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1.1 Catalysis for life 
Under biologically relevant conditions chemical reactions tend to be slow because there is an 

energy barrier that needs to be overcome. Catalysts lower this energy barrier and thus 

increase the rate of the reaction without being consumed themselves. In biology, most 

catalysts are highly specialized protein-based biomolecules called enzymes1. Compared to 

other catalysts, these biocatalysts can accelerate chemical reactions under very mild 

conditions. Nature hosts an incredible variety of enzymes that are classified by the type of 

reaction catalysed. Enzymes play a central role in every biochemical process and catalyse an 

incredible variety of reactions from nutrient degradation to the production of biological 

macromolecules. They are involved in many diseases, where deficiency, total absence or 

overactivity of an enzyme causes problems and sometimes their activity or presence can be 

used to diagnose certain illnesses. Aside from medical uses, enzymes can also be employed to 

perform useful chemical reactions in chemical engineering, food technology, and agriculture. 

In addition, enzymes are wonderfully complex machines and understanding them and their 

evolution may help us understand the natural world better. 

The catalytic activity of enzymes depends on the integrity of their protein conformation, if the 

three-dimensional folded structure is lost, the catalytic activity is usually also lost2. An enzyme 

is made up of amino acid building blocks that form the primary structure: a polypeptide chain 

(Figure 1A). Amino acids are organic compounds that contain an amino (-NH3
+) and a 

carboxylate (-CO2
-) functional group that together with an additional carbon form the 

backbone of the polypeptide chain. In addition, each amino acid has a side chain (R) that is 

specific to that amino acid and gives each amino acid different chemical properties2. The 

polypeptide chain is folded into secondary structural elements called α-helices and β-sheets 

(Figure 1B). In an α-helix the carbonyl (C=O) of one amino acid forms a hydrogen bond with 

the amino hydrogen (N-H) of an amino acid four positions down in the polypeptide chain. 

These bonds pull the chain into a helical structure called the α-helix. A β-sheet is formed when 

two or more segments of a polypeptide chain line up next to each other, forming a sheet-like 

structure held together by hydrogen bonds. 

The strands of a β-sheet can be parallel, pointing in the same direction, or antiparallel, pointing 

in opposite directions. In both α-helices and β-sheets the R-groups of the amino acids stick 

outwards and are free to interact. The tertiary structure is the overall three-dimensional 

structure of the polypeptide chain and is mostly formed through the interactions between the 

R-groups of the amino acids (Figure 1C). Examples of these interactions include hydrogen 

bonding, ionic bonding, and hydrophobic interactions. Many enzymes consist of multiple 

polypeptide chains, or subunits. When multiple of these subunits come together, they give 

the enzyme its quaternary structure (Figure 1D). The subunits can be identical, similar, or 

completely different polypeptide chains. They are held together mostly by weak interactions 

such as hydrogen bonding2.  
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Figure 1. Different levels of enzyme structure. A) Primary structure of the enzyme showing the 
backbone of the polypeptide (carbon atoms in yellow, nitrogen atoms in purple and oxygen atoms in 
pink). Each amino acid has a different sidechain residue (orange with hydrogen atoms in white). These 
sidechain residues all have different characteristics and are important for the overall protein structure 
and catalytic activity. B) Secondary structural elements called β-sheets (yellow) and α-helices (pink).  
C) Tertiary structure of an enzyme with the secondary structural elements in pink (α-helices) and 
yellow (β-sheets), sometimes referred to as a subunit. D) Quaternary structure with four separate 
subunits. Many enzymes are large complexes of multiple polypeptides, these polypeptides can be 
identical, similar, or completely different. 
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In chemical reactions one or more substances are converted to one or more different 

substances. The conversion can only take place when the energy barrier is overcome  

(Figure 2A). For an uncatalysed reaction the energy barrier is very high (ΔGuncat), but catalysts 

can lower the energy barrier (ΔGcat) and thus increase the reaction rate1. One way in which 

enzymes catalyse reactions is by providing a specific environment in which a given reaction 

can occur more rapidly because the activation energy for the reaction is lower. The active site 

of an enzyme consists of amino acid residues that form temporary bonds with the substrate 

molecule and the catalytic residues that catalyse the conversion of the substrate to the 

product (Figure 2B). Enzymatic reactions with one substrate are commonly simplified as: 

𝐸 + 𝑆 ⇌ 𝐸𝑆 ⇌ 𝐸𝑃 ⇌ 𝐸 + 𝑃 

The enzyme (E) and substrate molecule (S) form an enzyme-substrate complex (ES) and once 

the substrate is bound and oriented correctly in the active site the reaction with the catalytic 

residues can take place. The substrate binding site is usually very close to the catalytic site and 

often binding residues are also involved in the catalysis. Many enzymes use a catalytic triad, a 

set of three coordinated amino acids, to catalyse a reaction2. A common motif is the acid-

base-nucleophile catalytic triad such as in the example in Figure 2B. The acid and base amino 

acids form a charge-relay network to activate a nucleophile, which attacks the substrate to 

form a covalent intermediate, which is then hydrolysed to release the product (E+P). 

 

Figure 2. Reaction coordinate diagram and an enzyme active site. A) Reaction coordinate diagram 
comparing enzyme-catalysed (orange) and uncatalysed (purple) reactions. In the reaction from 
substrate (S) to product (P), the enzyme-substrate (ES) and enzyme-product (EP) intermediates occupy 
minima in the energy progress curve of the enzyme-catalysed reaction. The difference in energy 
between the ground state of the substrate and the transitions state (TS), represented by ΔG, is the 
activation energy required for the reaction to proceed from S to P. The enzyme lowers the activation 
energy so the reaction can occur more rapidly. B) Example of an enzyme active site. Most enzymes 
have some binding residues (yellow) that bind the substrate to stabilise intermediates or the product 
of the reaction by weak interactions like hydrogen bonds or hydrophobic interactions. Catalytic 
residues (pink & purple) are more actively involved in the reaction. Many enzymes make use of a 
catalytic triad consisting of three residues, the acid, base, and nucleophile. The acid and base amino 
acids form a charge-relay network to activate the nucleophile, which attacks the substrate to form a 
covalent intermediate. 
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1.2 Protein engineering 
Enzymes can catalyse a great variety of useful chemical reactions, but sometimes they do not 

accept the desired substrate or make the desired product. In addition, natural enzymes are 

rarely suited for the reaction conditions in industrial processes. Protein engineering can be 

used to tailor the properties of enzymes to catalyse the desired chemical transformations 

under the desired conditions.3 The pioneering gene cloning experiments of Stanley Cohen, 

Annie Chang, Herbert Boyer, and Robert Helling in the early 1970s4 were the start of a new 

era in which proteins could be made and modified at will. Since then, the ability to modify 

protein properties has been refined to a point where is possible to engineer almost any 

property. Enzymes can be engineered to be more stable, more active, or even perform new 

functions. There are two general strategies for protein engineering that are often both 

applied; rational design and directed evolution5. 

Rational design makes use of protein structural information to design mutations to obtain new 

or improved function. Site-directed mutagenesis is used to introduce the designed mutations 

into the protein, producing very small variant libraries. To be successful, rational design 

requires detailed structural knowledge of the protein, but this is often unavailable. Even when 

the protein structure is available, it can be very difficult to predict the effects of various 

mutations on the protein structure and function. In contrast, directed evolution makes use of 

the advances in recombinant DNA technology to create thousands of possible variants, which 

are screened using high-throughput screening methods to find the most promising variants. 

