantioselectivity was detected. In summary, none of the novel HHDHs exhibited an 

enantioselectivity comparable to HheC. Enantiopreference seemed to correlate with the 

phylogenetic placing of the HHDH enzyme family subtypes. In comparison to members 

of the B and E-group, members of A and D showed a slight (R)-selectivity like HheC. 
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Table 21: Enantioselectivity of novel HHDHs and known HheC in the conversion of (R/S)-2-chloro-1-
phenylethanol (3) as determined by chiral GC. [161] 
 

Enzyme Conversion* (%) eeS (%) eeP (%) E 

HheA3 26 ± 16 6.3 ± 2.6 24 ± 11  1.8 (R) 

HheA5 45 ± 1.8 8.1 ± 0.1 10 ± 0.6  1.3 (R) 

HheB3 29 ± 1.1 13 ± 0.6 31 ± 0.2  2.2 (S) 

HheB4 0 0.8 ± 0.1 0  

HheB5 18 ± 0.7 0.8 ± 0.1  3.7 ± 0.1  1.1 (S) 

HheB6 39 ± 0.4 2.6 ± 0.1  4.1± 0.2  1.1 (S) 

HheB7 26 ± 0.6 3.5 ± 0.2  9.9 ± 0.2  1.3 (S) 

HheC 17 ± 0.0 20 ± 0.3  99.9  >100 (R) 

HheD 46 ± 16 0.9 ± 0.0  1.4 ± 0.8  1.0  

HheD2 31 ± 1.0 1.8 ± 0.1  4.0 ± 0.1  1.1 (R) 

HheD3 25 ± 1.0 6.6 ± 0.3 20 ± 0.1  1.6 (R) 

HheD5 36 ± 0.9 12 ± 0.2 21 ± 0.4  1.7 (R) 

HheE 16 ± 1.2 11 ± 1.0 57 ± 0.2  4.1 (S) 

HheE2 3.8 ± 0.0 2.5 ± 0.0 64 ± 0.3  4.6 (S) 

HheE3 15 ± 0.1 1.7 ± 0.0 10 ± 0.3  1.2 (R)  

HheE5 14 ± 0.6 9.8 ± 0.4 62 ± 0.4  4.7 (S) 

HheF 13 ± 0.6 9.1 ± 0.5 59 ± 0.4  4.3 (S) 

HheG 9.4 ± 0.1 3.3 ± 0.1 32 ± 0.4  2.0 (R) 

* Calculated according to Chen et al. [87] 
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3.2.3 Thermostability studies 

To analyse the thermal resistance of the novel HHDHs, each enzyme’s residual activity 

after 10 min incubation at temperatures between 20 and 90 °C was measured and the 

resulting T50 value, the temperature at which 50% enzyme activity is retained, was 

determined (Table 22). 

Table 22: T50 values of novel HHDHs and HheC based on residual activities after incubation of the enzymes 
at different temperatures for each 10 min. Residual activities were determined at 30 °C with the help of the 
halide release assay using 1,3-dichloro-2-propanol (1) as substrate. Taken from [161]. 
 

Enzyme T50 ( °C) Enzyme T50 ( °C) 

HheA3 68 HheD2 38 

HheA5 58 HheD3 62.5 

HheB3 36 HheD5 59 

HheB4 35 HheE 26 

HheB5 45 HheE2 36 

HheB6 40.5 HheE3 26 

HheB7 35 HheE5 71 

HheC 35 HheF 38 

HheD 55 HheG 40.5 

 

In this test, HheC, which was used as control, exhibited only low stability at higher 

temperatures losing half of its activity already after 10 min incubation at 35 °C. Seven of 

the tested HHDHs (HheA3, HheA5, HheD, HheD3, HheD5, and HheE5) exhibited an 

increased thermal resistance (T50 ≥ 55 °C). 

In addition to T50 values, temperature profiles of HHDHs with T50 values higher than 55 °C 

were determined by performing dehalogenation reactions at temperatures between 10 

and 80 °C. Here, relative activities were calculated by setting the highest activity for each 

enzyme to 100% (Figure 32). Surprisingly, this time HheE5 exhibited a temperature 

optimum of only 20 °C in the tested dehalogenation reaction in contrast to a T50 value of 

71 °C for this enzyme. This might indicate a faster inactivation of HheE5 under reaction 

conditions in comparison to a solely temperature-induced unfolding. Alternatively, this 

enzyme might be able to refold efficiently into its active state after heat treatment. In 

contrast, for HheA3, HheA5, HheD3, and HheD5, temperature optima between 45 and 

60 °C were obtained in agreement with their increased thermal resistance. 
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Figure 32: Temperature profiles of selected novel HHDHs and known HheC. Dehalogenation reactions were 
incubated for 30 min at different temperatures and activity was determined by quantification of released halide 
ions. The highest activity for each enzyme was set to 100%. Taken from [161] 
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3.2.4 Bioconversion of ethyl (R/S)-4-chloro-3-hydroxybutyrate 

The HHDH-catalysed conversion of ethyl 4-chloro-3-hydroxybutyrate (4) into ethyl 4-

cyano-3-hydroxybutyrate (15) through dehalogenation of 4 and subsequent cyanide-

dependent ring opening of the resulting epoxide (Figure 33) is an industrially relevant 

reaction for the synthesis of statin side-chain precursors [89]. 

 

 

 
Figure 33: HHDH-catalysed conversion of ethyl (S)-4-chloro-3-hydroxybutyrate into ethyl (R) 4-cyano-3-
hydroxybutyrate by combined dehalogenation of the substrate and cyanide-dependent ring opening of the 
epoxide intermediate. The change in stereoconfiguration from substrate to final product is caused by a switch 
in priority of the substituents at the chiral center according to the Cahn-Ingold-Prelog priority rules. Taken from 
[161]. 
 

To check the ability of the studied HHDHs to carry out this one-pot biocatalytic reaction, 

purified enzymes and racemic 4 were used and product formation was quantified using 

achiral GC. Enantiomeric excess (ee) of the formed product was followed by chiral GC. 

For industrial applications, only the (R)-enantiomer of 15 is desired for statin side-chain 

synthesis. 

Table 23 gives an overview of the obtained results pointing out that at least six of the 

tested HHDHs yielded significantly higher amounts of product 15 in comparison to HheC. 

At the same time, these enzymes are rather non-selective giving the final product with 

only low enantiomeric excess. Interestingly, the majority of HHDHs shows a preference 

for the conversion of (R)-4 resulting in the formation of (S)-15. In that respect, HheA3 

and HheA5 gave the highest ee values for product (S)-15 next to HheC. In contrast, 

HheB5, HheB6, HheB7, HheD2, and HheG yielded (R)-15 preferentially. At least for 

HheB5, HheB6, HheB7, and HheD2, this is likely not due to the enzymes’ selectivity but 

rather a result of the 9% enantiomeric excess for the (S)-enantiomer present already in 

the initially applied substrate (R/S)-4. Hence, these novel HHDHs are more likely non-

selective in the conversion of 4. Thus, with the exception of HheG, none of the novel 

HHDHs is able to preferentially convert the (S)-enantiomer of substrate 4. For HheG, 

however, activity in the conversion of 4 is too low for a possible industrial application. 
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Table 23: Product formation and enantiomeric excess (eeP) in the conversion of ethyl (R/S)-4-chloro-3-
hydroxybutyrate (4) to ethyl 4-cyano-3-hydroxybutyrate (15). Taken from [161]. 
 

Enzyme Time (h) Product 12 (%) eeP (%)a 

HheA3 2 27 ± 0.4 65 ± 0.8 (S) 

HheA5 2 40 ± 2.3 66 ± 2.1 (S) 

HheB3 4 0.7 n.d. 

HheB4 4 0 n.d. 

HheB5 2 65 ± 5.6 2.9 ± 0.9 (R) 

HheB6 2 74 ± 0.2 8.5 ± 0.1 (R) 

HheB7 2 73 ± 4.7 8.3 ± 0.3 (R) 

HheC 2 39 ± 0.9 82 ± 0.1 (S) 

HheD 2 39 ± 0.9 2.8 ± 0.8 (S) 

HheD2 2 71 ± 3.5 9.3 ± 0.1 (R) 

HheD3 4 32 ± 1.3 18 ± 1.1 (S) 

HheD5 2 37 ± 0.2 1.2 ± 0.1 (S) 

HheE 2 45 ± 0.2 24 ± 1.2 (S) 

HheE2 2 51 ± 0.1 13 ± 1.4 (S) 

HheE3 4 9.5 ± 0.2 55 ± 0.9 (S) 

HheE5 2 39 ± 0.5 38 ± 1.3 (S) 

HheF 4 3.5 ± 0.0 >99 (S) 

HheG 4 2.3 ± 0.0 19 (R) 

 
* Initial eeS of substrate 4 was 9% (S). 

 

To summarize, 17 novel HHDHs from all six phylogenetic subtypes were heterologously 

produced in E. coli, purified and characterized towards their substrate scopes in the 

dehalogenation and epoxide ring-opening reaction. Several enzymes with broad 

substrate spectra have been identified exhibiting high activities towards a selection of 

typical HHDH substrates (Figure 34 and Figure 35). Interestingly, HheG was identified 

to be the only HHDH capable of converting cyclic epoxides such as cyclohexene oxide 

(13) and limonene oxide (14). Moreover, five HHDHs (HheA3. HheA5, HheD3, HheD5) 

are significantly more thermostable than HheC from A. radiobacter AD1. Investigation of 

the enantioselectivity in the dehalogenation of racemic 2-chloro-1-phenylethanol 

revealed that their enantiopreference correlates with the phylogenetic placing of the 

enzymes in subtypes A through G. Furthermore, the potential of these HHDHs was 

investigated in the biocatalytic preparation of ethyl 4-cyano-3-hydroxybutyrate (15), a 

statin side chain precursor. Though none of the enzymes selectively formed the required 

(R)-enantiomer, 11 HHDH have been identified with significantly higher activity in the 
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conversion compared to HheC, making them promising candidates for this industrially 

relevant reaction. 

 

 

 
Figure 34: Overview of dehalogenation reactions carried out in chapter 3.2 and HHDH with best activities (U 
mg -1) and HheC as comparison. Green: HHDH with higher activity than HheC. 
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Figure 35: Epoxide ring opening reactions carried out in chapter 3.2 and conversion of HHDHs (in % product 
yield). 
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3.3 Characterization of HheG from Ilumatobacter coccineus 

YM16-304 

In the course of characterization of 17 novel halohydrin dehalogenases (3.2), HheG 

exhibited a unique ability to convert cyclic epoxides such as cyclohexene oxide (13) and 

limonene oxide (14), with comparably high activity. Despite the generally low conversion 

of HheG observed for dehalogenation and epoxide ring opening of the aforementioned 

typical HHDH substrates (section 3.2.2), the underlying mechanisms for its unusual 

activity are of general scientific interest. Hence, the next two chapters are focused on 

the biochemical and biocatalytic characterization of HheG including temperature- and 

pH- profiles, kinetic parameters K50 and kcat for substrates chlorocyclohexanol (7), 

cyclohexene oxide (13) as well as nucleophiles azide and cyanide. Furthermore, the 

kinetic resolution of racemic substrate 7 was investigated using different approaches 

such as whole cell biotransformations and cascade reactions. An overview about the 

topics of section 3.3 is given in Figure 36. 

 

 
Figure 36: Schematic overview of section 3.3. 
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3.3.1 Biocatalytic and biochemical studies of HheG 

Hill kinetics 

To study HheG’s ability to convert cyclic substrates (7, 13 and 14) first kinetics of these 

reactions were determined. Therefore, binding constants (K50, ligand concentration 

producing half occupation) were calculated for each substrate as well as for two 

nucleophiles (sodium azide and sodium cyanide). K50 of chlorinated substrate 7 was 

determined using the halide release assay as described before. Instead, K50 of 

substrates 13 and 14 as well as the K50 of the nucleophiles was evaluated using GC 

analysis. An overview of the determined values is given in Table 24, Hill-fitted 

experimental data for each substrate can be found in the supplementary.  

Table 24: Kinetic parameters of HheG for substrates chlorocyclohexanol (7), cyclohexene oxide (13) with 
sodium azide (NaN3) and sodium cyanide (NaCN) as nucleophile and limonene oxide (14). Also shown 
parameters of nucleophiles sodium azide (NaN3) and sodium cyanide (NaCN). 
 

  K50  
(mM) 

Vmax  
( µmol min-1) 

kcat  
(s-1) kcat/K50 n 

Chlorocyclohexanol (1) 30 0.1 0.3 0.01 2.9 
Cyclohexene oxide (2) [NaCN] 22 0.03 2*10-4 7.7*10-6 2.6 
Cyclohexene oxide (2) [NaN3] 24 3.1 7.8 0.3 3 

Limonene oxide (5) 19 14 44 2.3 1.7 
NaN3 [Cyclohexene oxide] 8.6    1.7 
NaCN [Cyclohexene oxide] 20       3.3 

 

From Table 24 it can be observed that for all tested substrates HheG showed a high K50 

value of ≥ 19 mM. In case of limonene oxide (14), 19 mM substrate are required to obtain 

a half maximal reaction rate. In case of cyclohexene oxide (13), a slightly higher K50 of 

22 mM using CN- as nucleophile or 24 mM in case of N3
- as nucleophile was obtained 

which shows that the choice of nucleophile did not affect the K50. However, the maximal 

reaction rate (vmax) seemed to be affected by the choice of nucleophile. When using NaN3 

as nucleophile, epoxide ring opening of 13 was 100 times faster (3.1 µmol min-1) in 

comparison to NaCN. Observed K50 values for the nucleophiles also showed a 2.3 times 

higher K50 for NaCN (20 mM) than for NaN3 (8.6 mM). The highest K50 was obtained in 

the dehalogenation of chlorocyclohexanol (7). Half maximal reaction rate was reached 

using 30 mM 7 with a vmax of 0.1 µmol min-1. The obtained values show in general that 

HheG has a low activity in the dehalogenation. The highest rate was observed for 

limonene oxide (14) with a kcat of 44 s-1 in epoxide ring opening with azide. The results 

indicate that HheG exhibits a distinct lower kcat with cyanide (0.2 *10-3 s-1) in comparison 

to azide (7.8 s-1).  
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Temperature- and pH-profiles 

In a first test, HheG’s T50 value in the dehalogenation has been investigated with 40.5 °C 

(3.2.3). In order to determine this enzyme’s temperature optimum in catalytic 

conversions, epoxide ring opening reactions using 0.4 mg mL-1 HheG, 20 mM 13 and 

40 mM NaN3 were carried out at varied temperatures. 

 

 
Figure 37: Temperature profile of HheG in the conversion of cyclohexene oxide (13) with NaN3 as nucleophile. 
Reactions were carried out at various temperatures for 30 min with 0.4 mg mL-1 HheG, 20 mM 13 and 40 mM 
NaN3. Conversion was calculated with peak areas obtained from GC of the respective substrate and product 
peaks and highest conversion was set to 100%. 
 

As can be seen in Figure 37 HheG shows maximum activity at 30 °C. At 20 °C, the 

enzyme exhibits only half of its optimal activity and at temperatures higher than 40 °C 

enzyme activity is lost. Furthermore, the pH optimum of the enzyme was determined in 

the epoxide ring opening of 13. A typical bell-shaped curve was obtained after plotting 

the obtained relative activities against the employed pH, showing that HheG has a pH 

optimum between pH 6 to 7.5 (Figure 38). Already 50% of the activity was lost at a pH 

of 8.5 as well as pH between 5.0 and 5.5. Inactivation of HheG was observed at pH 

values below 5.0 and above 10. 
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Figure 38: pH profile of HheG in the conversion of cyclohexene oxide (13) with NaN3 as nucleophile. 
Reactions were carried out at various pH for 30 min with 0.4 mg mL-1 HheG, 20 mM 13 and 40 mM NaN3 at 
30  °C. Conversion was calculated with peak areas obtained from GC of the respective substrate and product 
peaks and highest conversion was set to 100%. 1: Citrate buffer (pH range 4 – 6.5); 2: Na3PO4 buffer (pH 
range 6 – 8); 3: Tris SO4 buffer (pH range 7 – 9); 4: Glycine buffer (pH range 8 – 11). 
 

3.3.2 Bioconversions and whole cell biocatalysis 

3.3.2.1 Cyclohexene oxide conversion by HheG 

Conversion of cyclohexene oxide using purified HheG 

HheG exhibits overall rather low activity especially in dehalogenation reactions but 

outperforms the other HHDHs in the conversion of cyclic compounds such as 

cyclohexene oxide (13) and limonene oxide (14). Epoxide ring opening of 13 with sodium 

cyanide (NaCN) as a nucleophile leads to the production of trans-2-hydroxy-

cyclohexanecarbonitrile (trans-2-cyano-1-cyclohexanol, 16). Enantiomers of this 

compound are intermediates in the synthesis of an androgen receptor antagonist drug 

candidate [163] and are therefore, of high industrial interest. As a first step, reaction 

parameters (temperature and pH) for the epoxide ring opening of 13 with NaCN as 

nucleophile were optimized to achieve optimal activity and good yield of 16. In Figure 39, 

product formation of 16 is shown after two hours of reaction at different temperatures 

and pH values.  

0

20

40

60

80

100

4 5 6 7 8 9 10 11

R
e

la
ti

v
e

 a
c

ti
v
it

y
 [

%
]

pH

1 2

3 4



                                          Results 
Characterization of HheG from Ilumatobacter coccineus 

 

106 

 

 
Figure 39: Product (16a) formation from substrate 13 (10 mM initial concentration) after two hours of reaction 
at different pH values (pH 7.5, 8.0 and 8.5) or temperatures (4, 20 and 30  °C). For epoxide ring opening of 
13 20 mM NaCN and 250 µg mL-1 HheG were used. HheG reaction in triplets. 
 