This approach has been proven to be a powerful alternative to rational design, especially when 

the relationship between structure and function is not well understood. In fact, the directed 

evolution approach has made such an impact in the field of biocatalysis that in 2018  

Frances H. Arnold was awarded the Nobel Prize in Chemistry for her pioneering work on 

directed evolution. However, directed evolution is highly dependent on the correct selection 

pressure provided by the screening method and can only be used if a suitable screening 

method is available5,6. In addition, generating and screening large variant libraries is expensive 

and incredibly time-consuming. 

Therefore, both methods are often combined into a semi-rational approach by using rational 

design to identify potential positions (or regions) of interest and generating variants using 

saturation mutagenesis to generate more focused, smart libraries7. 

1.3 Proteins and phylogenetics 
Enzymes are grouped together with other similar proteins into structural families and 

superfamilies. Members of a structural family share significant structural elements and 

mechanistic similarity is also quite common. These structural similarities suggest a common 

evolutionary origin, even though members of the family can sometimes catalyse very different 

chemical reactions or accept a variety of different substrates. Molecular phylogenetics 

explores the evolutionary relationships between closely related biomolecules. This branch of 

phylogeny, the study of evolutionary history of a group of organisms, focuses on the analysis 

of genetic, hereditary molecular differences found in the amino acid or DNA sequences of 

biomolecules such as proteins. In the 1960s the work of molecular biologists like Emile 

Zuckerkandl and Linus Pauling8,9 revolutionized the field of evolutionary biology by advancing 
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the use of nucleotide and protein sequences to explore evolution. Their idea was deceptively 

simple; if two organisms are closely related, the sequences of their genes and proteins should 

be similar. As the evolutionary distance between the organisms grows, the sequences become 

more and more distinct. However, biological systems are complicated, and evolution has 

rarely taken a simple linear path. 

A phylogenetic tree is a branching diagram that visualizes the relationships between the 

different species in a dataset (Figure 3). The free end points in the phylogenetic tree are called 

the external nodes or leaves, each representing an existing species. The points where two lines 

come together are called internal nodes, and they represent a theoretical common ancestor. 

Often, the length of the branches of the tree is proportional to the evolutionary distance 

between nodes. The line at the start of the tree is called the root, which is usually determined 

using an outgroup. The outgroup is quite different from the other extant species, so that the 

common ancestor for the other group can be determined with a certain accuracy. The root of 

a phylogenetic tree is therefore always an approximation of reality. In the example in Figure 

3, frogs were used as an outgroup to root the tree and find the common ancestor of the other 

species in the tree. 

The phylogenetic analysis of enzymes starts with building a solid dataset of related extant 

amino acid sequences (Figure 3). The dataset should include homologous sequences and 

adequately cover sequence space, meaning that the diversity of amino acid sequences within 

the family is well-represented. Homologous proteins are usually found through protein 

databases such as NCBI10 or UniProt11 using search algorithms like BLAST12. Homology is 

similarity due to a shared ancestry, not to be confused with homoplasy, where the similarity 

is coincidental, and the trait has developed at least twice in separate unrelated species. In 

evolutionary biology, the sequence space represents all possible sequences for a protein, 

gene, or genome. Although enzymes can be extremely diverse, functional protein sequences 

are a rare occurrence among the vast number of sequences in sequence space. Most random 

amino acid sequences will have no fold or function and thus, even large enzyme superfamilies 

like the α/β-hydrolases exists as a tiny cluster of active proteins in sequence space. Therefore, 

in practice adequately covering sequence space in a dataset means covering the variety of 

sequences in a cluster of active proteins. 

Next, a multiple sequence alignment (MSA) is made using alignment software such as 

Clustalω13, MAFFT14, MUSCLE15 or T-Coffee16. In a sequence alignment, multiple sequences 

are compared and arranged so that identical or similar residues are aligned. In regions where 

residues are very different or non-existent, gaps (-) are inserted to ensure the more similar 

regions can still be aligned. Sequence alignment is one of the methods to identify and visualize 

regions of similarity between sequences. The quality of the MSA is extremely important, as it 

determines the overall accuracy of the phylogenetic analysis. The MSA is generally also used 

to assess the quality of the dataset. When necessary, sequences can be added or removed, 

and often the alignment itself must be adjusted manually, especially at gap-positions, to 

improve the overall alignment. Once the alignment is satisfactory, a phylogenetic tree can be 

constructed using computational methods such as maximum parsimony17 or maximum 

likelihood 18,19 phylogeny. 
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Figure 3. Schematic overview of phylogenetic analyses. First, sequences are collected from an 
interesting and representative set of organisms. Next, the sequences are aligned using appropriate 
alignment software. Finally, a phylogenetic tree is constructed using computational methods. 

The maximum parsimony method assumes that a tree with the minimum number of 

substitutions is most likely. This means that the branches of the most likely tree are organised 

in such a way that going from one branch to another requires the minimal number of steps. 

However, this method does not consider the biased substitution of amino acids. Although in 

theory every amino acid in the sequence can be exchanged for any other, in reality not all 

substitutions are equally likely. First, which amino acid is inserted in the polypeptide chain is 

determined by three-letter codes, or codons, in the DNA. Point mutations change one of 

letters in the codon, resulting in a different codon and a different amino acid in the 

polypeptide. Some three-letter codes are more similar than others and require fewer 

mutations to be interconverted. Second, each amino acid has different chemical properties 

and substitution to an amino acid with similar properties is more likely to have no negative 

consequences. Finally, some positions are essential for the function of the protein. The 

residues at these positions will often be conserved because loss of function results in negative 

selection pressure1. Different proteins will have different numbers of variable amino acid 

residues, which is one of the reasons why different proteins evolve at different rates. In 

addition to not considering substitution bias, maximum parsimony does not consider long 

branch attraction. Long branch attraction is the grouping of two or more long branches as 

closely related groups, even though they are not at all closely related. These two major flaws 

lead to bad representation of datasets, especially those including fast-evolving genes, and 

wrongful assumption of homoplasy for homology. 

In more recent studies, these problems have been addressed by the maximum likelihood 

method by using evolution models in the calculations. The evolution models are so-called 

substitution models, which represent how likely it is that one amino acid replaces another for 

different genes and organisms. Which evolutionary model gives the most accurate 

representation of reality is dependent on the dataset. Programs that can determine which 

substitution model is the best fit for the dataset are available as separate programs  

(e.g., ProtTest20) or sometimes included in tree-building software (e.g., IQ-TREE21).  
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1.3.1 Reconstructing ancestral sequences 
Already early in the 1960s, an idea to use molecular phylogeny and protein sequences to 

resurrect extinct ancient proteins was proposed22. Ancestral sequence reconstruction (ASR) 

tries to reconstruct ancestral sequences based on their extant descendants and characterise 

them in the laboratory. By combining the multiple sequence alignment, the evolutionary 

relationships from the phylogenetic tree, and evolutionary models, a hypothetical sequence 

of the theoretical ancestor can be determined. ASR has been performed mostly on proteins 

but can also be used on other biomolecules such as regulatory sequences, RNA, viruses, and 

even entire genomes23–26. ASR is often used to study functional divergence within protein 

families but can also be used to obtain similar enzymes with different properties like higher 

thermostability27–32. 

1.4 Highly selective and promiscuous catalysts 
Enzymes are well-known for being remarkably selective catalysts. They are often able to 

catalyse reactions for certain substrate molecules while leaving other similar molecules 

completely unchanged. Enzymes can be chemo-, regio-, and stereoselective. Chemo 

selectivity is the selective reaction with one group or atom in a molecule in preference to 

another group or atom in the same molecule but with different properties. Regioselectivity, 

sometimes referred to as site-selectivity, means that a reaction is performed selectively at one 

out of several possible positions in the substrate molecule. Stereoselective enzymes can 

discriminate between enantiomeric substrates or products. Enantiomers are molecules that 

have the same chemical bonds but are mirror images of each other. These mirror images often 

have different chemical reactions with other enantiomeric substances, especially with 

macromolecules like enzymes or receptors. Many biological molecules are enantiomers as 

well and the different enantiomers can have significantly different effects on biological 

systems. For living organisms, the selectivity of enzymes is vital. For us, it is very useful to 

produce chemically pure products. 

Despite their selectivity, many enzymes are capable of catalysing other reactions and/or 

transforming other substrates in addition to their evolved and physiologically relevant 

activities33–35. This phenomenon is referred to as enzyme promiscuity and is more specifically 

divided into substrate promiscuity and catalytic promiscuity. Substrate promiscuity is the 

catalysis of reactions with substrates other than the physiologically relevant, or native, 

activity. For example, a large screening study of 217 enzymes from the haloacid dehalogenase 

family against 169 phosphorylated compounds revealed that 204 of these enzymes were able 

to dephosphorylate on average 15.5 different substrates. Many catalysed significantly more, 

with 101 enzymes hydrolysing between 6 and 40 substrates and 50 between 41 and 143 

different substrates.33 The study aimed to identify physiologically relevant activities, but it is 

likely that many of the identified activities are actually cases of substrate promiscuity instead 

of the real physiological function. Some enzymes have evolved to transform a whole range of 

substrates, such as cytochrome P450 monooxygenases or lipases. These enzymes are 

sometimes referred to as substrate-promiscuous enzymes. However, in these enzymes their 

broad substrate specificity is integral to their evolved native activities, and they are more 

accurately described as multi-specific or broad-specificity enzymes36. 



Enzymes and promiscuity 17 

Catalytic promiscuity is defined as the ability of an enzyme active site to catalyse distinctly 

different chemical transformations. For example, a superfamily-wide analysis of the 

evolutionary and functional connectivity in the metallo-β-lactamase superfamily found that 

enzymes of this family are generally promiscuous, each catalysing on average 1.5 reactions in 

addition to their native reaction35. Promiscuous activities often differ to such an extent that 

the reactions belong to different classes of substrates and in the case of catalytic promiscuity 

even different reaction classes. Enzyme Commission (EC) numbers are used to classify 

enzymes. If different enzymes catalyse the same reaction, they have the same EC number, 

while the same reaction in reverse has a different EC number. It is possible for structurally 

completely different enzymes to have the same EC number. The major EC classes are 

oxidoreductases (EC 1), transferases (EC 2), hydrolases (EC 3), lyases (EC 4), isomerases (EC 5) 

and ligases (EC 6). EC numbers consist of four digits in total, which represent a progressively 

more specific classification of the enzyme reaction. Thus, the degree of promiscuity can often 

be identified by comparing differences in the EC numbers of the reactions.36 

1.4.1 Promiscuity and the evolution of novel enzyme functions 
The selectivity of enzymes is context dependent and shaped by natural selection36. 

Promiscuous activities that are harmful will be selected against, but neutral or positive 

activities can persist or be promoted respectively. Even highly selective and conserved 

enzymes such as those involved in DNA or protein synthesis, often have surprisingly high 

substrate infidelity. Many enzymes perform secondary tasks that likely originated in 

promiscuity37. Some of these enzymes are under intense selection pressure for high 

selectivity, but nevertheless developed a secondary function well after the emergence of the 

primary function36. 

Only few of the promiscuous activities found in vitro have any physiological or evolutionary 

meaning in vivo36. The selectivity of enzymes in vivo is partly achieved through regulation, not 

by restriction of enzyme selectivity itself. Regulation can occur at a cellular level, for example 

by preventing the expression of unnecessary protein or at a protein level where post-

translational modifications like phosphorylation can activate or deactivate the enzyme. 

Sometimes, like with post-translational modifications, an effector molecule binds to the 

enzyme somewhere outside of the active site and either promotes or inhibits its catalytic 

activity. Many enzymes are regulated through inhibition by the reaction product, but in some 

cases, enzymes are subject to substrate inhibition instead.1 

Although enzyme selectivity is increased by natural selection through shaping of the active 

site and regulation, cross-reactivity is a common occurrence in living cells38. Cross-reactivity is 

often found by the analysis of knockout strains that lack a certain enzyme. The lack of one 

enzyme in crucial pathways is often compensated for by the promiscuous activity of other 

enzymes or sometimes entire pathways39. It is important for enzymes to be selective to avoid 

harmful side-products and increase reaction efficiency, but often catalysts are not optimised 

beyond what is necessary38. Life profits from the cross-reactivity and enzyme promiscuity 

through accidental discovery of new helpful molecules and pathways, while using regulation 

to quickly adapt to changing circumstances.  
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Within protein superfamilies the primary function of one family member is often found as 

promiscuous activity in other family members and the same promiscuous activity is usually 

shared by more than one family member36,40. Together with the structural similarities, this 

prevalent cross-reactivity suggests a common evolutionary origin. It is commonly thought that 

catalytic promiscuity plays an important role in the emergence of novel functions by providing 

a starting point for divergent evolution towards different enzymatic activities41–46. 

1.4.2 Evolutionary mechanisms behind new functions 
Gene duplication is assumed to be the core evolutionary mechanism behind the emergence 

and divergence of protein functions. In 1970 Susumu Ohno proposed a model describing 

evolution by gene duplication47 (Figure 4). Following Ohno’s model, gene duplication is a 

mostly neutral and frequent event, free from selection pressure. After duplication, the copied 

gene is redundant and can accumulate mutations freely. When the mutations result in an 

advantageous new function, it will be positively selected for, leading to further divergence of 

the new gene, protein, and function. Ohno’s model is based on the negative trade-off 

assumption, which assumes that positive selection for the existing native function will impede 

mutations with adaptive potential and thus mutations can only accumulate in a redundant 

copy. 

In contrast to the negative trade-off assumption, many promiscuous functions have evolved 

with little effect on the original native function of the enzyme36. Ohno’s model assumes that 

gene duplication is a neutral event, but this is rarely the case. It seems that duplicated genes 

are often under selection against deleterious mutations, indicating that the duplicated gene 

is not truly free from selection48. In addition, the replication and expression of redundant 

genes costs energy and resources, applying negative selection pressure on gene duplication49–

51. Random mutations are also often deleterious (1 in 3), while beneficial mutations are rare 

(1 in 103) 52,53. It is therefore much more likely that a duplicated gene in the absence of any 

selection loses function because of mutations that cause misfolding and instability than that 

it gains new functions54. 

 

Figure 4. Evolutionary models for enzyme evolution through gene duplication. A) In Ohno’s model gene 
duplication occurs as a neutral and frequent event, resulting in a redundant copy free from selection 
pressure towards the original function. The duplicate gene can then acquire mutations that can result 
in gain of function and thus diverge from the original gene. B) In the innovation-amplification-
divergence model a promiscuous function is gained first. The promiscuous activity is high enough to 
be physiologically relevant and after gene duplication the genes can re-specialise towards each 
function separately.  
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Other evolutionary models, like the innovation-amplification-divergence model55 or the 

escape from adaptive conflict model56, assume that the new function is gained before 

duplication (Figure 4). The promiscuous activity becomes high enough to be physiologically 

relevant while also keeping the primary function. After gene duplication the genes can re-

specialise separately towards either the original or the new function. Within these models it 

is possible that gene duplication is positively selected for. When a higher promiscuous activity 

is in demand, protein doses can be increased through duplicate genes57. It is also possible that 

a gene with a certain function can be recruited for a different, moonlighting function without 

any changes in the coding region. Following the gene sharing model, the gene does not 

duplicate but can be positively selected for towards an increase in the original and 

moonlighting function simultaneously. 