It can be observed from Figure 39 that at low temperature (4  °C) neither chemically nor 

enzymatically formed product was obtained. Increasing the temperature to 20 or 30  °C 

clear product formation was detected. Highest formation of 16a was detected at 30  °C, 

but also higher temperature increased formation of chemical background. Though the 

temperature optimum of HheG has previously been determined to be 30 °C, 20 °C was 

chosen as optimal reaction temperature for this epoxide ring opening reaction to reduce 

the chemical background and also for handling purposes. The best result in terms of pH 

was observed at pH 8. Increasing the pH to 8.5 resulted in significantly higher chemical 

background and also reduced the enzyme activity significantly. Decreasing pH to 7.5 

result in a slightly lower background product formation in comparison to pH 8, whereas 

no significant effect on HheG´s overall activity was detected. To prevent formation of 

hydrocyanic acid (HCN) pH 8 was chosen instead of pH 7.5. 

In further tests employing HheG, reaction temperature and pH were set to 20 °C (or room 

temperature) and pH 8, respectively. To investigate HheG performance in the conversion 

of 13, conversions with varying concentrations of enzyme, substrate and nucleophile 

were carried out (Figure 40). Clearly, overall activity of HheG is very low using 

250 µg mL–1 enzyme as only ~20% (0.9 mM) product were formed after 24 h using 5 mM 

of substrate and 20 mM nucleophile. When using four-fold higher enzyme loading, 

conversion increased to ~35% (1.8 mM). After 48 h incubation under these conditions, 
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roughly 65% conversion was obtained with a product yield of 3.2 mM. Increasing also 

the nucleophile concentration simultaneously led to a dramatic increase in chemical 

background reaction. Interestingly, conversions (either chemical or enzyme-catalysed) 

did not exceed 80%. 

 

 

Figure 40: Product formation of 2-cyano1-cyclohexanol (16a) using different amounts of enzyme, substrate 
and nucleophile. 
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Enantioselectivity of HheG 

Conversion of the achiral substrate 13 leads to the production of chiral product 16a 

(Figure 41). To study the enantioselectivity of HheG in this reaction, first an analytical 

method to separate the two enantiomers of trans-2-cyano-1-cyclohexanol (16a) was 

developed based on chiral GC. 

 
 
Figure 41: Epoxide ring opening of cyclohexene oxide (13) to chiral product 16a showing the different 
enantiomers. 
 

Using the commercially available racemic mixture of 16a, a GC method was developed 

for the separation of the two enantiomers. A reaction was carried out using 1 mg mL-1 

HheG 5 mM substrate 13 and 20 mM NaCN and incubated at 22 °C. Samples were taken 

at 3 time points and analysed using the developed GC method for the separation of 

racemic 16a. 

Figure 42 shows that the conversion of 13 by HheG leads to a higher formation of product 

peak 2. Enantiomeric excesses (eeP) of peak 2 were calculated with 37% after 0.5 h, 

33% after 2h and 30% after 24 h showing a slight decrease of the ratio between peak 1 

and peak 2. Buffer control showing no significant eeP for one of the enantiomers, 

although the amount of total product increased over time.  
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Figure 42: GC chromatogram of the separation of the enantiomers of the product trans-2-cyano-1-
cyclohexanol (16a) and comparison of the conversion of cyclohexene oxide (13) with HheG after 30 min 
(pink), 2 h (blue), 24 h (brown) and buffer control (black).  
 

Enzymatic kinetic resolution of trans-2-cyanocylohexanol using 

Pseudomonas cepacia lipase 

As enantiopure 16a is not commercially available, an indirect approach was used for 

assigning the different enantiomers of trans-2-cyano-1-cyclohexanol in the chiral GC 

method. Lipase-catalysed preparation of enantiopure 2-cyanocyclohexanol has been 

previously described in literature using Pseudomonas cepacia lipase or Candida 

antarctica lipase B (CAL-B) [156], [157]. In the present study, a reaction set up following 

Utczás and co-workers’ approach [157] was carried out. Transesterification of trans-(±)-

16a with vinyl acetate by Pseudomonas cepacia lipase resulted in their studies in 

enantioselective formation of (1R,2S)-2-cyanocyclohexyl acetate with an eeP of 99% 

(Figure 43). Thus, (1R, 2S)-16a is preferentially converted. 
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Figure 43: Lipase catalysed conversion of 2-cyano-1-cyclohexanol (16a). Modified from Utczás et al. [157]. 
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The reaction was repeated in this study and analysed by chiral GC. After 2 h of 

conversion a clear decrease of peak 2 was detected and a product peak at a retention 

time of 21.6 min was identified which indicated successful conversion (Figure 44). After 

24 h incubation, only peak 1 was still visible indicating that peak 1 is not or hardly 

converted by the lipase and is therefore, the (1S,2R)-enantiomer of 16a. With the help 

of this reaction, the two enantiomers of 16a could be assigned in the developed GC 

method and it could be determined that HheG converts 13 to (1R,2S)-16a with an 

enantiomeric excess (eeP) of ~37% (Figure 42). 

 

 

Figure 44: GC chromatogram of lipase-catalysed resolution of racemic mixture of 2-cyano-1-cyclohexanol 
(blue box) and vinyl acetate to (1R,2S)-2-cyanocyclohexyl acetate (green box) after 2 h (A) and 24 h (B). 
 

Conversion with whole cells and cascade reactions  

Conversion of substrate cyclohexene oxide (13) to the corresponding cyanoalcohol as 

well as cascade reaction of chlorocyclohexanol (7) to cyano- (16a) or azido (16b)-alcohol 

using whole cells is described in the following section. Furthermore, epoxide ring opening 

of limonene oxide (14) using sodium azide as a nucleophile was tested in a whole cell 

approach. Using whole cells as biocatalyst can be very beneficial for several industrial 

applications. Recombinantly overexpressed enzymes do not need to be purified, and 

cells can directly be used. Due to the natural environment in the cells, catalyst used in 

whole-cell reactions are often more stable in comparison to isolated enzymes [164]. For 

whole cell biotransformations, resting E. coli cells at an optical density (OD600) of 40 

overexpressing HheG were used. Cell pellets were stored at least for one night at -80 °C 

and, prior to use, re-suspended in the desired volume of reaction buffer, and substrate 

was added. In the cascade reactions, different amounts of haloalcohol 7 and NaCN or 

NaN3 were added. The nucleophile was added at once to the reaction mixture. As control, 

the same conversions were performed using E. coli cells transformed with an empty 

vector (EV control). Product formation as well as enantiomeric excess was determined 
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over time. Figure 45 shows the biotransformation of 7 and 13 to 16a using 20 mM 

substrate, 2-fold excess of nucleophile and 2 mL resting E. coli cells expressing HheG. 

To determine reaction progress, samples were taken over 120 h. In case of cascade 

reaction (A), it was observed that in the first 3 h the epoxide concentration (dashed purple 

line) increased and simultaneously formation of target product started (purple line). Over 

time, the produced epoxide was converted to desired product 16 as indicated by an 

increase of the respective peak and a decrease of the epoxide peak. After 120 h, cells 

expressing recombinant HheG produced 12 mM of the desired product reaching 60% 

conversion. The chemical background reaction yielded only 0.6 mM product and a 

conversion of 0.6%. To compare the cascade reaction to the epoxide ring opening 

starting from substrate 7, the same biotransformation was carried out using the 

corresponding epoxide (13) as starting substrate (Figure 45, B) which yielded a total 

product amount of 12 mM. In comparison to the cascade reaction, a 5-fold higher 

background was observed (3.1 mM). Samples were also analysed using a chiral GC 

column to determine the enantiomeric excess of 16. Table 25 shows an overview of the 

collected data. Enantiomeric excess of formed 2-(S)-cyano-1-(R)-cyclohexanol (%) (16a) 

was within the range of previous tested epoxide ring opening with purified enzyme 

(Figure 42). Interestingly, the cascade reaction using whole cells resulted in an increased 

enantiomeric excess of 2-(S)-1(R)-16a of 40% in comparison to the epoxide ring opening 

reaction with purified HheG (30% ee) or 36% ee in case of whole cell reactions using 13 

as starting substrate. Background reaction was in both cases higher than in the cascade 

reaction causing the decrease of the eeP (%).  
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Figure 45: Biotransformation of chlorocyclohexanol (7) and cyclohexene oxide (13) to 2-cyano-1-cyclohexanol 
(16a) using 2 mL resting E. coli cells of an OD600 = 40. A) Product formation (mM) of 16a using haloalcohol 7 
as starting substrate over the time with cells expressing recombinant HheG (purple line) and empty vector 
containing E. coli cells (grey line). Epoxide production (mM) in dashed lines. B) Product formation (mM) of 16a 
using epoxide 13 as starting substrate over the time with cells expressing recombinant HheG (blue line) and 
empty vector containing E. coli cells (grey line). Epoxide production (mM) in dashed lines. 
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Table 25: Comparison of cascade reaction (20 mM 7; 40 mM NaCN) and epoxide ring opening (20 mM 13; 
40 mM NaCN). eeP (%) of 2-(S)-cyano-1-(R)-cyclohexanol ((2S, 1R)-16a) and product yield in mg mL-1 
cyanoalcohol (16a). EV controls in italic. 
 

  Cascade 7 → 16a Ring opening 13 → 16a 

   16a [mg mL-1] eeP [%] (2S, 1R) 16a [mg mL-1] eeP [%] (2S, 1R) 
Time [h] HheG Control HheG Control HheG Control HheG Control 

1 0.03 0 38 ± 1.5 0 0.1 0 29 ± 0.1 4 

3 0.4 0 40 ± 0 0 0.5 0 32 ± 0.1 1 

24 1.3 0 40 ± 0 3.6 1.4 0 35 ± 0.2 0 

48 1.4 0.01 40 ± 0 1.7 1.6 0.2 36 ± 0.2 0 

120 1.5 0.07 40 ± 0.1 1.4 1.5 0.4 36 ± 0.3 0.2 
 

Table 25 shows that the maximum conversion of 7 or 13 to 16a is 60% with a product 

formation of 12 mM (~3 mg). Reaction starts to saturate after 24 h. In case of cascade 

reaction eeP (%) of 16a is stable over the time with a maximum of 40%. In case of epoxide 

ring opening of 13, eeP (%) increases over time reaching a maximum of 36%. 

Interestingly, epoxide ring opening using whole cells gave a 6% better eeP (%) compared 

to purified enzyme (Figure 44). The results indicate that a cascade approach for the 

reaction is the best solution in terms of minimizing the effect of background reaction and 

increasing the enantiomeric excess. For these reasons, further whole cell 

biotransformations were carried out as cascade reactions. 

To increase the product amount in further biotransformations, higher starting substrate 

concentrations of 7 (50 or 100 mM) and nucleophile in a 1:2 ratio were used (Figure 46). 

In general, the trend of epoxide and product 16a formation were similar to previous tests. 

Final product amounts of 35 and 71 mM after 122 h corresponded to 10 to 16% more 

conversion in comparison to the reactions at lower scale. However, 40 times higher 

background reaction in the empty vector controls were detected in comparison to the 

smaller scale biotransformations (Figure 45), indicating that the high nucleophile loads 

boost the chemical background reaction. In the negative controls, 21 and 45 mM product 

was formed corresponding to ~60 % conversion. Complete conversion was already 

reached after 25 h with HheG overexpressing cells, whereas conversion in the empty 

vector controls was 50% after 25 h. Background reaction was after 29 h about 22% when 

using 100 mM cyanide in comparison to the enzymatic catalysed reaction. Using two 

times more cyanide (200 mM), the background after 29 h reached about 41%. This 

indicates that the degree of background reaction is proportionate to the sodium cyanide 

concentration. 
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Figure 46: Biotransformation of chlorocyclohexanol (7) to 2-cyano-1-cyclohexanol (16a) using 4 mL resting 
E. coli cells of an OD600 = 40. A) Product formation (mM) of 16a using 50 mM haloalcohol 7 as starting 
substrate and 100 mM NaCN over the time with cells expressing recombinant HheG (green line) and empty 
vector containing E. coli cells (grey line). Epoxide production (mM) in dashed lines. B) Product formation (mM) 
of 16a using 100 mM haloalcohol 7 as starting substrate and 200 mM NaCN over the time with cells 
expressing recombinant HheG (yellow line) and empty vector containing E. coli cells (grey line). Epoxide 
production (mM) in dashed lines. 
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Furthermore, the enantiomeric excess of formed 2-(S)-cyano-1-(R)-cyclohexanol was 

measured (Table 26). For both substrate concentrations, lower eeP (%) of 16a was 

detected in comparison to the epoxide ring opening only and the cascade reaction using 

lower substrate loads (Table 25). Lower enantioselectivity is likely caused by the high 

level of the unselective background reaction (EV control). In case of 50 mM substrate 7 

and 100 mM nucleophile, a final eeP of 24% was reached, which is 10% lower than the 

values presented above (Table 25). Increasing substrate and nucleophile concentration 

two-fold yielded even lower enantioselectivity with an eeP of 15%, which is half of the 

enantiomeric excess achieved at lower substrate concentration. The enantiomeric 

excess in both cases decreased over time, exemplifying the influence of the unselective 

background reaction. Nevertheless, a lot more product was formed using this approach 

with 18 mg (6 times higher) using 50 mM 7 and 35 mg for 100 mM substrate 

concentration (10 times higher). 

Table 26: Whole cell biotransformation of 7 using 50 mM or 100 mM substrate and 100 or 200 mM NaCN as 
nucleophile. Product formation in mg mL-1 is shown over time for the product 2-cyano-1-cyclohexanol (16). 
Enantiomeric excesses (% eeP) for 2-(S)-cyano-1-(R)-cyclohexanol (2S, 1R)-16. 
 

  50 mM 7 and 100 mM NaCN 100 mM 7 and 200 mM NaCN 

 16 a [mg mL-1] eeP [%] (2S, 1R) 16a [mg mL-1] eeP [%] (2S, 1R) 
Time [h] HheG Control HheG Control HheG Control HheG Control 

1 0 0 31 ± 0.6 0 0 0 24 ± 0.4 0 

2 0.5 0 28 ± 0.9 0 0.4 0 18 ± 1.9 0 

3 1.1 0 26 ± 0.5 0 1.4 0 19 ± 0.6 0 

4 1.7 0 26 ± 0.9 0 2.3 0 18 ± 1.3 0 

5 1.9 0 26 ± 0.3 0 2.7 0 18 ± 0.8 0.5 

6 2.3 0 25 ± 0.8 0 3.4 0.1 18 ± 0.8 1.4 

25 4.2 0.7 24 ± 1.3 1.5 7.7 2.7 16 ± 1.2 0.2 

27 4.1 0.9 25 ± 1.0 0.3 7.4 2.7 15 ± 1.5 0.0 

29 4.6 1.0 25 ± 1.2 0.6 8.2 3.4 15 ± 1.3 0.4 

47 4.5 1.5 24± 1.1 0.2 8.1 5.0 15 ± 1.3 0.2 

49 4.9 1.8 24± 1.4 0.5 8.5 4.8 15 ± 1.3 0.0 

122 4.4 2.6 24± 1.4 0.2 8.9 5.6 16 ± 0.0 0.6 
 

To decrease the background reaction caused by a high nucleophile loading, a third 

approach was carried out using equimolar concentrations of substrate and NaCN. Again, 

formation of epoxide intermediate 13 and final product 16a was followed over time 

(Figure 47).  



                                          Results 
Characterization of HheG from Ilumatobacter coccineus 

 

116 

 

Figure 47: Biotransformation of chlorocyclohexanol (7) to 2-cyano-1-cyclohexanol (16a) using 4 mL resting 
E. coli cells of an OD600 = 40.  A) Product formation (mM) of 16a using 50 mM haloalcohol 7 as starting 
substrate and 50 mM NaCN over the time with cells expressing recombinant HheG (green line) and empty 
vector containing E. coli cells (grey line). Epoxide production (mM) in dashed lines. B) Product formation (mM) 
of 16a using 100 mM haloalcohol 7 as starting substrate and 100 mM NaCN over the time with cells 
expressing recombinant HheG (yellow line) and empty vector containing E. coli cells (grey line). Epoxide 
production (mM) in dashed lines. 
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In case of 50 mM substrate 7, 25% background product formation was detected, which 

is 2.6 times lower compared to a substrate to nucleophile ratio of 1:2 as shown in Figure 

46. 23 mM product 16a was obtained after 96 h showing a slower conversion compared 

to a higher nucleophile loading. Still, only 1.5-fold less product was found than if a 

substrate to nucleophile ratio of 1:2 was used (Figure 46). Using equal amounts of 

nucleophile and substrate had a positive effect on the enantioselectivity as eeP remained 

at 35 % over time (Table 27), similar to the eeP of the first whole cell cascade reaction 

given in Table 25. Interestingly, using 100 mM substrate 7 and 100 mM NaCN almost 

the same product concentration of 63 mM was obtained as when using 200 mM 

nucleophile concentration (71%). But, chemical background could be reduced from 60% 

to 35% using a 1:1 molar ratio of substrate to nucleophile. The reduced molar ratio also 

showed positive effects on the enantiomeric excess of 2-(S)-cyano-1-(R)-cyclohexanol 

increasing from 15 to 30%. With this approach, high product formation was obtained 

when using 100 mM 7 and 100 mM NaCN (32 mg in 4 mL reaction after 96 h). In all 

cases, product 16a appeared to be stable over at least 5 days (120h) (Figure 47).  

Table 27: Whole cell biotransformation of 7 using 50 mM or 100 mM substrate and 50 or 100 mM NaCN as 
nucleophile. Product formation mg is shown over time for the intermediate epoxide cyclohexene oxide (13) 
and final product 2-cyano-1-cyclohexanol (16a). Enantiomeric excesses (eeP %) for 2-(S)-cyano-1-(R)-
cyclohexanol. 
 