In summary, although enzymes are known to be very selective catalysts, promiscuous 

activities are not at all rare and promiscuity is often found in protein superfamilies. Selectivity 

and promiscuity can occur within the same active site, the mechanism for the promiscuous 

activity can overlap, partly overlap or be completely different from the mechanism for the 

native function. Even weak promiscuous activity can provide a starting point for the evolution 

of new functions and eventually can evolve into a new primary, native function. 

1.5 Promiscuity in α/β-hydrolases 
One of the largest structural superfamilies is the α/β-hydrolase-fold family. Despite sharing a 

highly conserved core structure, this superfamily is catalytically diverse and spans several 

distinct enzyme classes including hydrolases, acyltransferases, oxidoreductases, lyases, and 

isomerases58,59. The versatility of their core catalytic machinery makes the α/β-hydrolases 

excellent case studies to understand the mechanisms underlying catalytic promiscuity and the 

evolution of novel enzyme functions. 

1.5.1 Structure and catalytic motifs 
Members of the α/β-hydrolase-fold superfamily share a common fold where the core is 

formed by a mostly parallel 6-8 stranded β-sheet packed between two layers of α-helices 

(Figure 5). These secondary structural elements are connected through flexible chains of 

amino acid residues, called loops. Aside from the highly conserved core domain, several 

different additional structural domains can be inserted in the fold. This includes helical caps, 

lids, and additional domains at the N- or C-termini, resulting in 12 different possible 

conformations. The core domain of α/β-hydrolases has two highly conserved motifs; the 

GxSmxS/T and the HGxP motif, where x is any residue and Sm is a small amino acid residue. The 

GxSmxS/T motif is found in the loop between the strand β4 and helix α2, removed from the 

active site, and thus does not play a direct role in catalysis. The HGxP motif in the loop after 

strand β3 always includes a histidine, glycine, and proline, but the x can be any amino acid 

residue. The main chain amide of the variable x-residue is part of the oxyanion hole. The 

oxyanion hole is a pocket in the active site that stabilises a negative charge on a deprotonated 

oxygen or alkoxide in the transition state of the reaction. The side chain of the x-residue is 

part of the active site and can interact with the substrate.  
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The catalytic versatility of α/β-hydrolase-fold enzymes is based in the versatility of their 

catalytic triads. α/β-hydrolases use an acid-base-nucleophile catalytic triad located at 

conserved positions across the core domain60 (Figure 5). The catalytic nucleophile is located 

in the loop at the C-terminus of strand β5, in a conserved structural motif called the 

“nucleophile elbow”. The catalytic base, always a histidine in α/β-hydrolases, is located in the 

flexible loop after strand β8. The catalytic acid, often referred to as the charge relay acid, can 

be located at C-terminus of strand β6 or on the turn after strand β7. 

Adjacent to the catalytic nucleophile is the oxyanion hole, shaped mainly by the main-chain 

nitrogen atoms of the residues right next to the nucleophile and the x-residue in the HGxP 

motif. Sometimes the second oxyanion residue is located at a different position and the 

oxyanion hole is formed by a side chain instead. For example, this residue can also be a 

tyrosine or aspartic acid at the start of the loop between strand β3 and helix α1. For some 

α/β-hydrolases, the oxyanion hole is formed by three residues instead of two61. 

 

Figure 5. General topology of the core domain and overview of the active site in α/β-hydrolases. The 
main domain contains the characteristic α/β-hydrolase-fold consisting of a mostly parallel 6-8 stranded 
β-sheet connected through 4-6 α-helices. There are two highly conserved motifs; the HGxP motif (A) 
and the GxSmxS/T motif (B). The locations of the acid-base-nucleophile catalytic triad are marked with 
dark purple dots (1-3 respectively). The charge relay acid (3) can be located at two different positions 
in the sequence, either close to the catalytic nucleophile (3a) or closer to the histidine base (3b). Helical 
caps, lids and other domains can be inserted in the fold between β6 and α4, but the core structure is 
preserved.  
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1.5.2 Common catalytic triads 
The most common catalytic triad in α/β-hydrolases is the Ser-His-Asp catalytic triad. This 

catalytic triad catalyses at least seventeen different reactions, including the hydrolysis of C-O, 

C-N, and C-C bonds (EC 3), oxidoreductases (EC 1), acyl transferases (EC 2), lyases (EC 4) and 

isomerases (EC 5)58. The hydrolysis reactions usually follow a canonical esterase mechanism, 

in which the triad facilitates the formation of an acyl-enzyme intermediate: an ester derivative 

of the catalytic serine (Ser). This intermediate can be hydrolysed by a water molecule activated 

by the His-Asp pair58. However, several reactions are variations where the formation or 

cleavage of the acyl-enzyme intermediate is different. In addition, the lyase-type reactions do 

not use an acyl-enzyme intermediate and sometimes do not even need the catalytic serine58. 

While the esterase mechanism with acyl-enzyme intermediate works very well for the 

hydrolysis of esters and amides, it is not suitable for the hydrolysis of epoxides and 

halocarbons, which would result in the formation of non-hydrolysable ether intermediates. 

Instead of the Ser-His-Asp triad, epoxide hydrolases (EH, E.C. 3.3.2.10), haloacetate 

dehalogenases (HacD, E.C. 3.8.1.3), and haloalkane dehalogenases (HLD, E.C. 3.8.1.5) use the 

Asp-His-Asp/Glu catalytic triad. This triad produces an alkyl-enzyme intermediate, an ester 

derivative of the catalytic aspartate, through a nucleophilic attack. Similar to the other triad, 

the alkyl-enzyme intermediate is then hydrolysed by an activated water molecule 62,63. 

Due to the versatility of the catalytic triads employed by α/β-hydrolases, catalytic promiscuity 

is often observed among members of the α/β-hydrolase-fold family58. For example, some 

esterases can hydrolyse amides (and vice versa) via the same acyl-enzyme intermediate used 

in the esterase reaction64. However, while some promiscuous activities are frequently 

observed, at the start of this thesis no α/β-hydrolase-fold enzyme had been reported to have 

both epoxide hydrolase and dehalogenase activity. 

1.5.3 Epoxides and hydrolysis 
Epoxide hydrolases are enzymes that catalyse the hydration of epoxides to form diol products. 

Epoxides, also known as oxiranes, are molecules characterized by an epoxy group (Figure 6). 

The epoxy group is a highly reactive moiety, making epoxides an important group of industrial 

organic intermediates. Epoxides are produced on a large scale for many applications, including 

making antifreeze, adhesives, and surface coatings. Because many epoxides are highly 

reactive, they readily bind to nucleic acids and proteins, causing cellular toxicity, DNA 

mutations and carcinogenesis. Epoxide hydrolases convert the highly reactive epoxides to less 

reactive diols and are very important in toxication-detoxication processes. Epoxide hydrolases 

can be found in many different organisms and several organisms express several with different 

substrate preferences and functions in different subcellular locations. Most epoxide 

hydrolases are members of the α/β-hydrolase-fold family, but some, like the limonene-1,2-

epoxide hydrolase, have an entirely different structure and mechanism65.  
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1.5.4 Halocarbons and dehalogenation 
Dehalogenases are enzymes that catalyse the removal of a halogen atom from a halogenated 

molecule. In modern life we use many halogenated molecules as pharmaceuticals, 

agrochemicals, detergents, pigments, and polymers66 (Figure 6). Additionally, halogenated 

compounds are used as solvents, degreasing agents, and intermediates in industrial chemical 

syntheses67,68. The carbon-halogen bonds (C-F, C-Cl, C-Br, and C-I) in these molecules are 