  50 mM 7 and 50 mM NaCN 100 mM 7 and 100 mM NaCN 

  16a [mg mL-1] eeP [%] (2S, 1R)  16a [mg mL-1] eeP [%] (2S, 1R) 
Time [h] HheG Control HheG Control HheG Control HheG Control 

1 0.1 0 38 ± 4.2 0 0 0 30 ± 3.1 0 

4.5 0.9 0 35 ± 0.5 0 1.7 0 28 ± 0.5 0 

6.5 1.3 0 35 ± 0.0 0 3.0 0 29 ± 0.4 0 

24 2.3 0 36 ± 0.3 0 5.3 0.7 29 ± 0.2 6.2 

26 2.4 0 36 ± 0.1 0 5.6 0.7 29 ± 0.1 9.8 

31 2.4 0 36 ± 0.1 6.2 5.7 1.0 29 ± 0.1 6.2 
48 2.4 0.1 36 ± 0.0 1.0 6.1 1.4 29 ± 0.0 0.1 
96 2.8 0.5 36 ± 0.2 0.8 8.1 2.4 30 ± 0.2 0.6 
120 3.1 0.5 35 ± 0.2 0.1 8.2 3.0 30 ± 0.3 0.3 
128 2.9 0.4 35 ± 0.2 0.1 8.0 2.9 30 ± 0.2 0.0 

 

Sodium azide (NaN3) was also tested as a nucleophile in the whole cell cascade system. 

For this, a first reaction using 20 mM substrate 7 and 40 mM nucleophile was carried 

out. Here, a 2 mL reaction with OD600 = 40 was used for the biotransformation, and 

conversion was followed over time. In Figure 48 it can be seen that with NaN3 as 

nucleophile almost no background reaction occurs. Almost 50% conversion was 

obtained after 4 h resulting in a significantly faster reaction in comparison to NaCN as 

nucleophile (50% conversion after 24 h). K50 and kcat values displayed in section 3.3.1 
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(Table 24) also indicated that azide is preferred over cyanide by the enzyme showing a 

more than two times lower K50 (8.6 mM) and a 10-fold higher kcat of 1 s-1 in the epoxide 

ring opening of the intermediate of the cascade 13. Almost full conversion was observed 

after 24 h. Due to the lack of a commercially available standard, however, product 

formation was calculated based on substrate depletion which does not take into account 

possible substrate evaporation or instability. Thus, the reported value is prone to error. 

Using azide as nucleophile in the cascade reaction an enantiomeric excess of ~40% of 

one of the azidoalcohol enantiomers was reached. This slightly better enantioselectivity 

in comparison to cascade reaction using cyanide as nucleophile is most likely due to the 

lower amount of chemical background reaction. 

 

Figure 48: Biotransformation of chlorocyclohexanol (7) to 2-azido-1-cyclohexanol (16b) using 2 mL resting 
E. coli cells of an OD600 = 40. B) Product formation (mM) of 16b using 20 mM haloalcohol 7 as starting 
substrate and 40 mM NaN3 over the time with cells expressing recombinant HheG (yellow line) and empty 
vector containing E. coli cells (grey line). Epoxide production (mM) in dashed lines. 
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3.3.2.2 Conversion of limonene oxide by HheG 

Conversion of limonene oxide with purified HheG 

HheG showed in previous substrate scope tests activity towards limonene oxide (14). 

The conversion of the cis- and trans-stereoisomers of 14 was also analysed, in which 

HheG did not show any preference for one or the other stereoisomer. To characterize 

the efficiency of the conversion, epoxide ring opening of 14 was followed over time for 

different substrate concentrations (10 and 30 mM) and using a ratio of substrate to 

nucleophile of either 1:2 or 1:3. Epoxide ring opening was in general very fast using NaN3 

as nucleophile (42 to 45% conversion using 10 mM substrate after 10 min; Figure 49). 

After 24 h 14 was fully converted to the respective azido-alcohol when 10 mM substrate 

was used independent of the nucleophile amount added. Using a 1:3 molar ratio of 

substrate to nucleophile increased the reaction time slightly. Interestingly, using a 1:3 

molar ratio led to less background formation after 24 h in comparison to a 1:2 ratio. When 

increasing the concentration of 14 to 30 mM, complete conversion was not achieved 

(80% after 24 h). Nevertheless, using 30 mM 14 and 60 mM nucleophile, background 

reaction (~10%) was significantly lower in comparison to three times less substrate and 

nucleophile (~25%). Using 30 mM 14 and 90 mM nucleophile, the conversion was fast 

at the beginning (~40% conversion in 10 min) with negligible background. Longer 

incubation (4h) increased conversion to 60%, however with a high background reaction 

(~25%). 
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Figure 49: Conversion (%) of limonene oxide (14) using 62.5 µg mL-1 HheG, 10 (grey/orange) or 30 mM 
(green/blue) substrate and ratio of substrate and nucleophile (NaN3) 1:2 (grey/green) or 1:3 (orange/blue).  
 

In general, it was observed that azidolysis of 14 is faster catalysed by HheG than the 

azidolysis of 13 (Table 24). Lower enzyme loads were needed to obtain almost full 

conversion after 24 h (Figure 49). Furthermore, the use of azide as nucleophile led to 

lower background than observed with cyanide as nucleophile. 

Product analysis of limonene oxide conversion 

Conversion of limonene oxide (14) with HheG leads to the production of two possible 

azido alcohol regioisomers (1S,2S,4R)-2-azido-1-methyl-4-(prop-1-en-2-yl)cyclohexan-

1-ol (17a) or (1S,2S,5R)-2-azido-2-methyl-5-(prop-1-en-2-yl)cyclohexan-1-ol (17b) 

(Figure 50). To determine if HheG is regioselective for one or the other regioisomers, 

further analysis was necessary. Thus, 17 was produced on large scale using whole cell 
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catalysis and afterwards purified. In total, 600 mg trans-14 were converted using 10 mL 

resting cells (OD600 = 40). Conversion was checked using achiral GC, and a conversion 

of 75% was determined. To isolate the product, the cell mixture was extracted with 

dichloromethane, solvent evaporated, and the crude product was purified using silica gel 

chromatography. Clean product was obtained with a yield of 34% (212 mg) and analysed 

by 2D-NMR (Figure S 16 - Figure S 23), GC, GC-MS and mass spectrometry, which 

were carried out by Hauke Voß (TU Braunschweig, Institut für Biochemie). With this, 

formation of regioisomer 17a could be confirmed proving that HheG converts (+)-trans-

14 regioselectively into (1S,2S,4R)-2-azido-1-methyl-4-(prop-1-en-2-yl)cyclo-hexan-1-ol 

17a). 

 

 

Figure 50: Possible regioisomers of 17 in the reaction of trans-14 to 17a or 17b using resting whole cells with 
expressed HheG. 
 

Azidolysis of limonene oxide with whole cells 

HheG is one of three enzymes (besides HheE5 and HheF) showing propensity to convert 

limonene oxide (14) to the corresponding azido alcohol (Figure 30). To show that whole 

cell biotransformation tested with haloalcohol 7 and corresponding epoxide 13 is also 

transferable to other substrates conversion of limonene oxide was tested. HheG exhibits 

a K50 of 20 mM for substrate 14 and a kcat of 44 s-1 when using NaN3 as nucleophile. 

Hence, 20 mM 14 and 40 mM NaN3 were used, and conversion was followed for 24 h 

(Figure 51). 
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Figure 51: Whole cell biotransformation of limonene oxide (14) with sodium azide (NaN3) using 2 mL HheG 
expressing E. coli cells of an OD600 = 40 (dark grey) or respective empty vector control cells (EV control; light 
grey). Conversion (%) calculated from substrate peak to product peak area. 
 

Cells expressing recombinant HheG were able to convert limonene oxide to the 

corresponding azido alcohol. Already after 1 h of reaction, 80% conversion was detected, 

and full conversion was achieved in 24h. In comparison to that, azidolysis of 13 using 

whole cells was much slower with 15% conversion after 1 h (Figure 48). Although in the 

latter case cascade reaction starting from haloalcohol 7 was performed, a clear 

preference for limonene oxide as substrate was observed during the studies. This is in 

accord with the kinetic parameters (K50 and kcat) measured for substrate 14 or 13 and 

NaN3 as nucleophile (Table 24). 
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3.4 Crystallization and engineering of HheG 

In the course of the biochemical characterization of 17 HHDHs, the halohydrin 

dehalogenase HheG was outstanding due to its ability to convert cyclic epoxide 

substrates such as cyclohexene oxide (13) and limonene oxide (14). To understand why 

HheG exhibits this unique substrate scope, the crystal structure should be solved to 

provide valuable insights into structure-function relationships. In addition, the 

identification of specific amino acids or regions involved in substrate binding and 

catalysis could provide valuable structural information for protein engineering studies 

aiming at e.g. improving catalytic efficiency. To date, only four structures of the well 

characterized A-, B-and C-group (HheA, HheAAD2, HheB and HheC, respectively) are 

available providing information about the catalytic mechanism of HHDHs [72]–[74], [81]. 

HheG has a very low protein sequence identity to the previously studied enzymes (26% 

to HheC), which makes direct comparison by homology modelling difficult. Therefore, 

HheG was crystallized, and the structure was solved in collaboration with Prof. Wulf 

Blankenfeld and Christina Diederich from the Helmholtz Center for Infection Research 

(HZI) in Braunschweig. 

3.4.1 Crystallization of HheG  

To solve the structure of HheG, it was necessary to express the enzyme in high yields 

and to purify it to homogeneity. Heterologous expression was carried out using the T7 

promotor expression system and E. coli BL21 (refer to section 3.2.1). Purification of 

HheG for crystallization was carried out by Christina Diederich at the HZI based on the 

cell pellet provided by our laboratory. For biochemical characterization, HheG was also 

purified according to section 3.2.1 reaching a yield of 94 mg L-1 with a purity > 90 % 

(Figure 52). 
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Figure 52: Purification of HheG using immobilized metal (Ni2+) affinity chromatography (IMAC). Top: FPLC 
Chromatogram showing the UV signal at 280 nm (blue line), concentration of imidazole containing buffer B 
(green line) and conductivity (red line). Elution of the bound protein is highlighted with a green box. Fraction 
were collected, and afterwards purity and protein content checked by SDS-PAGE (below). CFE: Cell free 
extract; Ft: Flow through; W: Washing of the column at low imidazole concentrations eluting weak bound 
proteins; Elution: Fraction 7 to 36, increasing of the imidazole concentration and UV peak. 
 

Using purified enzyme, several crystallization conditions were tested by Christina 

Diederich. In most cases, crystals of hexagonal shape as shown in Figure 53 were 

obtained. The crystals had a size of approximately 190x110 µm.  

 

 

Figure 53: Different crystals of HheG in 
different buffer condition. Yellow quadrat 
shows a size of 90x90 µm for estimating 
the crystal size. Picture and crystals by 
Christina Diederich from HZI, 
Braunschweig 
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HheG forms a tetramer in the crystals as already observed for other HHDHs [72]–[74], 

[81]. Figure 54 A shows the monomeric structure of HheG with the residues serine 152, 

tyrosine 165 and arginine 169 identified as the catalytic triad. Similar to HheA, HheAAD2, 

HheB and HheC, the active site is located in a loop-rich cavity. Different approaches 

were tested to obtain crystals which carry substrate and/or nucleophile bound within the 

enzyme’s active site, however without success. Therefore, all further analysis were 

carried out using a protein structure without bound substrate. HheG showed in the 

sequence analysis a low sequence identity to HheC (26%). Structural alignment between 

HheG and HheC shows a RMSD (root-mean-square deviation of atomic positions) of 

1.4 Å over 203 aligned residues with 26% sequence identity (Figure 54 B). Several 

residues in differing loops or secondary structure elements have not been incorporated 

into the structural alignment pointing out the significant structural differences between 

both enzymes, also represented by the high RMSD. To put things in perspective, the 

structural alignment between HheA and HheAAD2 shows a RMSD of 0.34 Å over 243 

aligned residues (the complete sequence) with 97.5% sequence identity reflecting their 

high overall structural similarity [73].  

 

 

Figure 54: The crystal structure of HheG from Ilumatobacter coccineus YM16-304. A) Monomeric structure 
of HheG showing Helix-Sheet-Loop (blue-magenta-red) and catalytic residues Ser-152, Tyr-165 and Arg-169 
(black circle). B) Superposition of the monomeric structures of HheC (yellow) and HheG (black) with 
highlighted catalytic triad (magenta). Significant structural differences, additional β-strand in HheG and lack of 
C-terminal in extension in HheC indicated with red circle. 
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Overall, HheG exhibits a Rossmann fold motif, composed of seven β-strands forming a 

large parallel β-sheet structure and six α-helices located on both sides of the β-sheet; 

this fold is characteristic for SDR-like enzymes [158]. In general, the Rossmann-fold is 

composed of a central, twisted parallel β-sheet consisting of six to seven β-strands 

flanked by 3 to 4 α-helices from each side [165] whereas in the HheG structure, an 

additional β-strand was found. The C-terminal extension found in HheC is not present in 

the crystal structure of HheG (Figure 54 B). 

Comparison of all known structures of halohydrin dehalogenases and their differences 

are shown in Figure 55. 

 

 

Figure 55: Comparison of the monomeric structures of HheA (orange), HheB (green), HheC (yellow) and 
HheG (magenta). Significant structural differences among them are indicated. 
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Characterized HHDHs share almost the same conformation of the catalytic sites. 

Comparing the active sites of HheG and HheC some structural differences were 

identified (Figure 56). In Figure 56, the comparison of the orientation of the catalytic triad 

residues and the residues assembling the nucleophile binding pocket is shown. 

Measuring the distance between the OH-group of the catalytic serines (132 or 152 in 

HheC and HheG, respectively) to the backbone nitrogens of Asn176 or 196 and Leu178 

or Met198, respectively, which are supposed to stabilize the bound nucleophile and 

assemble the halide binding pocket together with other residues, showed that the 

distance in HheG is always 0.8 Å larger. Furthermore, in HheC the residue Phe186 of 

the nucleophile binding pocket is positioned on a loop, whereas in HheG a helix is found 

in the region of Phe200. For this reason, the area does not align in the structure and also 

in the sequence alignment. Phe186 of HheC is facing the catalytic triad and thereby 

decreasing the space in the active site. In contrast, in HheG Phe200 is orientated away 

from the catalytic triad and therefore, the active site appears wider. Phe186 of HheC is 

supposed to play a role in the dehalogenation reaction by stabilization of a water 

molecule in the nucleophile binding pocket (Figure 6). The different orientation of Phe200 

in HheG could be an explanation for the low dehalogenase activity of HheG. 

 

Figure 56: Structural comparison of the active sites of (A) HheG and (B) HheC. Catalytic triad residues Ser132, 
Tyr145 and Arg149 (respectively Ser152, Tyr165 and Arg169 in HheG) and residues important for halide 
binding Phe12, Asn176, Tyr177, Leu178, Phe186 and Tyr187 (respectively Tyr18, Asn196, Tyr197, Met198, 
Phe200 and Phe208). Distance measurements between OH-group of catalytic Ser (132 or 152) to backbone 
Asn176 or 196 (pink) and backbone Leu178 and Met198 (green). 
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Furthermore, the different substrate specifities could be explained by differences in the 

accessibility of the active site. Analysis of the surface of HheG and HheC and in particular 

their substrate access channels (Figure 57) revealed significant differences between 

both enzymes. In case of HheC, a tunnel-like substrate binding pocket leads to the 

catalytic center of the enzyme carrying catalytic residues Serine 132, Tyrosine 145 and 

Arginine 149 (Figure 57 B). In HheG, a larger binding pocket, which does not form a 

tunnel-like structure (A) but rather an open groove, was observed. 

 

Figure 57: Surface representation of HheG (A) and HheC (B) and substrate pockets indicated with red circle. 
Yellow: catalytic triads. 
 

The large substrate binding pocket in HheG in comparison to the access tunnel found in 

all other HHDHs [73] could facilitate the access of bulky substrates such as cyclohexene 

oxide (13) to HheG´s catalytic site, but also makes it rather unspecific towards smaller 

aliphatic compounds. Although the crystal structure of HheG was solved without bound 

substrate, it gave valuable insights into the similarities and differences to other HHDHs. 

Therefore, it is a good starting point for in depth structure-function relationship studies 

and in particular for engineering HheG´s catalytic performance. 
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3.4.2 Protein engineering using site directed mutagenesis of HheG 

Based on the solved crystal structure of HheG four amino acid residues were selected 

(Figure 58) for improving HheG´s catalytic efficiency as well as enantioselectivity. The 

homologous residues in HheC showed in previous studies [77] a strong effect in the 

cyanolysis using different substrates (Pro84 and Phe86 in HheC) and in the 

enantioselectivity (Pro175 and Asn176 in HheC). Using an alignment of both structures 

homologous residues of HheG were identified as Ile104 and Thr106 as well as Thr195 

and Asn196 (Figure 58). 

 

 

Figure 58: Crystal structure of HheG. Residues for engineering highlighted in magenta or green. Catalytic triad 
highlighted in yellow. 
 

As shown in Figure 58 residues important for the enantioselectivity (Thr195 and Asn196 

in HheC Pro175 and Asn176, respectively) are facing the catalytic triad of HheG. 

Residues which showed an increase in activity in the cyanolysis of various epoxides 

(Thr195 and Asn196, Pro84 and Phe86 in HheC, respectively) are neighbouring the 

catalytic triad. To identify putative more active and selective variants both residues pairs 

were randomly mutagenized using side directed saturation mutagenesis (SSM) and 

primers carrying an NNS codon at position 104 and 106 as well as 195 and 196. To 
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obtain libraries harbouring all amino acid combinations first pET28(a)+HheG vector was 

amplified using Quikchange PCR [166], [167] and NNS primers as described in section 

2.4.6. After digestion of the parental DNA with Dpnl PCR products were checked on an 

agarose gel and extracted for purity reasons (Figure 59). 

 

Figure 59: Quikchange PCR products using 2) NNS Primers NNS-I104/T106-fwd 
and –rev or 3) NNS-T195/N196-fwd and –rev. Line 1) Thermo Scientific GeneRuler 
1kb DNA Ladder. Line 4) DpnI digestion control: PCR reaction without primers. 
 