important for their potency and function. In the last few decades, the production of these 

halogenated molecules, haloalkanes in particular, has increased drastically, and millions of 

tons of short-chain haloalkanes are produced annually. Although most halogenated 

compounds that we encounter in everyday life are man-made, each year several million tons 

of methyl halides, predominantly chloromethane, are released into the atmosphere by 

terrestrial and marine biomass69,70. Haloalkanes are toxic and improper disposal, evaporation, 

spillage, and deliberate release contribute to contamination of the atmosphere, soil, and 

water with these persistent pollutants69–71. The most promising strategy for environmental 

remediation is the biocatalytic degradation by dehalogenases68,71,72. Since the discovery of the 

first haloalkane dehalogenase DhlA from Xanthobacter autrotrophicus GJ10 in 198471, over 40 

haloalkane dehalogenases (HLD) have been described in scientific literature73–82. These 

enzymes hydrolyse a broad range of haloalkanes to the corresponding alcohols, accompanied 

by the release of a proton and halide ion. Known haloalkane dehalogenases originate from a 

diverse range of species, including bacteria, archaea, and eukaryotes73–82. The HLD family can 

be divided into three subfamilies, named HLD-I, HLD-II, and HLD-III83, which mainly differ in 

the variable cap domain. How these enzymes evolved to degrade xenobiotic haloalkanes has 

sparked intense research for over three decades28,30,84. 

 

Figure 6. Examples of several epoxides, epihalohydrins, and halocarbons. 1: cyclohexene oxide;  
2: 1,2-epoxybutane; 3: 1,2-epoxyhexane; 4: tert-butyloxirane; 5: 1,2-epoxy-3-phenoxypropane;  
6: para-nitrostyrene oxide; 7: epichlorohydrin; 8: epibromohydrin; 9: epifluorohydrin;  
10: epiiodohydrin; 11: 6,6’-dibromoindigo (Tyrian Purple); 12: 1-bromohexane;  
13: 1,2-dibromoethane; 14: 1,5-dichlopentane; 15: pentachlorophenol; 16: 1-iodobutane;  
17: 1-bromo-3-chloropropane.  
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1.5.5 Catalytic triad or pentad? 
Both epoxide hydrolases and haloalkane dehalogenases employ the Asp-His-Asp/Glu catalytic 

triad. The nucleophilic aspartate performs a nucleophilic attack on the primary carbon of the 

epoxide or organohalogen and forms an alkyl-enzyme intermediate (Figure 7). This alkyl-

enzyme intermediate is hydrolysed by a water molecule that is activated by the His-Asp/Glu 

pair. 

Epoxide hydrolases and haloalkane dehalogenases have very similar catalytic mechanisms, 

and they both accept epihalohydrins as substrates63,76,85–87. Epihalohydrins are small 

molecules that have both an epoxide ring and a halide (Figure 6). While epoxide hydrolases 

attack the C-O bond of the epoxide ring, haloalkane dehalogenases will instead attack the C-X 

bond. How do these enzymes control which functional group is attacked? Despite using the 

same nucleophilic aspartate for the SN2 attack on the substrate, the epoxide hydrolase and 

dehalogenase reactions go through distinctly different transition states that need to be 

stabilised in the active site. Epoxide hydrolases and haloalkane dehalogenases have different 

supporting residues that help stabilise the transition states of the nucleophilic attack half 

reactions (Figure 7). These supporting residues are part of the oxyanion hole and are highly 

conserved within their respective groups. Combined with the catalytic triad they form what is 

sometimes referred to as a catalytic pentad. 

In epoxide hydrolases the epoxide ring-opening is assisted by a His/Tyr-Tyr pair coordinating 

the epoxide oxygen. Most epoxide hydrolases utilise two tyrosine residues88, but a few distinct 

epoxide hydrolases use a histidine-tyrosine pair89. Haloalkane dehalogenases make use of 

halide-stabilising residues, usually two, to stabilise the charge of the halide ion during the 

reaction. The primary halide-stabilising-residue is always a tryptophan, but the secondary 

residue differs. In the HLD-I subfamily the secondary residue is another tryptophan90, but in 

subfamilies HLD-II and HLD-III the residue is an asparagine62,91. One haloalkane dehalogenase, 

DatA from Agrobacterium tumefaciens, has been reported to have a special halide-stabilising 

pair, consisting of an asparagine and a tyrosine92,93. Some dehalogenases, such as DmxA94, 

DsaA82, DmrB78 and DsvA95, have been reported to have only one halide-stabilising residue. 

Enzymes that catalyse both dehalogenation and opening of the epoxide ring do exist outside 

of the α/β-hydrolase-fold superfamily in the form of halohydrin dehalogenases96,97. 

Halohydrin dehalogenases belong to the enzyme class of lyases and structurally belong to the 

short-chain dehydrogenase/reductase superfamily98. These enzymes catalyse the reversible 

dehalogenation of halohydrins to an epoxide, releasing a halide ion. The reverse reaction is 

highly substrate promiscuous, so the halide is often substituted by other nucleophiles, such as 

azide or water. Using water, they hydrolyse epoxides to vicinal diols. Despite the apparent 

similarity, halohydrin dehalogenases are unrelated to epoxide hydrolases and haloalkane 

dehalogenases and use entirely different catalytic machinery (Ser-Tyr-Arg-Asp).   
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Figure 7. Simplified catalytic mechanisms for epoxide hydrolases99,100 and haloalkane 
dehalogenases90,91. Both reactions start with a nucleophilic attack on the epoxide or halocarbon by the 
nucleophilic aspartate (yellow), which results in the formation of an alkyl-enzyme intermediate. The 
alkyl-enzyme intermediate is hydrolysed by a water molecule activated by the histidine-aspartate pair 
(purple). Some enzymes utilize a histidine-glutamate pair instead. This leads to the release of a vicinal 
diol after epoxide hydrolysis or the release of an alcohol in the case of dehalogenation. Possible further 
intermediates and transition states between step 2 and step 3 were omitted for clarity. Epoxide ring-
opening is assisted by a tyrosine-tyrosine or histidine-tyrosine pair (pink), while the halide is stabilised 
by at least one tryptophan (orange) and usually one other halide-stabilising residue like asparagine or 
another tryptophan (grey). 
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1.5.6 Interconverting activities of α/β-hydrolases 
Due to their catalytic versatility, α/β-hydrolases are often used as scaffolds for protein 

engineering in search of improved biocatalysts101. The structural and mechanistic similarities 

within the α/β-hydrolase-fold superfamily make these enzymes attractive targets for attempts 

at converting enzymes with one catalytic activity into enzymes that catalyse another 

reaction28,29,102,103. 

It was possible to convert an esterase from Pseudomonas fluorescens (PFE) into an epoxide 

hydrolase103. To achieve this, the catalytic serine of the esterase was replaced by an aspartate 

and two tyrosine residues were introduced at four different positions. However, these 

changes alone were not enough to convert the esterase into an epoxide hydrolase, and 

neither was the introduction of three additional conserved epoxide hydrolase residues. 