 

 

 

 

 

 

 

Competent E. coli DH5α cells were transformed with gel extracted plasmid DNA and 

plated on kanamycin-containing agar plates. Around 3500 clones for both libraries were 

counted on the plates which covers the expected library size. Whole library DNA was 

isolated and transformed into E. coli expression strain BL21. For each library, 1260 

colonies were transferred into MTPs for cultivation and protein expression. Subsequent 

screening was carried out as described in section 2.6.8. Saturation mutagenesis at 

positions Thr195 and Asn196 did not show any effect on the activity, though sequencing 

of the isolated library DNA confirmed successful mutagenesis (Figure 60). No clones 

showing higher conversion in the dehalogenation of 8 were identified. These positions 

have already before been identified in HheC to play an important role in the 

enantioselectivity and not in the general activity [77]. While screening the library with 

mutagenesis at positions Ile104 and Thr106 several clones were identified showing an 

increased activity in comparison to HheG WT. These clones were re-screened in 

triplicates, and their activity improvement in the dehalogenation of compound 8 was 

calculated (Table 28). Thirteen clones with higher activity (15 to 89%) than the parent 

were subjected to sequencing. In 12 from 13 cases, unique amino acid substitution 

patterns were obtained (Table 28), and one clone (2G11) with a presumably improved 

activity of 42% was identified as wild type HheG (Table 28). This sequencing analysis 
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served to on one hand verify the quality of the SSM library with a high frequency of amino 

acid exchanges and on the other hand to benchmark the employed pre-screening system 

and identify its limitations.  

 

 
Figure 60: Sequencing result of saturation mutagenesis library at positions 104 and 106 (A) and 195 and 196 
(B).  
 

Table 28: Amino acid exchanges of obtained clones (left column) compared to wild type HheG (top column, 
WT) and activity improvement in % (middle column). 
 

WT 0 Ile Thr 

3E12 15 ± 10 Leu Leu 

3G3 36 ± 6 His Ser 

1B12 39 ± 6 Cys Val 

2G11 42 ± 15 Wild type 

11F8 46 ± 2 Tyr Pro 

7A11 47 ± 17 Gly Gly 

5B10 48 ± 13 Leu Cys 

5C7 50 ± 5 Gly Ala 

2F4 50 ± 17 Met Thr 

3G1 63 ± 25 His Ile 

3E1 70 ± 27 Thr Lys 

5E11 76 ± 15 Ala Val 

9D12 89 ± 40 Pro Asn 
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Purification and rescreening of mutants obtained from SSM library at 

positions 104/106 

To study the different mutants of HheG in more detail, six enzymes were successfully 

expressed on larger scale and purified. Using these purified mutants, azidolysis of 13 

was tested and compared to wild type HheG. For this, 500 µg mL-1 enzyme, 20 mM 13 

and 40 mM NaN3 were used, and conversion as well as enantioselectivity were 

measured using achiral and chiral GC, respectively (Figure 61 A and B). In general, fast 

conversion of 13 to 16b was observed for wild type HheG reaching 100% conversion 

after 2 h of reaction (Figure 61 A). Three mutants (1B12, 5B10 and 2F4) exhibited similar 

activity to wild type HheG. Mutants 5E11, 3G3 and 3E1 exhibited decreased conversion, 

showing that these mutations at amino acid positions 104 and 106 have no positive 

influence on the epoxide ring opening activity. In terms of enantioselectivity, two mutants 

were identified that produced the product with enhanced selectivity for one of the 

enantiomers. While wild type HheG formed product 16b with an eeP of 33%, mutants 

3E1 and 2F4 yielded 16b with an increased eeP of 45 and 72%, respectively. Other tested 

mutants showed similar selectivity (5B10) or even lower selectivity (3G3; 5E11; 1B12) 

(Figure 61 B).  

 

Figure 61: Conversion (A and C) and enantiomeric excess (eeP) in % (B and D) of 13 using azide as 
nucleophile and 500 (A and B) or 100 µg mL-1 (C and D) enzyme.  
 



                            Results 
Crystallization and engineering of HheG 

 

133 

To confirm the twofold higher selectivity of mutant 2F4, the azidolysis of 13 was repeated 

using less (100 µg mL-1) enzyme (Figure 61 C and D). It was observed that mutants 2F4 

and 1B12 show a lower conversion in comparison to HheG wild type. After two hours, 

conversion of 13 by HheG wild type was threefold higher. Nevertheless, mutant 2F4, 

which carries a single amino acid exchange at position 104 from threonine to methionine 

(T104M), still exhibits an increased selectivity relative to wild type, independent of the 

used enzyme load. 

Focused engineering attempts using single point mutations 

Previous studies showed the influence of residue T134 in HheC on the activity in the 

hydroxynitrile synthesis and the dehalogenation of several haloalcohols [136], as well as 

positive effects on the cyanolysis [77]. In HheC, T134 is located close to the catalytic 

triad and forms a hydrogen bond with the catalytic serine 132. With the help of structural 

alignments (Figure 62), residue T154 in HheG was identified to be structurally 

homologous to the catalytically important residue T134 in HheC. The latter residue in 

HheG was exchanged to alanine by using Quikchange® PCR oligos HheG_T154A_fwd 

and HheG_T154A_rev (see 2.3). 

 

 

 
Figure 62: Alignment of HheG and HheC monomeric structures and highlighted situation of T154 (T134, 
HheC) and catalytic S152 (S132, HheC). 
 

After sequencing of the obtained vector DNA and purification of HheG T154A its 

dehalogenation activity was tested using haloalcohols 1, 3 and 7 in comparison to wild 

type HheG. Samples were taken over time, and halide release was measured (Figure 

63). No increase in the activity was observed. Especially in the dehalogenation of 
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haloalcohol 7 mutation of amino acid 154 had a negative effect on the dehalogenation. 

Almost 70% less product was formed after 120 min of reaction. Also, epoxide ring 

opening of substrate 13 didn’t show any improved catalytic activity of HheG T154A. 

Furthermore, instead of alanine a cysteine at position 154 was introduced using 

Quikchange® PCR. For the resulting mutant HheGT154C no soluble expression 

conditions were found. After re-sequencing of prepped vector DNA a deletion was 

observed, explaining the production of the protein in inclusion bodies. Therefore, an 

effect of a cysteine at position 154 could not be tested in this study.  

 

 

Figure 63: Comparison of HheG (grey, triangle) and HheG T154A (light grey, dots) in the dehalogenation of 
substrates 1 (A), 3 (B) and 7 (C). Graphs showing the formation of product (µM) calculated with the halide 
released measured with halide release assay over the time (min). Reactions were carried out using 20 µg of 
enzyme and 10 mM of respective substrate. 
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4. Discussion 

At the start of this work, only few HHDHs from three subgroups have been described - 

HheA from Corynebacterium sp. strain N-1074 [67], HheA2 from Arthrobacter sp. strain 

AD2 [27], HheB from Corynebacterium sp. strain N-1074 [67], HheB2 from 

Mycobacterium sp. strain GP1 [27] and two identical HheC proteins from Agrobacterium 

radiobacter AD1 [27] and Rhizobium sp. strain NHG3 [68]. These enzymes catalyse the 

co-factor independent dehalogenation of vicinal haloalcohols to the corresponding 

epoxide as well as the reverse reaction (epoxide ring opening) in the presence of 

nucleophiles [38]. HHDHs accept a broad range of negatively charged nucleophiles in 

the epoxide ring opening step which, from a practical perspective, provides the possibility 

to produce a variety of β-substituted alcohols [37]. Especially the acceptance of cyanide 

(CN-) or azide (N3
-) to form novel carbon-carbon (C–C) or carbon-nitrogen (C–N) bonds 

might find interesting application in fine chemical synthesis [37]. In fact, HHDHs have 

already been used industrially for the production of different β-substituted alcohols [37]. 

The most prominent example is the production of the statin side chain of the cholesterol 

lowering drug atorvastatin catalysed by a mutant of HheC from Agrobacterium 

radiobacter AD1 [89]. 

Despite their remarkable catalytic potential and proven applicability in an industrial 

context, the low number of HHDH family members limits their more widespread practical 

application. Therefore, in the current work we endeavoured on expanding the HHDH 

toolbox to achieve a higher functional diversity [40]. 
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4.1 Identification of novel halohydrin dehalogenases by 

database mining 

Since their discovery about 45 years ago [31], all known HHDH enzymes have been 

solely isolated from culturable bacterial species. With this approach, only ten different 

bacterial strains of the genera Agrobacterium, Alcaligenes, Arthrobacter, 

Corynebacterium and Pseudomonas, were identified between 1989 and 2004  to harbour 

HHDH genes [33], [47], [51], [53], [54]. This traditional identification is work intensive and 

a time-consuming process since long cultivation times and extensive optimization of 

growth parameters are usually required, and elaborate whole genome sequencing and 

analysis is indispensable [40]. In addition, taking samples from environment can limit the 

diversity and functionality because it just enables to identify enzymes from organisms 

that are culturable. Hence, we reasoned that given the continuously growing amount of 

sequence information in public databases [168], a database mining approach using a 

tailored search algorithm will be a promising strategy to identify novel HHDH members 

with eligible new functions and with eliminate the need to culture bacterial species in 

order to fetch interesting novel enzymes. To this end, Marcus Schallmey identified 

enzyme family specific fingerprints and used them as query in order to fish out novel 

HHDH genes from databases [21], [169]. Two consensus motifs specific to HHDHs were 

identified, the first consensus motif representing the catalytic triad of the enzyme class 

with residues S-X12-Y-X3-R [21] and the second motif, (T-X4-(F/Y)-X-G) comprising 

conserved residues in the nucleophile binding pocket and thus, distinguishing HHDHs 

from SDR enzymes [21]. Using these two motifs, 37 novel and putative HHDH 

sequences were obtained (Figure 14, [21]). Phylogenetic analysis of the putative HHDH 

sequences resulting in four additional subgroups (D, E, F, and G) outlines the diversity 

of the newly identified sequences. All novel HHDH sequences were identified from 

bacterial genomes or marine metagenomes strengthening the notion that these enzymes 

are found solely in bacterial genomes. A reason could be that the domain of prokaryotes 

is on one hand more diverse than the eukaryotic domain, thus more sequences are 

available, and, on the other hand, prokaryotic species tend to accumulate gain-of-

function mutations quicker due to shorter duplication times. In addition, the query 

sequences used in the database mining approach were of bacterial origin. Thus, it is also 

more likely that related bacterial sequences would be found. Furthermore, degradation 

of xenobiotics in eukaryotes can follow a different mechanism using different enzymes. 

For example, epoxide hydrolases, which catalyse the addition of a water molecule to an 

epoxide yielding a vicinal diol are present in bacteria but also in mammalian, plant, insect, 

fungal and yeast cells [170], or white-rot fungi are able to degrade chlorinated biphenyls 

by laccase-catalysed oxidative dehalogenation [171].  
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Over the course of the project, database mining for HHDH sequences was repeatedly 

carried out resulting in to date, 64 novel HHDH sequences from public databases (Figure 

64) [70]. Of these, we selected 20 representative sequences from all seven HHDH 

subgroups for detailed biochemical characterization. 

 

 

 
Figure 64: Phylogenetic representation of the extended HHDH enzyme family. The shown phylogram is 
constructed from a maximum likelihood built with W-IQ-TREE [172] on the basis of a PRANK +F [173] multiple 
sequence alignment of all HHDHs. Experimentally verified HHDH sequences are marked by an asterisk [70]
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4.2 Heterologous expression and purification of novel HHDHs 

Codon-optimized HHDH sequences were cloned into vector pET28a(+) for subsequent 

heterologous expression resulting in a N-terminal His-tag fusion. Escherichia coli was 

chosen as expression host for two reasons. First, all previously characterized HHDHs 

(HheA, HheA2, HheB, HheB2 and HheC) have been successfully expressed in E. coli 

[27], [67], [68], and all newly identified HHDHs are also of bacterial origin. Thus, choosing 

a bacterial host for their expression is justified as no posttranslational modifications 

should be necessary. Secondly, E. coli is a well-studied model organism and easy to 

use. Furthermore, in view of a potential large scale production of HHDHs, this system 

was chosen in agreement with the industrial cooperation partner Enzymicals. The 

production of His-tagged proteins was also preferred as it provides for a straightforward 

protein purification process.  

In order to obtain active enzyme in suitable amounts for biochemical characterization it 

was necessary to investigate and determine optimal conditions for soluble protein 

production. The T7 expression system-based E. coli BL21 (DE3) Gold strain was 

selected as standard strain for heterologous production of tagged enzymes. In test 

expressions at 37 °C, insoluble protein was obtained for most HHDHs (Table 18, Figure 

19). Insoluble protein expression is caused by instability and aggregation of the produced 

proteins and occurs in the cells as inclusion bodies (build-ups of protein aggregates). 

Some reasons for inclusion body formation are that the recombinant protein is expressed 

in the microenvironment of E. coli, which may differ from the original host in terms of pH, 

osmolarity, and available chaperones [174]. Furthermore, in high level expression 

hydrophobic stretches in the polypeptide are present at high concentrations and 

available for interaction with similar regions, due to not fast enough folding of the proteins 

[174]. Indeed, the reduction of cultivation temperature to 30 or even 20 °C improved 

soluble protein titers. For example, in case of HheG, lowering the temperature from 37 

to 20 °C and increasing the incubation time from 7 to 24 h resulted in 3-fold higher soluble 

protein expression (Figure 18). It is known that the reduction of the cellular protein 

concentration by lower heterologous expression levels favours the proper folding of 

these, and the most common strategy for lowering protein synthesis is the reduction of 

the incubation temperature [175]–[177]. Furthermore, protein aggregation is favoured at 

higher temperatures due to temperature dependence of hydrophobic interactions [178]–

[180]. In some cases, soluble production of HHDH enzyme could not be achieved solely 

by lowering the expression temperature. Instead, changing the expression host to E.coli 

C43 (DE3) was sufficient to alleviate the problem. This strain is a derivative of E. coli 

BL21(DE3) and suited for efficient expression of membrane and toxic proteins [160], 

[181]). It was shown that E. coli C43 (DE3) carries two mutations in the lacUV5 promoter, 
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which drives the expression of the T7 RNA polymerase. The lacUV5 promoter is 

therefore reverted to the weaker wildtype counterpart and leads to a decreased level of 

T7 RNA polymerase synthesis and, hence, also decreased production of the 

recombinant protein [182]. In expression tests with E. coli C43 as expression host, 

HheB3 and HheE2 could be successfully produced in soluble form (Figure 19, Table 18). 

In case of HheA3, HheB6, all D variants and HheE3, the expression levels remained low 

under all tested conditions and could be only visualized by Western blotting (Figure 

19 B).  

Initial expression studies were carried out on small scale (20 mL), but to enable enzyme 

purification it was also necessary to scale up protein production (up to 500 mL). During 

upscaling, for 17 of the previous 20 HHDHs suitable expression condition for the tagged 

proteins were identified (Table 19). In case of HheD4 and HheD6, the poor heterologous 

production - which was already observed on a smaller scale (Figure 19) - could not be 

improved by changing to E. coli C43 as a host. Also the use of commercial EnPresso 

EnBase medium (Biosilta, Cambridgeshire, UK) did not result in soluble expression (data 

not shown). Furthermore, the His tag-free expression in E. coli Top10 using pBADn 

vector did not significantly improve the recombinant protein production (data not shown). 

The pBAD vectors make use of the arabinose induced araPBAD promoter. This promoter 

is tightly regulated and in the absence of arabinose AraC represses the transcription and 

thus lower background expression levels and better control over protein expression 

levels are achieved [174]. The poor solubility of HheD4 and HheD6 is therefore, not 

attributed to tagging. HheD4 was derived from marine metagenome sequences, and the 

organism of its origin remains unknown. HheD6 from Marinobacter nanhaiticus D15-8W, 

a polycyclic aromatic hydrocarbon-degrading bacterium, isolated from the sediment of 

the south Chinese sea [183], is a Gram negative bacterium, therefore, heterologous 

expression in E. coli should be plausible, yet it proved unsuccessful under all tested 

conditions. All soluble expressed HHDH sequences exhibited molecular weight in the 

range of 26 (HheD3) to 30 kDa (HheG) except for HheD4 and HheD6 having a slightly 

larger size of 32 and 31 kDa, respectively. Primary structure analysis using TMpred 

indicated that at least for HheD6 the predicted protein structure is highly instable due to 

long, surface exposed hydrophobic stretches (http://www.ch.embnet.org). Structural 

alignment with HheC also showed that HheD6 carries a long N-terminal elongation which 

might destabilize the protein due to protease degradation (Figure S 24). Furthermore, 

this unusual elongation could also have a negative influence on the correct folding of the 

enzyme. Also ProtParam (http://web.expasy.org/protparam/) predicted instability for 

HheD4 and HheD6. This program calculates the instability index based on the amino 

acid sequence. The instability index provides an estimate of the stability of a protein in a 
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test tube. Statistical analysis of 12 unstable and 32 stable proteins previously revealed 

that there are certain dipeptides that show significantly different occurrence in stable and 

unstable proteins [184]. A protein whose instability index is smaller than 40 is predicted 

as stable, whereas a value above 40 indicates that the protein may be unstable. For 

HheD4, values of 40.4 for the non-tagged and 39.8 for the His-tagged version were 

calculated. For HheD6, instability indices of 41.2 (without tag) and 40.5 (with His-tag) 

were obtained. As a comparison for a well expressed HHDH, HheG instability indices of 

25.8 without and 25.5 with His tag were calculated. These predictions are in accordance 

with our wet lab data and support the hypothesis that the unsatisfactory expression levels 

obtained for HheD4 and HheD6 are due to instability of the proteins. 

In total, for 17 of the tested 20 HHDHs suitable conditions were identified. Of these, all 

but HheB7, could be purified via His tag with protein yields up to 171 mg L-1 expression 

culture (Table 19). The lowest yields (< 10 mg L-1) were obtained for HheB3, HheB4 and 

HheD3 due to generally low expression levels (Figure 19). HheB7 did not bind to the 

affinity matrix despite harbouring a His tag as confirmed by Western blot analysis. This 

suggests that in HheB7, in contrast to other HHDHs, the N-terminus of the protein is not 

surface exposed [161]. Using the recently published structure of HheB [73] as a template, 

it was possible to build a homology model of HheB7. Structural alignment of monomers 

of HheB7 with and without His tag to the HheB structure indicate that the N-terminal His 

tag of HheB7 is located at the interface of the tetrameric structure or might even 

penetrate one of the other monomers (Figure 65). HheB7 was therefore purified using a 

combination of anion exchange and hydrophobic interaction chromatography as 

previously described for HheC [27]. Using this purification approach, the highest protein 

yield of 225 mg L-1 was achieved. 