Finally, completely exchanging an active site loop from the esterase with one from the epoxide 

hydrolase EchA from Agrobacterium radiobacter104 resulted in a variant with epoxide 

hydrolase activity. This demonstrated that it was possible to interconvert completely different 

α/β-hydrolase activities, but the new enzyme was only about 0.1% as active as a real epoxide 

hydrolase and suffered from strong substrate inhibition. In addition, due to the many changes 

needed to achieve the interconversion, it was not possible to explain exactly how the chimeric 

enzyme worked.103 

Another successful example of interconversion within the α/β-hydrolase family is the 

conversion of a plant esterase into a hydroxynitrile lyase using only two amino acid 

substitutions102. The esterase reaction involves an acyl enzyme intermediate, while the 

hydroxynitrile lyase reaction has a single transition state. The active sites of esterases and 

hydroxynitrile lyases share a Ser-His-Asp catalytic triad and an oxyanion hole. Although they 

share the same catalytic triad, the catalytic serine acts as a nucleophile in esterases and a 

hydrogen bond donor in hydroxynitrile lyases. In hydroxynitrile lyases, a threonine residue 

partially blocks the oxyanion hole, forcing the aldehyde carbonyl in a different orientation in 

the active site so the serine interacts with the carbonyl oxygen instead of the carbonyl carbon. 

Hydroxynitrile lyases also have a lysine residue which hydrogen bonds to cyanide that the 

esterase did not.102 

Initially, due to the successful conversion towards epoxide hydrolase activity, PFE was also 

selected as a starting scaffold for engineering dehalogenase activity. However, it was not 

possible to introduce the dehalogenase mechanism into the mechanistically simpler esterase. 

The esterase mechanism uses a Ser-His-Asp triad, and the same carbonyl carbon is attacked 

twice, once by the catalytic serine and once again by the activated water molecule. In 

dehalogenases two different carbon atoms are targeted by the nucleophilic attack (Figure 7). 

First, the catalytic aspartate attacks the carbon atom of the C-X bond of the halogenated 

substrate and forms the alkyl-enzyme intermediate. Then, the hydrolytic water attacks the Cγ 

of the catalytic aspartate residue to hydrolyse the alkyl-enzyme intermediate. In practice, the 

dehalogenase mechanism involves two transition states which are individually stabilised90. 

The difference in the core mechanism makes it challenging to introduce dehalogenase activity 

into an esterase 103. 
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Instead of using another esterase, an epoxide hydrolase was selected as the next starting 

scaffold since the epoxide hydrolases are closely related to haloalkane dehalogenases. The 

selected epoxide hydrolase, EchA, was the first epoxide hydrolase to be structurally 

characterised and like in haloalkane dehalogenases its catalytic mechanism had been 

confirmed to involve a hydroxyalkyl-enzyme intermediate104–106. Various mutants of EchA 

were created based on analysis of its crystal structure and comparison to the haloalkane 

dehalogenase DhlA, but none of the designed variants showed any detectable dehalogenase 

activity by the Iwasaki assay107, phenol red assay108, gas chromatography-mass spectrometry 

(GC-MS), or isothermal titration calorimetry (ITC). Introducing more random mutations 

through error-prone PCR (polymerase chain reaction) and focused directed evolution based 

on structural analysis did not yield any EchA variants with detectable dehalogenase activity 

either. A possible explanation for the failed rational design was that the crystal structure for 

EchA is unreliable due to a glutamine residue that, distorted by crystal packing forces, blocks 

the active site. 

Thus, we searched for a new starting scaffold by modelling the active site of several epoxide 

hydrolases after the transition states of the dehalogenase DhaA for multiple model substrates. 

DhaA has a more accessible active site than DhlA, partly because one of its halide-stabilising 

residues is a smaller asparagine instead of a bulky tryptophan109. Of the fourteen modelled 

epoxide hydrolases, PaeCIF from Pseudomonas aeruginosa was most tolerant to the 

introduction of the mutations required to introduce the dehalogenase stabilising residues. 

PaeCIF was a promising scaffold, as its active site motifs share more features with haloacetate 

dehalogenases than with typical epoxide hydrolases. Due to its similarity and close relation to 

haloacetate dehalogenases PaeCIF was previously tested for both haloacetate and haloalkane 

dehalogenase activity, but none was reported for the wild-type enzyme110. A low level of 

dehalogenation activity with epibromohydrin was observed for a charge relay acid mutant of 

PaeCIF (E153Q)85. However, due to the mutation of the charge relay acid this variant cannot 

release the covalently attached hydroxyalkyl intermediate and is unable to complete the 

reaction. 

PaeCIF does not have any of the dehalogenase active site motifs, neither the arginine-rich 

nucleophilic aspartate motif of haloacetate dehalogenases111,112 nor the halide-stabilising 

residues of haloalkane dehalogenases63,83,110. After several rounds of designing and screening 

PaeCIF variants, minor dehalogenase activity was detected using the Iwasaki assay for some 

variants. Although the first results were promising, reliably reproducing the results proved 

difficult, primarily due to expression problems and the sensitivity of the available halide 

detection assays (data unpublished).  
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1.6 Scope of this thesis 
The work in this thesis was performed as part the European Union’s Marie Curie Innovative 

Training Network ES-Cat. The ES-Cat network consisted of ten academic and industrial groups 

combining rational and combinatorial protein engineering approaches to explore protein 

sequence space more efficiently. Greifswald University employed two ES-Cat researchers to 

work on epoxide hydrolases and dehalogenases. Besides further engineering and 

characterisation of the promising PaeCIF variants, we decided it was also necessary to identify 

other potential protein scaffolds for the introduction of dehalogenase activity. While my 

colleague, Aşkin Aslan-Üzel, worked on solving the problems with PaeCIF113, I set out to 

identify interesting protein scaffolds through a phylogenetic analysis of the epoxide 

hydrolases and dehalogenases of the α/β-hydrolase fold family. 

Although several established assays were available for the determination of dehalogenase 

activity, these assays suffer a few major drawbacks. For example, one of the most popular 

assays, the Iwasaki assay, is not very sensitive and uses extremely toxic chemicals, while  

pH assays like the phenol red assay are inherently unreliable and insensitive due to the 

required low buffer concentrations107,114. Thus, a new assay for the screening of dehalogenase 

activity through the selective detection of halides was developed115. The halide oxidation 

assay provides a safer, more reliable, and most importantly more sensitive method to detect 

dehalogenase activity. Chapter 2 thoroughly describes the methods of the halide oxidation 

assay, including selective variations of the assay reported by Tang et al.116 

Since converting the epoxide hydrolase PaeCIF to a dehalogenase has proven to be more 

difficult than expected, especially due to expression problems, we decided to look for other 

potential scaffolds for protein engineering. Chapter 3 describes the phylogenetic analysis of 

epoxide hydrolases and haloalkane dehalogenases of the α/β-hydrolase-fold family and the 

identification of promising screening candidates. 

Considering the prevalence of catalytic promiscuity among members of the α/β-hydrolase-

fold family58 and the close relationship and catalytic similarities between epoxide hydrolases 

and dehalogenases, it seemed odd that no enzyme is known to have both epoxide hydrolase 

and dehalogenase activity. We argued that it is highly probable that an epoxide hydrolase-

dehalogenase enzyme exists, but that it simply had not been found yet due to the absence of 

sensitive high-throughput assays. Chapter 4 describes the screening of several promising 

epoxide hydrolases for dehalogenase activity using the newly developed halide oxidation 

assay. 

After promising initial screenings for promiscuous dehalogenase activity, the epoxide 

hydrolase CorEH from Corynebacterium sp. C12 was selected for further screening. Chapter 4 

describes the characterisation of CorEH and discusses a hypothetical mechanism to explain 

the promiscuous activity of CorEH based on its structure and docking experiments. 
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C.P.S. Badenhorst, U.T. Bornscheuer, ChemCatChem 2020, 12 (7), 2032-2039 
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2.1 Halocarbons, halogenation, and dehalogenation 
In modern life halogenated molecules are used as pharmaceuticals, agrochemicals, 

detergents, pigments, polymers, solvents, degreasing agents, and intermediates in industrial 

chemical syntheses68,117. The carbon-halogen bonds (C-F, C-Cl, C-Br, and C-I) give these 

molecules their potency and function. In the last few decades, the production of halogenated 

molecules has increased drastically, and millions of tons of short chain haloalkanes are 

produced annually and each year several million tons of methyl halides, predominantly 

chloromethane, are released into the atmosphere by terrestrial and marine biomass69,70. 