It is remarkable that most putative HHDH proteins were successfully overexpressed and 

purified in high yields given that half of the sequences are derived from diverse bacterial 

species and the other half were obtained from metagenomic origin [21], (Table 9). This, 

however, is firmly in agreement with earlier observations [185], which suggested that E. 

coli is a suitable expression host for members of the HHDH enzyme family.  

 



  Discussion 
Heterologous expression and purification of novel HHDHs 

141 

 

Figure 65: Structural alignment of the crystal structure of HheB (4ZD6, grey) with models of HheB7 (yellow) 
and HheB7 with an N-terminal hexa histidine tag (pink). 
 

.
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4.3 Proof of activity of putative HHDHs and their 

characterization 

4.3.1 Initial activity tests 

To verify that the putative sequences identified from public databases (see 4.1) indeed 

encode HHDHs, dehalogenation activity of 20 novel HHDHs was first tested using cell 

free extracts (CFE). For this purpose, three HHDH model substrates, namely 1,3-

dichloro-2-propanol (1), 2-chloro-1-phenyethanol (3) and 1,3-dibromo-2-propanol (5) 

were employed. Dehalogenation was measured using the colorimetric halide release 

assay [36]. The halide release assay enables only an indirect measurement of epoxide 

formation via halide release. To prove the formation of epoxides 8, 9 and 10, samples 

were additionally analysed by gas chromatography. The colorimetric assay nevertheless 

gave a first impression of the activity of each enzyme due to the strength of colour change 

(Figure 20). For members of the HheD subgroup, a clear trend in conversion of aliphatic 

chloroalcohol 1 and the aromatic chloroalcohol 3 was observed, whereas the relative 

conversion efficiency of the aliphatic substrate was higher. HheD4 was in comparison to 

other D-type enzymes more active in the conversion of aromatic substrate 3 (Figure 20). 

After analysing product formation profiles by GC, it was also clearly observed that HheD 

to HheD5 exhibited higher specific activity (mU mg-1) towards aliphatic substrate 1 

(Figure 22). From all HheD subgroup members, HheD4 showed the highest specific 

activity (~ 12 mU mg-1) towards aromatic substrate 3, which matches the observation of 

the halide release assay. In conversions of 1,3-dibromo-2-propanol, rather high 

background activities were observed in empty-vector (EV) controls (Figure 20 and Figure 

21). Such high debromination rates have previously been attributed to spontaneous 

formation of epoxide from this bromoalcohol [82], [186]. The pKa of HBr (-9.5) is smaller 

than the pKa of HCl with -7.5. HBr is therefore a stronger base and a weaker nucleophile; 

thus bromide is a better leaving group. For this reason, only specific activities towards 1 

and 3, for which only marginal epoxide formation (< 5%) was observed in EV controls 

[21], are given for the 20 HHDHs.  

In this way, for all but one putative enzyme, HHDH activity with at least one of the tested 

substrates was observed. Only in case of HheB3 neither the aliphatic haloalcohol 1 nor 

the aromatic substrate 3 were converted at a detectable level. This is likely due to the 

low amount of soluble enzyme as determined by SDS PAGE and Western blot analyses 

(Figure 19). After optimization of the conditions for HheB3 production by changing to E. 

coli C43 (DE3) as host, soluble protein was recombinantly produced and purified (Figure 

23, Figure 26, Table 19). Using this purified batch of HheB3, generally only low specific 

activities were measured (Table 20) suggesting that not only the low soluble expression 
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of HheB3 in the first test was responsible for the undetectable activity, but an inherently 

low enzyme activity towards these substrates.  

Initial activity tests of novel HHDHs using CFE containing recombinant enzymes gave a 

first impression on their substrate specificities. The majority of the enzymes exhibited 

preference for small aliphatic haloalcohol 1 instead of the bulkier aromatic haloalcohol 3 

(Figure 22). Members of HHDH types D and E exhibited high activity on 1 but only low 

activity towards 3. In contrast, B-group members (HheB2, HheB5 and HheB7) seemed 

to have a preference in the dehalogenation of aromatic haloalcohol 3. The same was 

observed for A-type enzymes with the exception of HheA3. Four of the 20 novel HHDHs 

exhibited only very low activities (HheB3, HheB4, HheB6 and HheF) towards both tested 

substrates. These activities are too low to conclude anything regarding the enzymes´ 

specificity. In case of HheB4 and HheB6, the low recombinant expression level can be 

given as a reason for the low activities observed in CFE (Figure 19). In contrast, 

recombinant expression of HheF was therefore (Figure 19) indicated by a prominent 

band of soluble protein observed on the SDS PAGE gel. High activity towards 

bromoalcohol 5 was observed for HheF (data not shown) indicating a preference of this 

enzyme towards bromoalcohols [21].  

4.3.2 Biocatalytic and biochemical properties of novel HHDHs 

After the first proof of HHDH activity, a detailed enzyme characterization was pursued 

using purified HHDHs. The focus was to identify enzymes with novel biocatalytic 

characteristics as the majority of the sequences exhibit significant differences to the 

previously known HHDHs [21], [161]. In all cases, well-described HHDH HheC was used 

for comparison.  

First, the substrates scopes of the enzymes were investigated using six different 

halogenated substrates (1-6) and six epoxides (8-14) (Figure 27). Generally, it was 

observed that only few of the novel HHDHs exhibit a similar broad substrate scope as 

HheC. HheA5, HheB5, HheB6 and HheB7 could catalyse the conversion of haloalcohols 

1, 3, 4, 5 and 6 and epoxides 8, 9, 10 and 11 (Table 20 and Figure 30). Especially in the 

dehalogenation of aromatic substrate 3, specific activities were ~6-fold lower than those 

observed for HheC. On the other hand, specific activities of some HHDHs on substrate 

4 exceeded even the activity of HheC. From all novel enzymes only for the 

aforementioned four enzymes a detectable activity towards 3 was measured. This is in 

line with the observation of the previous activity test using CFE, where only HheA5, 

HheB5, HheB7 and HheE2 showed high activity towards 3 (Figure 22). For HheB6, no 

activity was observed in initial activity tests using CFE. In contrast, good activities were 

obtained using purified enzyme, which suggests that the marginal HheB6 expression 
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level was responsible for the low activity detected in initial tests. Using purified enzyme 

of HheB3 and HheB4, no significant activity was detected proving that these HHDHs are 

generally not active on the tested substrates. Also HHDHs HheD3 and HheD5 showed 

generally low activities in the conversion of haloalcohols 1-6. This observation is in 

contrast to the preliminary activity tests of HheD3 and HheD5 using CFE indicating that 

these enzymes lost some of their activity during purification. Another explanation could 

be that they are specialized in the conversion of other substrates, which have not been 

tested within this thesis.  

In general, it was observed that conversion of brominated haloalcohols is preferred by 

the enzymes as high specific activities towards substrate 5 were observed (Table 20). 

This is mainly due to the fact that bromide is the better leaving group as already explained 

before (section 4.3.1). Furthermore, it was also tested if the novel HHDHs are able to 

convert 2,2,2-trifluorophenylethanol (Figure 28). No fluoride release, however, was 

observed for any of the tested HHDHs with this substrate. From literature it is known that 

most dehalogenases are unable to cleave C-F bonds. This can be explained by the high 

bond dissociation energy of the C–F bond due to fluorine’s strong electronegativity. 

Previous experiments using fluoride in epoxide ring-opening reactions with HheC did 

also show that this nucleophile is not accepted [20], [36], [55]. Furthermore, activities 

towards aliphatic haloalcohols 1,3-dichloro-2-propanol (1) and 1,3-dibromo-2-propanol 

(5) were higher in comparison to regioisomers 2,3-dichloro-1-propanol (2) and 2,3-

dibromo-1-propanol (6), indicating that HHDHs are regioselective and show preference 

towards dehalogenation of compounds carrying a terminal halogen group. For HheC, an 

activity towards bromoalcohol 6 of 5 U mg-1 was measured, which is by far the highest 

measured activity among all enzymes tested. Similar activity was previously reported in 

literature [27]. 

Though none of the novel HHDHs seems to exceed the performance of HheC, several 

interesting observations were made. Some of the enzymes seem to be more active in 

the epoxide ring-opening reaction compared to the dehalogenation of the corresponding 

haloalcohol substrate. Especially in case of E-type enzymes, low to no activity was 

detected in the dehalogenation of 3 but clear conversion of styrene oxide (10) up to 75% 

was observed (Table 20 and Figure 30). To some extent, this observation was also made 

for substrate 1 with specific activities between 0.4 (HheE2) and 18 U mg-1 (HheE) and 

100% conversion of epichlorohydrin (8) for all four tested E-type enzymes. This result 

could be due to the significant higher enzyme loads applied in epoxide ring-opening 

reactions (150 µg mL-1) in comparison to dehalogenation reactions (25 µg mL-1) (see 

2.2.3.3 and 2.2.4.1). Also the different reaction conditions used might explain this 

discrepancy. For all novel HHDHs, the natural substrates are not yet known, and 
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enzymes that are specialized in the opening of epoxide rings could exist. Hence, a 

detailed investigation would be necessary to determine if E-type HHDHs are indeed more 

active in the ring-opening of epoxide substrates. 

Another interesting observation made during substrate scope determination was that all 

enzymes were able to convert glycidylphenylether (11) to the corresponding 

azidoalcohol (Figure 30). Previous studies using HheB2 [187] or HheC [116] could only 

determine incomplete conversions of this substrate. The corresponding β-azidoalcohol 

product structure can be found in β-blockers, such as Bupranolol or Propranolol (Figure 

66). 

 

 

Figure 66: Conversion of glycidylphenylether (11) to 1-azido-3-phenoxypropan-2-ol (red) using HHDHs and 
sodium azide as nucleophile. Structure of β-blocker Bupranolol and its building block (black and red). 
 

The fact that most of the enzymes showed only moderate activity on the aromatic 

substrate styrene oxide (10) but full conversion of glycidylphenylether (11) can be 

explained by the higher flexibility of 11 due to the addition of a –O-CH2-group between 

the aromatic and epoxide ring. Hence, 11 might fit better in the enzyme´s active sites 

than 3 or 10 [161]. 

4.3.3 Enantioselectivity and application of novel HHDHs in cascade 

reactions 

To further investigate the catalytic potential of novel HHDHs their enantioselectivity was 

tested in the conversion of racemic substrates (R/S)-2-chloro-1-phenylethanol (3) and 

ethyl (R/S)-4-chloro-3-hydroxybutyrate (4). Despite the low sequence identity between 

the tested HHDHs no significant selectivity in the conversion of chloroalcohol 3, which 

was as exquisite as HheC, was observed (Table 21) [161]. Considering the natural 
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function of HHDHs, this observation is maybe not that surprising. These enzymes seem 

to be involved in the mineralization of halogenated xenobiotics [21], [85]. Hence, highly 

enantioselective enzymes would be evolutionary less beneficial for the organism. HheC 

is with respect to its extraordinary enantioselectivity an exception among all HHDHs. 

Reasons for this pronounced selectivity were studied in detail over the last years and 

sequence as well as structural explanations were given [21], [73], [76]. An alignment of 

available HHDH sequences showed that HheC possesses in comparison to other 

enzymes a C-terminal elongation [21]. As other HHDHs, HheC forms a homotetrameric 

structure. The C-terminal extension of one monomer protrudes into the active site of an 

opposing monomer and it was shown that this has substantial effects on the enzyme´s 

selectivity [76]. A tryptophan residue (W249) of this C-terminal extension was shown to 

have an significant influence on HheC´s stereoselectivity [76], [88]. Further structural 

comparisons of HheA and HheB from Corynebacterium sp N-1074 with HheC could 

show that the substrate entrance tunnel of HheC is much smaller than that of HheA and 

HheB. Hence, it was postulated that this restricted space influences the active site 

accessibility for one or the other enantiomer [73] (Figure 67). 

 

Figure 67: Structures of substrates pockets of HheA, HheB and HheC. Taken from [73]. 
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Interestingly, wild type HheA2 from Arthrobacter sp. AD2 showed in previous studies low 

S-selectivity in the conversion of 3 with an enantiomeric excess (eeP) for (S)-styrene 

oxide of 22% [88]. For novel A-type HHDHs, an opposite selectivity was observed with 

an eeP for (R)-styrene oxide of 24% (HheA3) or 10% (HheA5). In line with HheA2 

engineering data, two amino acid residues were identified to have a crucial effect on 

HheA2´s selectivity. Changing valine 136 to tyrosine and leucine 141 to glycine, the 

enzyme’s selectivity was changed from S to R with an eeP of (R)-styrene oxide of 77% 

[88]. Structural alignment of modelled structures of HheA3 and HheA5 with the crystal 

structure of HheA2 showed significant differences in the alignment of this loop in the 

three enzymes (Figure 68). V136 and L141 of HheA2 correspond to residues A135 and 

G139 in HheA3 as well as S141 and P154 in HheA5. Thus, HheA3 wild-type already 

carries a glycine residue at the homologous position of L141 in HheA2 (L141G). This 

might already explain the obtained R-selectivity of HheA3. In case of HheA5, a proline is 

found at this position instead. Glycine and proline residues are able to introduce turns in 

the peptide backbone, which could cause the differences in the loop orientation and, 

thus, might affect the enzymes’ selectivity.  

 

 

 
Figure 68: Structural alignment of HheA2 crystal structure (magenta, [74]) and homology models of HheA3 
(yellow) and HheA5 (grey). Catalytic triad of HheA2 (S134, Y147 and R151), important residues for 
enantioselectivity (V136 and L141) and prolines are highlighted in magenta [88]. 
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Additionally, all novel HHDHs were also applied in the industrially relevant cascade 

reaction from ethyl (R/S)-4-chloro-3-hydroxybutyrate (4) to ethyl (R/S)-4-cyano-3-

hydroxybutyrate (15), a precursor for the production of the statin side-chain of 

Atorvastatin [89]. Here, the combination of dehalogenation and cyanide mediated 

epoxide ring opening reaction in one step was in the focus (Figure 33), but also the 

enzyme´s enantioselectivity in this reaction. Six of the novel HHDHs reached a more 

than twofold increased conversion of 4 in comparison to HheC (Table 23). This 

observation correlates with the already higher specific activities of these enzymes in the 

dehalogenation of 4 (Table 20). None of the tested enzymes, however, showed the 

desired (R)-selectivity in the production of 15. Only for HheB5, HheB6, HheB7 and 

HheD2 a low preference in the production of (R)-15 was observed with enantiomeric 

excesses between 2.9 and 9.3%. Highest eeP for (R)-15 was obtained in cascade 

reactions with HheG (19%), however, conversion was very low (2.3%). Also wild-type 

HheC shows a strong (S)-selectivity in the cascade reaction and thus, had to be 

extensively engineered for application in the synthesis of (R)-15 on an industrial scale 

[89]. Furthermore, in the industrial process chiral purity of the final product results from 

the enantioselectivity of a ketoreductase that forms (S)-4 from an achiral β-chloroketone 

precursor [90]. Hence, in the overall process of (R)-15 production a highly 

enantioselective HHDH is not required. In fact, HheC-2360, a likely process variant, 

displays only very modest enantioselectivity in favour of (R)-15 with more substantial 

increases on catalytic rates for the epoxide ring-opening reaction with cyanide [38]. Thus, 

enzymes like HheB6 and HheB7, resulting in a significantly higher product yield in the 

cascade reaction than HheC, can be interesting alternative biocatalysts for this reaction. 

With regard to enantioselectivity, it should still be mentioned that five HHDHs (HheA3, 

HheA5, HheE3, HheE5 and HheF) showed a slight preference in the production of (S)-15 

with enantiomeric excesses between 38 (HheE5) and 99% (HheF) (Table 23). Especially 

in case of HheF the determined high product enantiomeric excess is most likely 

explained by the low conversion (3.5%) as the reliable determination of peak areas in 

chiral GC analysis is usually hampered by low product amounts.  

Another observation made was that there could be a correlation between the different 

HHDH-types and their selectivity. While A- and E-type HHDHs showed a preference in 

the production of (S)-15, B-type enzymes show a preference for the production of (R)-15 

even though with very low eeP values. 

Interestingly, the low specific activities towards haloalcohols 3 and 4 initially obtained for 

some enzymes (Table 20) do not seem to fit to the conversion values obtained later in 

biocatalytic reactions for the determination of the enzymes’ enantioselectivities (Table 

21 and Table 23). For example, for D-type enzymes rather low specific activities were 
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obtained in the dehalogenation of 3 (< 0.1 U mg-1) whereas conversion values are 

significantly higher (25 to 46%). In contrast, a high specific activity towards 3 was 

observed (17 U mg-1) for HheC, whereas conversion was comparably low (17%). Similar 

observations were already reported for HheC in the dehalogenation reaction of para-

nitro-2-bromo-1-phenylethanol and the ring opening of the corresponding epoxide para-

nitrostyrene oxide [36]. A reason for this discrepancy could be the fact that specific 

activities were calculated based on initial rates, which were measured by 

spectrophotometric halide release assay, whereas conversions were measured after 2-

4 hours reaction time and determined by GC. Conversion values based on product yields 

obtained after 2 or 4 h can consequently be influenced by the enzymes’ stabilities. For 

example, in case of HheC, it was already reported earlier [142] that this enzyme is easily 

inactivated under oxidizing conditions due to intramolecular disulphide bond formation. 

As a consequence, a more stable enzyme with rather low initial activities might still 

achieve a higher product formation in the end as it was observed for HheD, HheD3 and 

HheD5 with substrate 3 and 4. Another reason could be the different experimental setups 

used for conversion of chloroalcohol 4. Specific activities were measured based on 

dehalogenation of 4, whereas conversions were determined in biotransformations of 4 

to 15, a combination of dehalogenation and subsequent cyanide-mediated epoxide ring 

opening. Hence, both obtained values are not directly comparable [161]. Moreover, 

differences in applied enzyme and substrate concentrations will also have had an impact 

on the obtained results. 