Improper disposal, evaporation, spillage, and deliberate release contribute to contamination 

of the atmosphere, soil, and water with these persistent pollutants69–71. Thus, both the 

incorporation and removal of halide ions are important reactions in organic chemistry and 

biocatalysis. 

Halogenated molecules are widely used, still the chemical process for site specific 

halogenation remains challenging. Chemical synthesis of halocarbons employs toxic, 

environmentally hazardous methods, with harsh reaction conditions that rely on toxic 

reagents and solvents. Poor regioselectivity and unwanted side products are frequent 

problems that require additional chemical separation methods to obtain chemically pure 

products. Biocatalytic halogenation by enzymes known as halogenases118 provides a more 

effective and ecological pathway. Halogenases, including S-adenosyl-L-methionine (SAM)-

dependent fluorinases119 and chlorinases120, flavin-dependent brominases121 and iodinases122, 

non-haem iron halogenases123, and Fe/α-ketoglutarate-dependent halogenases124, introduce 

carbon-halogen bonds into molecules. These natural catalysts work under mild reaction 

conditions and are often highly regio- and stereoselective, reducing the number of steps 

required to obtain a pure product and making the entire process less harmful for the 

environment. Therefore, current developments in halogenation chemistry and process design 

are largely inspired by nature and there is a growing interest in identifying and using new 

halogenases to create new biosynthetic pathways towards new helpful halogenated 

molecules. 

While haloalkanes are very useful molecules with many important applications, their toxicity 

towards humans and wildlife is problematic. The most promising strategy for environmental 

remediation is biocatalytic degradation by enzymes known as haloalkane dehalogenases68,72. 

Since their discovery in 198471, over 40 haloalkane dehalogenases have been described in 

scientific literature78,80–82. These enzymes hydrolyse a broad range of haloalkanes to the 

corresponding alcohols, releasing protons and halide ions. Known haloalkane dehalogenases 

originate from a diverse range of species, including bacteria, archaea, and eukaryotes. How 

these enzymes evolved to degrade xenobiotic haloalkanes has sparked intense research for 

over three decades28,30,84. Of particular interest is the characterisation of the thousands of 

putative dehalogenase sequences available in public databases80. The rapid accumulation of 

sequence data in the last few years has created an unmet demand for sensitive and high-

throughput assays to screen for dehalogenase activity. 
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2.1.1 Common methods 
Gas chromatography and mass spectrometry (GC-MS) remain the analytical gold standard for 

identifying the alcohol products of dehalogenation reactions. However, these methods lack 

the throughput required for screening large libraries, especially when several substrates are 

tested62. Preliminary characterisation of haloalkane dehalogenases therefore often relies on 

the detection of either the protons or halide ions released during the reaction. 

The most popular phenol red114 and Iwasaki107 assays are based on the detection of pH 

changes and halide release, respectively. In 96-well microtiter plate format the phenol red 

assay has a detection limit of about 500 µM protons108,114,125. Recently, more sensitive assays 

have been developed that utilise fluorescent pH indicators, enabling the detection of 40 to 

400 µM protons108,114,125. To measure the change in pH caused by dehalogenation, these 

assays use very low buffer concentrations (<2 mM). Unfortunately, this means that the pH is 

also easily changed by factors other than enzymatic dehalogenation, reducing the reliability 

of pH assays. For this reason, the Iwasaki assay has remained popular for the characterisation 

of dehalogenases. The Iwasaki assay can detect low halide concentrations if large samples are 

available. In the commonly employed microtiter plate format, variations of the Iwasaki assay 

were reported to have the detection limits for halide ions between 20 µM and 270 µM126,127. 

However, the assay employs mercuric thiocyanate, which is extremely toxic and fatal when 

accidentally inhaled or ingested. In addition, the highly toxic waste must be disposed of 

carefully since it is very harmful to aquatic ecosystems and can contribute to the 

bioaccumulation of mercury.  

With specific activities commonly expressed in nmol/s/(mg protein), most of the currently 

characterised dehalogenases are not very fast enzymes80. Therefore, a significantly more 

sensitive assay for the detection of halide ions would likely facilitate the discovery of novel 

dehalogenases that would not be identified using existing methods. 

2.1.2 Halide oxidation assay 
For these reasons, we developed the halide oxidation (HOX) assay for the detection of halides 

under mild and environmentally friendly conditions115. This novel halide assay is based on the 

haloperoxidase-catalysed oxidation of chloride, bromide, and iodide. The detection limits of 

the HOX assay range from 1 µM for chloride and iodide to 20 nM for bromide, making the 

assay up to three orders of magnitude more sensitive than other halide detection assays 

currently available. Using the HOX assay, reaction volumes can be as small as 20 µL and less 

than a picomole of bromide can already be detected, requiring very little sample to give 

reliable results. This assay is much less toxic than the Iwasaki assay, because the most 

hazardous chemicals employed by the HOX assay are orthovanadate, used as a cofactor by 

vanadium-dependent haloperoxidases, and hydrogen peroxide, a common household bleach. 

In the HOX assay, halides are first oxidized by the Curvularia inaequalis vanadium-dependent 

chloroperoxidase (CiVCPO) to form hypohalous acids (Figure 8A). CiVCPO was selected due to 

its high stability in the presence of hydrogen peroxide, compared to haem-dependent 

haloperoxidases. The resulting hypohalous acids HOCl, HOBr, and HOI, are bleaches that react 

with probes that generate absorbance, fluorescence, or even luminescence128.  
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Aminophenyl fluorescein (APF) was chosen as a probe for the HOX assay, since it is stable in 

the presence of hydrogen peroxide and produces fluorescein, a bright fluorescent dye 

(excitation at 488 nm, emission at 525 nm) (Figure 8B)129. The hypohalous acids oxidise the 

aminophenyl group of APF, which then releases 1,4-benzoquinone imine to form fluorescein. 

2.1.3 Selective variations 
We found that contamination of reagents and buffers with chloride is a common source of 

background signal, complicating the accurate quantification of halides and requiring enzymes 

to be dialysed extensively. Therefore, some variations of the HOX assay were developed that 

could selectively detect bromide or iodide in the presence of chloride. This allows the 

enzymatic production of bromide and iodide to be detected even in the presence of high 

chloride concentrations, facilitating applications like screening recombinant enzyme variants 

in crude bacterial lysates without the need for desalting or dialysis. 

The bromide-specific variation of the HOX assay makes use of the vanadium-dependent 

bromoperoxidase from Corallina officinalis (CoVBPO). Haloperoxidases are named after the 

most electronegative halide they can oxidise: chloroperoxidases catalyse the oxidation of 

chloride, bromide, and iodide, bromoperoxidases mostly use bromide and iodide, and 

iodoperoxidases only catalyse the oxidation of iodide130,131. The selectivity of the Corallina 

officinalis bromoperoxidase for bromide compared to chloride enables selective bromide 

detection. Amines interfere with the original HOX assay since HOCl and HOBr react with 

amines to form haloamines. However, bromamines are more reactive than chloramines 

toward HOX-sensors and thus, amines like taurine can be used to suppress the signal from 

chloride, further enhancing the selectivity for bromide129,132–134. 