4.3.4 Thermostability of novel HHDHs 

Thermostabilities of novel HHDHs were investigated by two different approaches. First, 

T50 values for all HHDHs were measured. These T50 values can be regarded as half-

inactivation temperatures of the enzymes (Table 22). Second, for HHDHs with T50 values 

exceeding the one of HheC, also temperature optima were determined. Most of the 

enzymes did not exhibit exceptional stability as their T50 values ranged between 26 and 

45 °C. For six enzymes (HheA3, HheA5, HheD, HheD3, HheD5 and HheE5) significantly 

increased stability with T50 values up to 71 °C (HheE5) was observed. B-type enzymes 

generally showed moderate stabilities between 35 and 45 °C which is in agreement with 

literature data for previously described HheB [188]. For HheA [188] and HheA2 [34] a 

temperature optimum of 55 °C was reported previously. For novel A-type enzymes, 

HheA3 and HheA5, temperature optima of 55°C and 45°C, respectively, have been 

obtained, which are also in line with previously reported data for HheA3 [91] and HheA5 

[59] from other research groups. For HheE5, the only member of E-type HHDHs with an 

increased T50 value (71 °C), a temperature optimum of only 20 °C was determined. This 

discrepancy might be explained by a faster inactivation of HheE5 under reaction 
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conditions in comparison to a solely temperature induced unfolding. Alternatively, this 

enzyme might be able to refold efficiently into its active state after heat treatment. In 

contrast, for D-type enzymes HheD, HheD3 and HheD5, temperature optima between 

45 and 60 °C were obtained in agreement with their increased T50 values. Among all 

tested HHDHs, HheD3 exhibited the highest temperature optimum of 60 °C, which is 

also the highest reported value for wild-type HHDH enzymes reported to date. 

. 
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4.4 Conversion of cyclic epoxides using HheG 

In the course of investigating the substrate scopes of novel HHDHs, also two cyclic 

epoxides, cyclohexene oxide (13) and limonene oxide (14), for which HHDH-catalysed 

conversion had not been reported before, were used. Ring opening of 13 using azide as 

nucleophile thereby could provide a novel synthetic route to 2-aminocyclohexanol, a drug 

precursor of Vesamicol, an experimental drug that inhibits acetylcholine (ACh) uptake in 

presynaptic vesicles and reduces its release [189] (Figure 69).  

 

 

Figure 69: Epoxide ring opening of cyclohexene oxide (13) with halohydrin dehalogenase and sodium azide 
(NaN3) yielding 2-azidocyclohexan-1-ol. Further chemical reduction yields the corresponding amino alcohol 
(red) which could be used as a building block for the production of Vesamicol. 
 

Surprisingly, only one novel HHDH, HheG, showed significant azidolysis of 13 in test 

reactions achieving a conversion of 99% (Figure 30). All other tested HHDHs including 

previously described HheC exhibited only low conversion of 13 with product yields below 

40%. Considering that the chemical background reaction already yielded 10 to 30% 

azidoalcohol under the same reaction conditions, only HheG exhibited a clear enzymatic 

activity in this reaction. Interestingly, in all tested dehalogenation reactions only marginal 

activity could be detected for HheG with very low specific activities of <0.1 U mg-1 towards 

tested haloalcohols. Low products yields were also obtained in the azidolysis of epoxides 

8 and 10 using HheG. In case of limonene oxide (14) azidolysis, HheG exhibited highest 

product yields in comparison to other HHDHs (Figure 30). Only for HheE5 and HheF 

significant conversion compared to control reactions was observed in this reaction. 

Enantioselective ring opening of epoxides such as 13 can be chemically catalysed by 

(salen) Cr(lll) complexes (also known as Jacobsen´s catalysts) and received much 
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attention in the past [190]–[193]. Furthermore, more recent developments in using 

Oxone® for azidolysis of 13 are described [194], however this chemical approach does 

not lead to enantiopure products. Up to now, no enzymatic approach is described for the 

ring opening of 13 yielding the respective β-substituted alcohol. Hence, the identification 

of the new biocatalytic route reported herein provides an exciting new perspective for 

synthesis of this pharmaceutical compound.  

This outstanding performance of HheG in the conversion of cyclic epoxides led us to 

characterize HheG in more detail to understand its exceptional reactivity. The HheG 

gene sequence was identified from the genome of Ilumatobacter coccineus YM16-304, 

which was isolated from seashore sand [195]. The encoded protein was wrongly 

annotated as putative oxidoreductase. However, our employed database mining 

algorithm strongly indicated that the gene encoded a putative halohydrin dehalogenase 

as it contained the sequence motifs characteristic for HHDHs [21]. Phylogenetic analysis 

revealed that HheG evolutionary stands between the HHDH family and other members 

of the SDR superfamily (Figure 70), which is also underlined by a low sequence similarity 

of HheG to other HHDHs of around 30% [21]. This led us to hypothesize that HheG might 

exhibit a different substrate spectrum compared to other HHDHs. It should be pointed 

out, however, that to date nothing is known about HheG’s natural substrate or 

physiological function in Ilumatobacter coccineus. 

 

 
Figure 70: Minimum evolution trees of HHDH (red) and homologous SDR sequences. Showing a 
representative selection of three known (*) and 12 novel HHDHs together with 29 most homologous SDR 
sequences as well as FabG and DHRS4 as experimentally verified SDR enzymes (blue). Modified from 
Schallmey et al., 2014 [21]. 
 



  Discussion 
Conversion of cyclic epoxides using HheG 

153 

4.4.1 Crystal structure of HheG and biocatalytic properties 

To understand HheG´s distinctive substrate specificity, the protein was subjected to 

crystallization in order to determine its three-dimensional structure. For this, HheG was 

recombinantly produced in E. coli BL21 with high yield (94 mg L-1) and purified to 

homogeneity. Crystals of the enzyme could be obtained with relative ease under different 

buffer conditions, however, it was not possible to obtain crystals with bound substrate.  

HheG is a tetrameric protein, which is characteristic for HHDH enzymes [27], [72]–[74]. 

Each monomer carries a catalytic triad consisting of serine 152, tyrosine 165 and 

arginine 196, which are located in a loop-rich cavity (Figure 54). Low sequence similarity 

to known HHDHs was also observed by alignment with the structure of HheC in Yasara. 

The RMSD (Root-mean-square deviation of atomic positions) of the refined crystal 

structure was calculated to be 1.4 Å over 203 aligned residues with 23% sequence 

similarity (Figure 45 B). The overall fold resembles a Rossmann fold made up of seven 

β-strands forming a large parallel β-sheet structure and six α-helices located on both 

sides of the β-sheet; this fold is characteristic for SDR-like enzymes [158]. However, in 

HheG´s crystal structure an additional β-strand was identified (Figure 54 B) in 

comparison to other HHDH structures carrying only six β-strands. Another interesting 

feature is the lack of the C-terminal extension which is found in HheC but no other HHDH 

structure (Figure 55). In the crystal structures of HheA, HheB and HheC, a well-defined 

substrate tunnel to the active site pocket is observed (Figure 67). The size of this tunnel 

is suggested to influence to the stereoselectivity and specificity of these HHDHs [73] (see 

also 4.3.3). Interestingly, for HheG no such substrate tunnel is present (Figure 57). 

Instead, a rather large substrate binding pocket was observed in HheG, which is open to 

the left and right resulting in a groove-like active site. This large and open binding pocket 

presumably enables binding of bulky substrates such as 7, 13 and 14, whereas in other 

HHDHs with significantly smaller substrate tunnels binding of these cyclic substrates is 

likely sterically hindered. On the other hand, smaller aliphatic substrates, such as 1 or 8 

which are converted by other HHDHs, are generally not converted by HheG (Table 20, 

Figure 30) due to the loose coordination of small molecules in the large pocket of HheG. 

The conversions of more bulky aromatic substrates such as styrene oxide (10) and even 

better larger compound glycidylphenylether (11) (Figure 30) by HheG also underlines 

HheG preference for bulkier substrates over small aliphatic substrates.  

The observed substrate specificity of HheG (Table 20, Figure 30) as well as the structural 

differences to other HHDHs suggests that HheG may have naturally evolved to 

specifically convert cyclic substrates. To further analyse HheG´s catalytic behaviour, we 

determined the kinetic parameters of this enzyme in the conversion of cyclic epoxides 

13 and 14 as well as chlorocyclohexanol (7), the corresponding haloalcohol of 13. For 
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all three tested substrates, generally high K50 values ranging from 19 to 30 mM were 

measured (Table 24). Hence, the affinity of the enzyme towards the tested substrates 

seems to be generally low indicating that they are likely not the natural substrates of 

HheG. The high K50 values obtained in kinetic measurements can be also explained by 

the open substrate-binding pocket of HheG, which was identified in the crystal structure 

(Figure 57). On one hand, the wide substrate-binding pocket allows bulky and cyclic 

substrates to come close enough to the catalytic residues, whereas, on the other hand, 

the stabilization of the orientation of these substrates in this open active site may be 

compromised. High substrate concentration and thus binding of multiple substrate 

molecules in the active site might be necessary to fix the substrate in the required 

orientation for catalysis. Interestingly, the lowest affinity of HheG was observed for 

haloalcohol 7 with a K50 of 30 mM, whereas K50 values obtained for epoxides 13 and 14 

are in the range of 20 mM. This further indicates that HheG preferentially catalyses the 

epoxide ring opening over the dehalogenation reaction. Furthermore, the low turnover 

(kcat) with haloalcohol 7 (0.3 s-1) points towards this conclusion. In comparison, azidolysis 

of 13 was 26 times faster with a kcat of 7.8 s-1. The azidolysis of 14 was around six times 

faster than the epoxide ring opening reaction using azide of 13 (44 s-1). This observation 

suggests that 14 is better stabilised in the active site of HheG and, therefore, converted 

more efficiently. In the course of this thesis, however, no HheG structures with co-

crystallised substrate 13 or 14 could be obtained. Interestingly, a big discrepancy was 

observed when comparing the measured turnover numbers of 13 using cyanide as 

nucleophile compared to azidolysis of 13. In case of cyanide a kcat of 0.2*10-3 s-1 was 

determined, which is more than 1000-fold lower than that measured with NaN3 (Table 

24). For the determination, a constant nucleophile concentration of 75 mM NaCN was 

used, which is only 3.6 times higher than the obtained K50 for NaCN of 20 mM (Table 

24). Hence, cyanide saturation was not reached, and an influence of the nucleophile 

concentration on the conversion cannot be excluded. In the case of cyanide, a high 

chemical reactivity was observed, and increasing the concentration of this nucleophile 

resulted in a high background reaction in buffer controls. Nevertheless, HheG’s big 

activity difference between cyanide- and azide-mediated epoxide ring opening of 13 

underlines that the activity is depending on the applied nucleophile. This result is in line 

with previous observations made for HheC, where a 64-fold higher activity was observed 

in the epoxide ring opening of epoxybutane if NaN3 was used instead of NaCN [37]. Also, 

for nine different tested epoxides HheC showed the highest activity when NaN3 was used 

as nucleophile [37]. The higher affinity of HheG towards NaN3 as nucleophile in 

comparison to NaCN is further reflected by the measured K50 values for each 

nucleophile. The K50 of 20 mM for NaCN was much higher than for NaN3 with a K50 of 
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8.6 mM (Table 24). This might also indicate that the azide nucleophile is better stabilised 

in HheG´s nucleophile binding pocket than the cyanide ion. In comparison to HheC, the 

nucleophile binding pocket of HheG appears to be wider. The distance between the 

catalytic triad and the backbone nitrogens of the nucleophile binding pocket in HheG is 

larger than in HheC (Figure 56). Hence, the negatively charged nitrogen of azide might 

be located closer to the epoxide ring than the negatively charged carbon of cyanide and 

thus speed up the reaction. That could explain why for other HHDHs higher activities in 

cyanolysis reactions were obtained. For instance, kcat values of 2.5 s–1 (HheC,[37]) and 

39.7 s-1 (HheB,[65]) for epichlorohydrin and of 12.1 s-1 (HheB,[66]) were reported for 

cyanolysis of epoxybutane. It should be noted, however, that different substrates were 

applied in these reactions, which has also an influence on the determined kcat values. 

Taking into account the obtained data in various biotransformation of 13, it can be 

concluded that the reaction is more efficient when using azide as nucleophile. When 

using same substrate and nucleophile loads (5 mM 13 and 20 mM NaCN) in the 

cyanolysis of 13, the reaction was much slower (16% conversion after 24h) compared to 

100% for azidolysis (Figure 30, Figure 40). Also by increasing the enzyme concentration 

in the cyanolysis reaction, incomplete conversion was observed after 24 h. At higher 

substrate and nucleophile loads, higher product yields of 16a were obtained, this can be 

explained by working in the range of the evaluated K50. However, high NaCN 

concentration resulted in a strong background reaction. NaCN is a strong base with a 

pKa of 9.21 and therefore, a potent nucleophile, which triggers the reaction at high 

concentrations. Thus, a defined balance between substrate and nucleophile load might 

prevent high chemical background reaction, and higher substrate loads would be 

possible to increase the productivity of the enzyme. 

Conversion of 14 to azidoalcohol 17a (2-azido-1-methyl-4-(prop-1-en-2-yl)cyclohexan-1-

ol) with purified enzyme was proven to be regioselective and appeared generally fast 

(58% conversion after 1 h) when using low HheG concentrations (62.6 µg mL-1) and a 

substrate to nucleophile ratio of 1:2 (Figure 49). Interestingly, when increasing the 

substrate to nucleophile ratio to 1:3, the reaction was just slightly faster, whereas the 

chemical background reaction was reduced (Figure 49). This is in agreement with the 

obtained kinetic data of HheG and 14, for which the highest catalytic efficiency (2.3 s-1 

mM-1) was obtained among all tested substrates. Increasing the substrate concentration 

from 10 to 30 mM and keeping the ratio of substrate to nucleophile constant reduced the 

conversion from 100% to 80%. However, higher product yields were reached (10 mM 

and 24 mM 17a when using 10 or 30 mM 14, respectively). Also in the azidolysis of 14, 

the chemical background reaction was significantly increased at higher nucleophile 

concentrations. This indicates that also in case of azide the nucleophile concentration 
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can become a problem for upscaling of the reaction. However, already much higher azide 

concentration compared to cyanide is tolerated by the enzyme. Interestingly, using whole 

cells containing HheG as catalyst, 14 was even converted faster in the azidolysis 

reaction. Here, the amount of enzyme present in the cells was likely much higher than 

the applied purified enzyme amount, which can explain the more efficient conversion 

using whole cells.  

Further research was focussed on the cyanolysis of 13 as the resulting 16a is a building 

block in the synthesis of an androgen receptor antagonist for the treatment of both 

alopecia and excess sebum which is still in clinical studies (Figure 71) [163]. 

 

 

Figure 71: Three-step chemical synthesis of the API (18) (4-[(1R,2S)-2-Cyanocyclohexyloxy]-2-
(trifluoromethyl)-benzonitrile) via a Lewis acid catalysed ring opening with trimethylsilyl cyanide followed by 
hydrolysis of the trimethylsilyl group and subsequent O-arylation with 4-fluoro-2-(trifluoromethyl)benzonitrile in 
the presence of lithium hydride. Cyanoalcohol 16a is highlighted in red. Adapted from [163].  
 

First of all, temperature and pH optima for the ring opening reaction of 13 were 

investigated. A T50 value of 40 °C was determined for HheG [161] in the dehalogenation 

reaction (see 4.3.4 and Table 22), hence it is not a particularly thermostable enzyme. 

Nevertheless, to optimize epoxide ring opening reactions of 13 also reaction temperature 

optimum and pH optimum for the nucleophilic ring opening with NaN3 were determined 

(Figure 37 and Figure 38). The reaction conditions yielding the highest amount of product 

were 30 °C and pH between pH 6 and 8. However, in further experiments, catalysis of 

the ring opening, was actually carried out at 22 °C as it was observed that elevated 

temperatures lead to a higher chemical background reaction, especially when NaCN was 

applied as a nucleophile (Figure 39). The determined pH optimum was well in line with 

the literature-published optima of other HHDHs. For HheA, HheB and HheC an optimum 

pH for the dehalogenation between pH 8 and 9 was obtained [81], [188], [196] and for 

epoxide ring opening between pH 4 and 7 [27], [40], [67], [188], [196]. Cyanolysis of the 
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epoxide ring is favoured at a pH of 8 (Figure 39) which can be explained by the pKa of 

HCN of 9.21. An alkaline pH is thereby important to ensure that CN- ions are available 

for the reaction and that formation hydrocyanic acid (HCN) is not favoured. The chemical 

cyanolysis of 13 leads to racemic 16a namely ((1R,2S)- and (1S,2R)-2-

cyanocyclohexan-1-ol) (Figure 41). Especially for the production of pharmaceutical 

compounds it is important to obtain enantiopure product. In case of the production of the 

androgen receptor antagonist the required enantiomer is the (1S,2R)-2-

hydroxycyclohexane-1-carbonitrile [or (2S,1R)-2-cyano-1-cyclohexanol] (2S,1R-16a). 

Hence, HheG´s enantioselectivity in the production of 16a was investigated. HheG 

produced the desired (2S,1R)-16a enantiomer with an enantiomeric excess (eeP) of 37% 

after 30 min reaction time. The selectivity decreased to 30% after 24 h of reaction (Figure 

42). The loss of selectivity is a result of the increasing influence of the unselective 

chemical background reaction, which lowers the enantiomeric excess of the product. To 

improve HheG´s overall performance in the production of 16a, whole cell 

biotransformations as well as a cascade reaction starting from haloalcohol 7 were 

investigated. Using whole cells as biocatalyst provides a number of advantages over 

reactions catalysed by isolated enzymes and is thus often preferred in industrial 

bioprocesses. For example, an enzyme isolation step prior to use is not required if whole 

cells are applied. In addition, in comparison to isolated enzymes, whole cell biocatalysts 

can be more stable and therefore, retain activity for an extended period of time [164]. To 

evaluate the possibility of using HheG as a whole-cell catalyst, biotransformations of 13 

and 14 leading to products 16 and 17 were carried out. First, the production of 

cyanoalcohol 16a starting either from epoxide 13 or chloroalcohol 7 was evaluated using 

whole cells. In both cases, if 20 mM substrate and 40 mM NaCN were applied in 

reactions, conversion stopped at 60% after 24 h resulting in a volumetric productivity of 

1.5 mg mL-1 (Table 25, Figure 45). In contrast, using 1 mg mL-1 purified HheG and only 

5 mM 13 only 38% conversion was obtained after 24 h (Figure 40). The higher conversion 

observed in reactions using whole cells can be caused by higher enzyme amounts 

present in the cells. Moreover, also the low substrate load (5mM) in experiments with 

purified enzyme could explain the significantly lower conversion, as this substrate 

concentration was significantly below the later determined K50 of HheG for 13. Using 20 

mM 13 and 80 mM NaCN in reactions using purified HheG, a conversion of 65% was 

obtained after 24 h. At the same time, however, also a high background reaction caused 

by the higher nucleophile concentration was observed (Figure 40). Comparing the 

epoxide ring opening of 13 to the cascade reaction starting from 7, the chemical 

background reaction was five times lower in the cascade (Table 25). Following the 

reaction over time, it can be observed that in case of the cascade the chemical epoxide 
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ring opening is repressed as a result of a low dehalogenation rate of 7. While HheG 

catalysed in the first 5 hours the production of 10 mM 13, in the buffer control only 1 mM 

epoxide is formed. This reduced background in the cascade reaction also had a positive 

effect on the enantiomeric excess of the product. Starting from haloalcohol 7 an eeP of 

40% (2S/1R)-16a was obtained, which was stable over the whole reaction time (120 h). 

In comparison, an eeP of 36% (2S/1R)-16a was obtained in epoxide ring opening 

reactions (Table 25 and Figure 45). In both cases, incomplete conversion of 7 or 13 was 

observed indicating that HheG was inactivated over time. Addition of fresh cells to the 

reaction could increase the final conversion. Higher substrate loads led to higher a 

conversion if the nucleophile was added in twofold excess compared to substrate 7 

(Figure 46 and Table 26). Using 50 mM or 100 mM 7, a yield of 4.9 or 8.9 mg mL-1 16a 

was obtained, which equates to a conversion of 80% or 70%. Also here the reaction 

stopped after 24 h, which indicates an inactivation of HheG. Due to the high cyanide 

concentrations, chemical epoxide ring opening was much higher compared to reactions 

using lower substrate loads. In both cases 50% of the obtained product was produced 

chemically, and the eeP was negatively influenced (20 or 15%) (Table 26). Lower 

enantioselectivity is likely caused by the high level of unselective background reaction 

(EV control). Furthermore, the enantiomeric excess in both cases decreased over time, 

exemplifying the influence of the unselective background reaction. Nevertheless, a lot 

more product was formed using this approach. Increasing the substrate-nucleophile ratio 

to 1:1 could lower the background, and a conversion of 50 or 65% was obtained (Figure 

47). Reaction was much slower and saturation was obtained after 120h, indicating that 

also product 16 might have an inhibitory effect on HheG. The reduced chemical 

background is also mirrored by the higher eeP of 35 and 30% (Table 25). Based on the 

obtained data, using low substrate loads up to 20 mM and a 1:2 molar ratio of substrate 

to nucleophile would be the optimal setup to avoid high unselective background reaction. 

Also feeding substrate and nucleophile to the cells could improve the yield and reduce 

background. 

With our findings, HheG could be employed as a whole cell catalyst for the production of 

16a. After extraction the resulting product used for a kinetic resolution as described by 

Vaidyanathan and coworkers, who developed a chemoenzymatic synthesis for the API 

(active pharmaceutical compound) 18 making use of the enantioselective kinetic 

resolution of 2-cyano-cyclohexanol (16a) by Novozym 435 enzyme [163] (Figure 72).  
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Figure 72: Chemoenzymatic kinetic resolution of rac-16. Adapted from [163]. 
 

Kinetic resolution of 16a was also successfully carried out using Pseudomonas cepacia 

lipase and vinyl acetate (see section 3.3.2.1 and Figure 43). Since HheG produces the 

desired enantiomer only with an eeP of about 40%, the product could be further 

enantioenriched by combination of the HheG reaction with a respective lipase catalysed 

kinetic resolution. Furthermore, being able to find a HheG variant with a higher 

enantioselectivity in the conversion of 13 could facilitate the production of 2S,1R-16a in 

a single enzymatic step. This variant could be a naturally occurring HheG variant, e.g. 

identified by database mining, or a mutant of HheG generated by means of protein 

engineering. With the crystal structure of HheG at hand, amino acid residues influencing 

the enzyme’s stereoselectivity can be identified to optimize HheG´s performance in 

future. In the course of the master thesis project of Jennifer Solarczek, one additional G-

type HHDH (HheG2) was identified and characterized. HheG2 has a sequence identity 

of 72% to HheG and exhibited a similar substrate scope and enantioselectivity as HheG 

(data not shown) indicating that also other G-type enzymes do not offer high 

stereoselectivity.  

Whole cell biotransformation and cascade reaction from 7 to 16b was also investigated 

(Figure 49). As expected from previous experiments and kinetic data, azidolysis of 13 

was quicker compared to cyanolysis with already 85% conversion after 24 h. Reaction 

was not finished after 24 h, and it can be assumed that 100% conversion could have 

been obtained after a longer reaction time. Using NaN3 as nucleophile almost no 

background reaction was observed, as observed in previous biotransformations using 

purified enzymes. Azidolysis of 13 yielded, comparable to cyanolysis reaction, a 40% 

enantiomeric excess of one of the formed product. Hence, whole cell cascade 

biotransformation using HheG to produce 16a or 16b might be useful alternatives to the 
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chemical production of API precursors. Nevertheless, HheG´s enantioselectivity would 

need to be optimized first. 

The solved crystal structure of HheG was very helpful to support a possible protein 

engineering campaign for tailoring HheG’s catalytic performance. Engineering of HheG 

would be beneficial on one hand in order to improve the enzyme’s catalytic efficiency, 

both in dehalogenation and epoxide ring opening reactions, and on the other hand to 

increase the enzyme’s enantioselectivity. As no HheG structure with bound substrate 

could be obtained, published engineering data of HheC were used for comparison and 

as a starting point for HheG engineering. In HheC, five residues were shown to influence 

its activity and enantioselectivity. Residues proline 84 and phenylalanine 86 as well as 

proline 175 and asparagine 176 had pronounced effects on the cyanolysis activity and 

enantioselectivity of HheC [77]. After aligning the structures of HheC and HheG, 

isoleucine 104 and threonine 106 as well as threonine 195 and asparagine 196 were 

identified as homologous residues in HheG (Figure 58). A positive effect on hydroxynitrile 

synthesis and dehalogenation of several substrates [136] as well as cyanolysis [77] was 

monitored when mutating threonine 154 to cysteine or alanine, which was attributed to 

the loss of a hydrogen bond between threonine 154 and the catalytic serine 132. The 

homologous residue in HheG was identified as threonine 154 (Figure 62). To test 

whether mutation of this residue in HheG would have the same effect, point mutation 

T154A was introduced in HheG. However, no positive effect on the activity of HheG was 

observed (Figure 63). This suggests that due to structural differences in the immediate 

vicinity of the substrate binding site, the direct transfer of beneficial mutations from HheC 

to HheG is not possible. In that respect, saturation mutagenesis of homologous sites 

might be more beneficial in order to identify improved variants of HheG. The latter 

mutagenesis strategy was employed for positions I104 and T106 as well as T195 and 

N195, in HheG and the dehalogenation activity of individual mutants with substrate 7 

was tested. For library T195/N196 no activity improved mutants were identified. On the 

contrary, the majority of variants in this library showed lower activity in comparison to 

wild type HheG, indicating that the amino acids already present in wild-type HheG are 

likely required for retaining an efficient dehalogenation activity of HheG. From site-

saturation mutagenesis library at position I104/T106, 13 hits were identified with activity 

improvement of up to 89% (Table 28). Sequencing of the variants showed that 12 unique 

amino acid exchanges were obtained (Table 28). In case of one clone (2G11), an activity 

improvement of 42% was measured although sequencing identified this mutant as wild 

type HheG. Hence, the screening data seemed to contain significant variation. Such 

variations might be explained by different amounts of recombinantly produced protein in 

the different clones. Differences in expression level during screening of a mutant library 
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are not only caused by the introduced mutations but also by the location of the respective 

clone on the microtiter plate, as especially temperature conditions can be slightly 

different from well to well during incubation. Screening only a plate full of wildtype HheG, 

a standard deviation in the dehalogenation activity of already 10 to 15% was obtained, 

which is likely caused by differences in HheG expression level. The high variation of the 

screening data can also be explained by degradation of the proteins in the CFE by the 

high acid concentration in the assay reagent. Thus, high standard deviations can occur 

as observed (refer to Table 28). Subsequently, six of the 12 mutants were successfully 

expressed and purified to check their activities and enantioselectivities. Using purified 

enzymes, no significant improvement in the dehalogenation of chloroalcohol 7 was 

observed (data not shown). This is in contrast to the observations made in the library 

screening. This time, for each mutant the same protein concentration could be used in 

the reaction and thus, the obtained activities are not influenced by the expression levels. 

Furthermore, also azidolysis of 13 was tested but again none of the six mutants showed 

a significantly improved activity (Figure 61). Three mutants, 5E11, 3G3 and 3E1, 

exhibited even lower azidolysis activity. In case of 5E11 (I104A and T106N), large 

nonpolar amino acids of the wildtype were exchanged by smaller nonpolar residues. 

Smaller residues lead to an even bigger substrate binding pocket, and it can be assumed 

that the substrate is less stabilised in this mutant. In case of mutant 3G3 (I104H and 

T106S), also smaller amino acids were introduced. Interestingly, variant 3E1 (I104T and 

T106K), for which a decreased activity (Figure 61 A) in the conversion of 13 with azide 

was observed, showed a slightly better enantioselectivity in this reaction (Figure 61 B). 

Wild type HheG produces 16b with an enantiomeric excess of 33%, while for 3E1 an eeP 

of 45% was observed. For all other mutants except 2F4 a worse or similar selectivity 

compared to wild type HheG was observed. Mutation of isoleucine 104 to methionine, 

as identified in mutant 2F4, had an even more beneficial effect on the enzyme’s 

selectivity resulting in an eeP of 70% (Figure 61 B), though conversion of 13 was clearly 

reduced (Figure 61 C). Both selectivity-increasing mutations have a clear effect on the 

surface composition of HheG (Figure 73). 

While in HheG an open pocket harbouring the active site can be observed, in 

HheG_I104M and I104T/T106K the pocket is partially closed, forming a tunnel-like 

structure to the active site (Figure 73 top). In both mutants, one of the tunnel openings 

is narrower than the other one (Figure 73 bottom). Hence, substrate access is likely 

hindered from one of the sides. This hypothesis is also strengthened by the comparison 

of mutants HheG_I104M and I104T/T106K. In case of HheG_I104M, for which a higher 

selectivity was observed, the tunnel opening is even more closed than in mutant 

I104T/T106K. For the selective ring opening of 13, the orientation of the epoxide with 
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respect to the catalytic triad might play an important role and the increased selectivity 

might thus be caused by a more selective binding of the substrate in one orientation in 

the constricted active site of the mutants. Interestingly, in a still on-going master thesis 

project it was observed that these mutants lost their selectivity completely when cyanide 

was applied as nucleophile. Hence, also the binding and orientation of the nucleophile 

might play a role. 

In a nutshell, protein structure determination and first engineering attempts on HheG 

gave valuable insights into this outstanding enzyme. Similarities and differences to 

previously described HHDHs were identified. Interestingly, positions that were before 

identified to play an important role in the selectivity of HheC were also identified in HheG 

and a similar effect was proven. To understand the mechanism of HheG better more 

research has to be done in the future. The results of this study are a good starting point 

for in depth structure-function relationship studies and especially for engineering of 

HheG’s catalytic performance. 

 

 
 
Figure 73: Comparison of surface of wild type HheG (HheG_WT, blue), mutant single point mutant I104M 
(middle, yellow) and double mutant I104T/T106K (right, black). Mutated residues are highlighted in magenta. 
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5. Conclusions and future perspectives 

This thesis addresses the enlargement of the halohydrin dehalogenases (HHDH) 

enzyme family. HHDHs are remarkable biocatalysts for the reversible dehalogenation of 

vicinal haloalcohols leading to epoxide ring formation. In nature these enzymes are 

involved in the mineralization of halogenated xenobiotics. In presence of various 

nucleophiles, such as azide or cyanide, the enzymes can also catalyse the epoxide ring 

opening through a carbon-carbon (C–C) or carbon-nitrogen (C–N) bonds formation. The 

β-substituted alcohols derived from this reaction are valuable building blocks for the fine 

chemical industry. 

Because of this remarkable catalytic function, it was of general interest to identify novel 

HHDHs, especially with regard to discovery of new biocatalytically functions. Through a 

database search using HHDH sequence specific motifs for the catalytic triad and the 

nucleophile binding pocket, 37 putative sequences were identified in previous works and 

20 of those were recombinantly expressed in E. coli. For all successfully expressed 

proteins, HHDH activity was demonstrated with a dehalogenation assay of two HHDH 

model substrates, 1,3-dichloro-2-propanol and 2-chloro-1-phenylethanol. Phylogenetic 

inference confirmed that all identified HHDHs form a distinct monophyletic clade within 

the short-chain dehydrogenase/reductase superfamily. Furthermore, four additional 

phylogenetic subtypes were identified that differ from previous described subtypes. 

Making use of just two sequence motifs and the enormous wealth of genome sequences 

present in public databases, 64 novel HHDH sequences were identified to date. This 

illustrates the potential of the presented in silico approach as a tool for identification of 

rare gene sequences of scientific and industrial interest. 

Another aspect of this thesis is the in depth characterization of novel HHDH enzymes 

spanning all six phylogenetic subtypes and aiming at identifying correlations and novel 

functionalities. In total 17 proteins were successfully produced in Escherichia coli and 

purified with yields between 5.7 and 225 mg L-1 and purity exceeding 90%. Of those 

enzymes 4 showed significantly enhanced thermostability relative to HheC from 

Agrobacterium radiobacter AD1. The substrates scopes in the dehalogenation of eight 

haloalcohols and seven epoxides were determined. Several enzymes with a broad 

substrate spectrum similar to the one of archetypal HheC were identified with specific 

dehalogenation activity ranging from 0.3 to 80 U mg-1 and up to 100% product yields in 

azidolysis of various epoxides. All tested enzymes were regioselective in the 

dehalogenation of aliphatic haloalcohols and no activity towards fluorinated alcohols was 

observed as for previously described HHDHs. Six enzymes with activities ranging from 

30 to 47 U mg-1 towards the industrially important substrate ethyl 4-chloro-3-
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hydroxybutyrate were identified corresponding to 1.1 to 1.8 fold higher activity relative to 

HheC. Higher activity compared to HheC was also proven in a cascade reaction 

combining dehalogenation of ethyl 4-chloro-3-hydroxybutyrate and subsequent cyanide 

mediated epoxide ring opening. Although none of the enzymes tested showed significant 

enantioselectivity in the ring-opening reaction, it was observed that the stereopreference 

of the novel HHDHs correlates with the phylogenetic placing in the subtypes A through 

G.  

One of the most important results of this thesis was the identification of the novel 

halohydrin dehalogenase HheG from Ilumatobacter coccineus YM16-304. This enzyme 

catalyses the conversion of cyclic epoxides, such as cyclohexene oxide. While all other 

enzymes showed product yields in the azidolysis of cyclohexene oxide in the range of 

the chemical background reaction, HheG exhibits 100% product yield. Further 

characterization of HheG showed that this enzyme is specialized in the ring opening of 

(cyclic) epoxides as hardly any activity was found in the conversion of aliphatic or 

aromatic chloroalcohols. Also for the cyclic haloalcohol chlorocyclohexanol only marginal 

activity was measured with a kcat of 0.3 s-1 versus a kcat of 7.8 s-1 for the azidolysis of the 

corresponding epoxide. The crystal structure of HheG was solved in the course of this 

work (in cooperation with Christina Diederich, HZI, Braunschweig). The gained structural 

information revealed significant differences and low sequence and structurally identity to 

previously known HHDHs. An enlarged substrate binding pocket in contrast to substrate 

tunnels in crystal structures of HHDHs from other classes is likely responsible for the 

outstanding substrate specificity of HheG. First structure-based engineering attempts to 

increase the still comparably low activity and the moderate enantioselectivity towards 

cyclohexene oxide of HheG were carried out. Knowledge from previous engineering of 

HheC could not be transferred in all cases to HheG. Especially amino acids that have a 

positive influence on the activity in HheC play a less important role in HheG. Interestingly, 

residues that had a positive influence on HheC´s selectivity were also identified to play 

a key role in the selectivity of HheG. Available structure and first results of the focused 

engineering of HheG give a good starting point for further analysis and improvement of 

this novel HHDH. The identification of HheG with new functionalities can help to identify 

more diverse biocatalysts in the next years. To date, one more G-type HHDH (HheG2) 

with substrate specificities similar to HheG (Master thesis Jennifer Solarczek, 2016) was 

identified through public databases mining. HheG was also successfully applied as whole 

cell biocatalyst in cascade reactions yielding 2-cyanocyclohexanol or 2-

azidocyclohexanol with high yields. Especially mentioned azidoalcohol can be a useful 

intermediate in the production of important APIs. 
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As a final point, the scientific contributions made during my PhD studies include: 

• Cloning, recombinant expression, purification and characterization of 17 novel 

halohydrin dehalogenases; 

• With the findings, more HHDHs are available for the industrial and scientific 

community for the production of β-substituted alcohols;  

• Identification of a novel biocatalyst (HheG) for the epoxide ring opening of cyclic 

epoxides; 

• Structural and biochemical characterization of HheG; 

• Identification of a HheG mutant with twofold increased enantioselectivity in the 

production of 2-azidocyclohexanol; 

• Development of a one-step biocatalytic route towards 2-cyano-cyclohexanol and 2-

azido-cyclohexanol using HheG-overexpressing cells. 
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5. Schlussfolgerungen und Zukunftsperspektiven  

Diese Arbeit befasst sich mit der Erweiterung der Enzymfamilie der Halohydrin 

Dehalogenasen (HHDH). HHDHs sind bemerkenswerte Biokatalysatoren für die 

reversible Dehalogenierung von vicinalen Haloalkoholen, welche zur Epoxidringbildung 

führt. Diese Enzyme sind in der Natur an der Mineralisierung von halogenierten 

Xenobiotika beteiligt. In Anwesenheit verschiedener Nukleophile, wie zum Beispiel Azid 

oder Cyanid, können diese Enzyme auch die Epoxidringöffnung durch die Bildung neuer 

Kohlenstoff-Kohlenstoff- (C–C) oder Kohlenstoff-Stickstoff- (C–N) Bindungen 

katalysieren. Die aus diesen Reaktionen gebildeten β-substituierten Alkohole stellen 

wichtige Bausteine für die feinchemische Industrie dar.  

Aufgrund dieser bemerkenswerten katalytischen Funktion war es von allgemeinen 

Interesse, neue HHDHs zu identifizieren, insbesondere im Hinblick auf die Entdeckung 

neuer biokatalytische Funktionen. Durch eine Datenbanksuche unter Verwendung von 

sequenz-spezifischen Motiven für die katalytische Triade und die Nukleophil-

Bindetasche von HHDHs wurden 37 putative Sequenzen in früheren Arbeiten identifiziert 

und 20 davon wurden rekombinant in E. coli exprimiert. Für alle erfolgreich exprimierten 

Proteine konnte die HHDH-Aktivität über einen Dehalogenierungstest mit zwei HHDH-

Modellsubstraten, 1,3-Dichlor-2-propanol und 2-Chlor-1-phenylethanol, festgestellt 

werden. Phylogenetische Rückschlüsse bestätigten, dass alle identifizierten HHDHs 

eine eindeutige monophyletische Klade innerhalb der short-chain 

dehydrogenase/reductase Superfamilie bilden. Darüber hinaus wurden vier weitere 

phylogenetische Subtypen identifiziert, die sich von den zuvor beschriebenen Subtypen 

unterscheiden. Unter Verwendung von nur zwei Sequenzmotiven und dem enormen 

Reichtum an Genomsequenzen, die in öffentlichen Datenbanken vorhanden sind, 

wurden bislang 64 neue HHDH-Sequenzen identifiziert. Dies veranschaulicht das 

Potential des angewendeten in silico Ansatzes als ein Werkzeug zur Identifizierung von 

seltenen Gen-Sequenzen, welche von wissenschaftlichem und industriellem Interesse 

sind. 

Ein weiterer Aspekt dieser Arbeit ist die detaillierte Charakterisierung der neuartigen 

HHDH Enzyme, die alle sechs phylogenetischen Subtypen umfassen, und zielgebend 

ist dabei die Identifizierung von Korrelationen und neuen Funktionen. Insgesamt wurden 

17 Proteine erfolgreich in Escherichia coli produziert und mit Ausbeuten zwischen 5.7 

und 225 mg L-1 bei einer Reinheit höher als 90% aufgereinigt. Von diesen Enzymen 

zeigten vier signifikant erhöhte Temperaturstabilität im Vergleich zu HheC aus 

Agrobacterium radiobacter AD1. Die Substratspektren in der Dehalogenierung von acht 

Haloalkoholen und sieben Epoxiden wurden bestimmt. Mehrere Enzyme wurden 
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identifiziert mit einem breiten Substratspektrum, ähnlich dem von der archetypischen 

HheC mit spezifischen Aktivitäten zwischen 0.3 bis 80 U mg-1 und bis zu 100% 

Produktausbeuten in der Azidolyse verschiedener Epoxide. Dabei waren alle Enzyme 

regioselektiv in der Dehalogenierung von aliphatischen Haloalkoholen und, wie bei 

vorher beschriebenen HHDHs, wurde keine Aktivität gegenüber fluorierten Alkoholen 

festgestellt. Sechs Enzyme mit Aktivitäten zwischen 30 und 47 U mg-1 gegenüber dem 

industriell wichtigen Substrat Ethyl 4-Chlor-3-hydroxybutanoat wurden identifiziert, 

welches einer 1.1- bis 1.8-fachen Aktivitätserhöhung relativ zu HheC entspricht. Eine 

höhere Aktivität gegenüber HheC zeigte sich auch in einer Kaskadenreaktion, welche 

die Dehalogenierung von Ethyl 4-Chlor-3-hydroxybutanoat mit einer anschließenden 

Cyanid-vermittelten Epoxidringöffnung kombiniert. Obwohl keines der getesteten 

Enzyme eine signifikante Enantioselektivität in der Ringöffnungsreaktion zeigte, wurde 

beobachtet, dass die Stereopräferenz der neuen HHDHs mit der phylogenetischen 

Platzierung in den Subtypen A bis G korreliert. 

Eines der wichtigsten Ergebnisse dieser Arbeit war die Identifizierung der neuen 

Halohydrin Dehalogenase HheG aus Ilumatobacter coccineus YM16-304. Dieses Enzym 

katalysiert die Umwandlung von cyclischen Epoxiden, wie Cyclohexenoxid. Während 

alle anderen Enzyme Produktausbeuten bei der Azidolyse von Cyclohexenoxid im 

Bereich der chemischen Hintergrundreaktion zeigten, zeigte HheG 100% 

Produktausbeute. Eine weitere Charakterisierung von HheG zeigte, dass dieses Enzym 

auf die Ringöffnung von (cyclischen) Epoxiden spezialisiert ist, da bei der Umsetzung 

von aliphatischen oder aromatischen Chloralkoholen kaum eine Aktivität gefunden 

wurde. Auch für den cyclischen Haloalkohol Chlorcyclohexanol wurde nur eine 

marginale Aktivität mit einen kcat von 0.3 s-1 gemessen, wohingegen in der Azidolyse des 

korrespondierenden Epoxids ein kcat von 7.8 s-1 gemessen wurde. Die Kristallstruktur von 

HheG wurde im Zuge dieser Arbeit (in Zusammenarbeit mit Christina Diederich, HZI, 

Braunschweig) gelöst. Die gewonnenen Strukturinformationen ergaben signifikante 

Unterschiede und eine geringe Sequenz- und Struktur- Identität mit bisher bekannten 

HHDHs. Eine vergrößerte Substratbindetasche, im Gegensatz zu Substrattunneln in 

Kristallstrukturen von HHDHs aus anderen Klassen ist wahrscheinlich für die 

hervorragende Substratspezifität von HheG verantwortlich. Erste strukturbasierte 

Proteinengineering Versuche zur Steigerung der noch vergleichsweise geringen Aktivität 

gegenüber Cyclohexenoxid und der moderaten Enantioselektivität von HheG wurden 

durchgeführt. Kenntnisse aus dem bisherigen Proteinengineering von HheC konnten 

nicht in allen Fällen auf HheG übertragen werden. Besonders Aminosäuren, die einen 

positiven Einfluss auf die Aktivität von HheC haben, spielen in HheG eine untergeordnete 

Rolle. Interessanterweise wurden auch Reste identifiziert, die einen positiven Einfluss 
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auf die Selektivität von HheC hatten, auch eine Schlüsselrolle bei der Selektivität von 

HheG zu spielen. Die vorhandene Struktur und die ersten Ergebnisse des fokussierten 

Proteinengineerings von HheG geben einen guten Ausgangspunkt für die weitere 

Analyse und Verbesserung dieser neuartigen HHDH. Die Identifikation von HheG mit 

neuen Funktionalitäten kann dazu beitragen, in den nächsten Jahren vielfältigere 

Biokatalysatoren zu identifizieren. Bisher wurde eine weitere G-Typ HHDH (HheG2) mit 

Substratspezifitäten ähnlich HheG (Masterarbeit, Jennifer Solarczek, 2016) in 

öffentlichen Datenbanken identifiziert. HheG wurde auch erfolgreich als Ganzzell-

Biokatalysator in Kaskadenreaktionen zur Produktion von 2-Cyancyclohexanol oder 2-

Azidocyclohexanol mit hohen Ausbeuten eingesetzt. Besonders der erwähnte 

Azidoalkohol kann ein nützliches Zwischenprodukt bei der Herstellung von wichtigen 

APIs sein. 

Zusammengefasst beinhalten die wissenschaftlichen Beiträge die ich während meiner 

Promotion gemacht habe: 

• Klonierung, rekombinante Expression, Reinigung und Charakterisierung von 17 

neuen Halohydrin Dehalogenasen; 

• Mit den Ergebnissen sind weitere HHDHs für die industrielle und wissenschaftliche 

Gemeinschaft zur Herstellung β-substituierter Alkohole verfügbar; 

• Identifizierung eines neuen Biokatalysators (HheG) für die Epoxidringöffnung von 

cyclischen Epoxiden; 

• Strukturelle und biochemische Charakterisierung von HheG; 

• Identifizierung einer HheG-Mutante mit zweifach erhöhter Enantioselektivität bei der 

Herstellung von 2-Azidocyclohexanol; 

• Entwicklung eines einstufigen biokatalytischen Weges zur Produktion von 2-Cyano-

cyclohexanol und 2-Azido-cyclohexanol unter Verwendung von HheG-

überexprimierenden Zellen. 
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Abbreviations 

A   Absorption 

AA   Amino acid 

Amp   Ampicillin 

Bp   Base pairs 

CFE   Cell free extract 

CV   Column volume 

ddH2O  Double-distillated water 

DH   Dehydrogenase 

DMSO  Dimethyl sulfoxide 

DNA   Deoxyribonucleic acid 

dNTP   Deoxynucleotide triphosphate 

dATP   Deoxyadenosine triphosphate 

dCTP   Deoxycytosine triphosphate 

dGTP   Deoxyguanosine triphosphate 

dTTP   Deoxythymidine triphosphate 

DTT   Dithiothreitol 

e.g.   exempli gratia (for example) 

epPCR  Error-prone polymerase chain reaction 

EtOAc   Ethyl acetate 

et al.   et alii (and others) 

EtOH   Ethanol 

EV   Empty vector 

FID   Flame ionization detector 

GC   Gas chromatography 

GC-MS  Gas chromatography- mass spectroscopy 

HHDH  Halohydrin dehalogenase 

IPTG   Isopropyl β-D-1-thiogalactopyranoside 

Kan   Kanamycin 

kb   Kilobase 

kDa   Kilodalton 

LB  Luria broth 

NMR  Nuclear magnetic resonance 

OD600   Optical density at λ = 600 nm 
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PCR  Polymerase chain reaction 

PMSF   Phenylmethylsulfonyl fluoride 

Ref.   Reference 

Rpm  Rounds per minute 

RT   Retention time 

SDS   Sodium dodecyl sulfate  

SDS PAGE  Sodium dodecyl sulfate polyacrylamide gel electrophoresis 

SOC   Super optimal broth with Catabolite repression 

SSM   Site saturation mutagenesis 

TB   Terrific broth 

Tm   Melting temperature 

UV   Ultraviolet 

vs.   Versus 

 

Abbreviations of amino acids: 

 

Alanine Ala A 
Arginine Arg R 

Asparagine Asn N 
Aspartic acid Asp D 

Cysteine Cys C 
Glutamic acid Glu E 

Glutamine Gln Q 
Glycine Gly G 
Histidine His H 

Isoleucine Ile I 
Leucine Leu L 
Lysine Lys K 

Methionine Met M 
Phenylalanine Phe F 

Proline Pro P 
Serine Ser S 

Threonine Thr T 
Tryptophan Trp W 

Tyrosine Tyr Y 
Valine Val V 
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Figure S 1: Conversion of haloalcohls 1, 5 and 3 by HHDH followed by GC. Chromatograms of the conversion 
of A) 1,3-dichloro-2-propanol (1) to epichlorohydrin (8), B) 1,3-dibromo-2-propanol (5) to epibromohyddrin (9) 
and C) 2-chloro-1-phenylethanol (3) to styrene oxide (10) using Hhe A2 (black), HheA3 (pink) and HheA5. 
Substrates are highlighted with a black box and products with a green box. 
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Figure S 2: Conversion of haloalcohls 1, 5 and 3 by HHDH followed by GC. Chromatograms of the conversion 
of A) 1,3-dichloro-2-propanol (1) to epichlorohydrin (8), B) 1,3-dibromo-2-propanol (5) to epibromohyddrin (9) 
and C) 2-chloro-1-phenylethanol (3) to styrene oxide (10) using Hhe B2 (black), HheB3 (pink) and HheB4. 
Substrates are highlighted with a black box and products with a green box. 
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Figure S 3: Conversion of haloalcohls 1, 5 and 3 by HHDH followed by GC. Chromatograms of the conversion 
of A) 1,3-dichloro-2-propanol (1) to epichlorohydrin (8), B) 1,3-dibromo-2-propanol (5) to epibromohyddrin (9) 
and C) 2-chloro-1-phenylethanol (3) to styrene oxide (10) using Hhe B5 (black), HheB6 (pink) and HheB7. 
Substrates are highlighted with a black box and products with a green box. 
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Figure S 4: Conversion of haloalcohls 1, 5 and 3 by HHDH followed by GC. Chromatograms of the conversion 
of A) 1,3-dichloro-2-propanol (1) to epichlorohydrin (8), B) 1,3-dibromo-2-propanol (5) to epibromohyddrin (9) 
and C) 2-chloro-1-phenylethanol (3) to styrene oxide (10) using HheD (black), HheD2 (pink) and HheD3. 
Substrates are highlighted with a black box and products with a green box. 
 

 

 

 

 

 



  Supplementary material 

 

202 

 

Figure S 5: Conversion of haloalcohls 1, 5 and 3 by HHDH followed by GC. Chromatograms of the conversion 
of A) 1,3-dichloro-2-propanol (1) to epichlorohydrin (8), B) 1,3-dibromo-2-propanol (5) to epibromohyddrin (9) 
and C) 2-chloro-1-phenylethanol (3) to styrene oxide (10) using HheD4 (black), HheD5 (pink) and HheD6. 
Substrates are highlighted with a black box and products with a green box. 
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Figure S 6: Conversion of haloalcohls 1, 5 and 3 by HHDH followed by GC. Chromatograms of the conversion 
of A) 1,3-dichloro-2-propanol (1) to epichlorohydrin (8), B) 1,3-dibromo-2-propanol (5) to epibromohyddrin (9) 
and C) 2-chloro-1-phenylethanol (3) to styrene oxide (10) using HheE (black), HheE2 (pink) and HheE3. 
Substrates are highlighted with a black box and products with a green box. 
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Figure S 7: Conversion of haloalcohls 1, 5 and 3 by HHDH followed by GC. Chromatograms of the conversion 
of A) 1,3-dichloro-2-propanol (1) to epichlorohydrin (8), B) 1,3-dibromo-2-propanol (5) to epibromohyddrin (9) 
and C) 2-chloro-1-phenylethanol (3) to styrene oxide (10) using HheE4 (black), HheE5 (pink) and HheC. 
Substrates are highlighted with a black box and products with a green box. 
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Figure S 8: Conversion of haloalcohls 1, 5 and 3 by HHDH followed by GC. Chromatograms of the conversion 
of A) 1,3-dichloro-2-propanol (1) to epichlorohydrin (8), B) 1,3-dibromo-2-propanol (5) to epibromohyddrin (9) 
and C) 2-chloro-1-phenylethanol (3) to styrene oxide (10) using HheF (black) and HheG (pink). Substrates 
are highlighted with a black box and products with a green box. 
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Figure S 9: Conversion of haloalcohls 1, 5 and 3 by HHDH followed by GC. Chromatograms of the conversion 
of A) 1,3-dichloro-2-propanol (1) to epichlorohydrin (8), B) 1,3-dibromo-2-propanol (5) to epibromohyddrin (9) 
and C) 2-chloro-1-phenylethanol (3) to styrene oxide (10) using cell free extracts (CFE) of E. coli BL21 (DE3) 
Gold (black), C43 (DE3) (pink) or Top10 (blue) cells expressing from empty. Substrates are highlighted with 
a black box and products with a green box 
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Hill kinetics 

 

Figure S 10: Activity (µmol/min) curve of HheG and varying substrate concentration of chlorocyclohexanol (7) 
in mM. Blue line: Hill Fit of data points. Green: outliner. Table shows the different values and formula of the Hill 
curve. 
 

 

Figure S 11: Activity (µmol/min) curve of HheG and varying substrate concentration of cyclohexene oxide (13) 
in mM. Using a nucleophile concentration of NaN3 of 50 mM. Blue line: Hill Fit of data points. Table shows the 
different values and formula of the Hill curve. 
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Figure S 12: Activity (µmol/min) curve of HheG and varying substrate concentration of cyclohexene oxide (13) 
in mM. Using a nucleophile concentration of NaCN of 75 mM. Blue line: Hill Fit of data points. Table shows 
the different values and formula of the Hill curve. 
 

 

Figure S 13: Activity (µmol/min) curve of HheG and varying substrate concentration of limonene oxide (13) in 
mM. Using a nucleophile concentration of NaN3 of 50 mM. Blue line: Hill Fit of data points. Table shows the 
different values and formula of the Hill curve. 
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Figure S 14: Activity (µmol/min) curve of HheG and varying nucleophile concentration of sodium azide (NaN3) 
in mM. Blue line: Hill Fit of data points. Table shows the different values and formula of the Hill curve. 
 
 

 

Figure S 15: Activity (µmol/min) curve of HheG and varying nucleophile concentration of sodium cyanide 
(NaCN) in mM. Blue line: Hill Fit of data points. Table shows the different values and formula of the Hill curve. 
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Product analysis of limonene oxide conversion 

 

 

 

 

Figure S 16: 1H NMR 
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Figure S 17: 13C NMR 
 

 

Figure S 18: DEPT NMR 
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Figure S 19: HSQC (1H 13C correlation over one bond) 
 

 

Figure S 20: COSY H-H correlations over bonds 
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Figure S 21: HMBC C-H correlation over bonds 
 

 

Figure S 22: NOESY H-H  coupling 
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Figure S 23: 1H 15N HMBC 
 



  Supplementary material 

 

215 

Protein structures 

 

Figure S 24: Alignment of homologous models of A) HheD4 (grey) and B) HheD6 (red) with HheC (blue) 
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