The iodide-selective variation uses a different dye than the HOX assay for the specific 

detection of iodide in the presence of chloride (Figure 8C). The hypohalous acid oxidizes the 

chromogen 3,3′,5,5′-tetramethylbenzidine (TMB) and generates visible colours, depending on 

the amount of bleach produced135. TMB is converted to the one-electron oxidized cation 

radical which is in equilibrium with the TMB-diimine complex. The TMB-diimine complex is 

detectable at 570 nm and colours the reaction blue. Eventually, the orange two-electron 

diamine product is formed, which is detectable at 460 nm135. This means that for lower 

concentrations of iodide, the assay turns blue and for higher concentrations the mixture turns 

purple, orange, then bronze, and finally black and the maximum absorption shifts from  

570 nm to 460 nm136. In the process, the bleach HOI is reduced to iodide. Therefore, iodide is 

essentially used as a catalyst in the whole process, making the assay very sensitive. We 

measure production of the TMB-diimine complex at 570 nm and the rate of change 

(v = A570nm·s-1) shows a linear relationship to iodide concentration from 5 µM to 400 µM 

(although nanomolar concentrations can be detected under optimised conditions). The 

linearity at 570 nm is lost once the diamine product of TMB is produced. Although TMB also 

reacts with HOCl, the assay detects micromolar quantities of iodide but is relatively insensitive 

to even millimolar concentrations of chloride136,137. Therefore, this assay can be used for 

detecting iodide in the presence of chloride-containing crude cell lysates, in vitro translation 

reactions, and whole-cell assays, and even for high-throughput screening. Apart from iodide, 

TMB can also be applied for the selective detection of bromide137,138.  
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Figure 8. Principles of the halide detection assays. a) Halide ions are oxidized to hypohalous acids (HOX) 
using hydrogen peroxide (H2O2), catalysed by a haloperoxidase. The hypohalous acids react with a 
probe to form compounds detectable by their colorimetric or fluorescent properties. b) The principle 
behind the detection of halides by the original HOX assay. Oxidation of aminophenyl fluorescein (APF) 
by hypohalous acids results in the formation of fluorescein, a bright fluorescent dye that can be 
detected at nanomolar concentrations. APF can be used to detect chloride, bromide, and iodide ions. 
c) The principle behind the selective detection of iodide using 3,3′,5,5′-tetramethylbenzidine (TMB). 
TMB is first converted by hypoiodous acid (HOI) to the one-electron oxidized cation radical which is in 
equilibrium with the TMB-diimine complex. The TMB-diimine complex is detectable at 570 nm and 
colours the reaction blue. The TMB-diimine is then converted by another molecule of hypoiodous acid 
(HOI) to the orange two-electron oxidised diamine product, which is detectable at 460 nm. Figure from 
Tang 2022139.   
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2.2 Results and discussion 
2.2.1 Assay sensitivity and detection limits 
To test the detection limits of the HOX assay, low concentrations of chloride, bromide, or 

iodide were added to 40 µL reaction mixtures containing CiVCPO, hydrogen peroxide, and 

aminophenyl fluorescein. The fluorescence values for the controls were low and increased 

with the addition of halides (Figure 9). For chloride (Figure 9A) and iodide (Figure 9C) the 

detection limit was 1 µM. Linear relationships between the halide concentration and detected 

fluorescence values were observed for all three halides. Although iodide fluorescence values 

were lower compared to chloride, low-micromolar concentrations can be quantified using this 

method. In contrast, the fluorescence values for bromide were much higher than both 

chloride and iodide, making the assay significantly more sensitive. With a detection limit of  

20 nM (Figure 9B), nanomolar concentrations of bromide could be quantified. These 

differences in sensitivity of the HOX assay regarding chloride, bromide, and iodide can be 

explained by the different reactivities of the hypohalous acids towards aminophenyl 

fluorescein and HOX-scavenging species (like protein tyrosine residues)140–143. 

With a detection limit of 1 µM for chloride, the HOX assay is 50 to 150-fold more sensitive 

than alternative existing halide assays like the most popular Iwasaki assay. The HOX assay is 

three orders of magnitude more sensitive for the detection of bromide and can detect less 

than a picomole of bromide in a 40 µL assay. Lastly, with a detection limit of 1 µM, the HOX 

assay is approximately 30-fold more sensitive for iodide than existing halide assays.115 

2.2.2 Quantifying dehalogenase activity 
Two model haloalkane dehalogenases were used to demonstrate that the HOX assay is 

suitable for the detection and quantification of dehalogenase activity. The recombinant His-

tagged dehalogenases DhlA from Xanthobacter autotrophicus GJ1071 and DhaA from 

Rhodococcus rhodochrous144 were expressed in Escherichia coli (E. coli) and purified by 

immobilised metal-affinity chromatography (IMAC). The purified protein samples were 

dialysed to remove chloride and imidazole. DhaA was used to completely hydrolyse a series 

of 1-bromobutane solutions (0 to 2.5 mM). As these concentrations are well above the 

detection range of the HOX assay, the samples were diluted 1000-fold, resulting in a linear 

relationship between the 1-bromobutane concentration and fluorescence (Figure 10A). 

Next, the HOX assay was used to calculate the specific activity of DhlA and DhaA with typical 

haloalkane dehalogenase substrates: 1,2-dibromoethane, 1,2-dichloroethane, 1,3-

dichloropropane, 1-bromo-3-chloropropane and 1-bromohexane (Figure 10D). For the 

quantification of the chloride and bromide release, standard curves were determined using a 

series of chloride and bromide concentrations in buffer (Figure 10B and C). The calculated 

specific activities were comparable to the values determined via a standard GC-MS assay, 

confirming that the HOX assay can be used to accurately quantify dehalogenase activity. Thus, 

the HOX assay can be used to identify and characterise novel dehalogenases and may be of 

interest for those studying other halide-producing enzymes. 
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Figure 9. Calibration curves for A) chloride, B) bromide, and C) iodide. The HOX assay can quantify low 
micromolar concentrations of chloride and iodide and nanomolar concentrations of bromide. Each 
replicate is plotted as a separate data point (n=5) and the limits of detection are defined as the blank 
values plus three times the standard deviation of the blank. The detection limits are 1 μM for chloride, 
20 nM for bromide, and 1 μM for iodide. GraphPad Prism was used for plotting data and linear 
regression. Figure from Aslan-Üzel 2021113. 

 

Figure 10. A) The fluorescence signal from the HOX assay is directly proportional to the amount of 
dehalogenase product formed. The dehalogenase DhaA was used to completely hydrolyse different 
concentrations of 1-bromobutane. The HOX assay was then used to quantify the amount of bromide 
produced and a linear increase in fluorescence with increasing 1-bromobutane concentration was 
observed. This demonstrated that the HOX assay is suitable for quantifying the amount of product 
produced by dehalogenase reactions. B/C) Standard curves for chloride (B) and bromide (C) allowed 
the dehalogenation of the five other substrates to be quantified as well. Each replicate is plotted as an 
individual data point (n=3). D) Comparison of the HOX assay to a standard GC-MS method. The specific 
activities for the dehalogenases DhaA and DhlA for several substrates were determined using the HOX 
assay and a standard GC-MS methods in nmol/s/mg. The results of both the HOX and GC-MS assays 
agree, confirming that the HOX assay is a reliable method for the quantification of dehalogenase 
activity. For the HOX assay, nine replicates are plotted with standard deviation from three reactions 
each assayed in triplicate. The small standard deviations demonstrate the excellent reproducibility of 
the method. For the GC-MS assay, three replicates are plotted with standard deviation. GraphPad 
Prism was used for plotting the data. Figures from Aslan-Üzel 2021113.  
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2.2.3 Selective detection of bromide in the presence of chloride 
Since the standard HOX assay is highly sensitive for chloride, significant background signal can 

be generated from chloride contaminations. To reduce the background signal the selective 

detection of bromide using a bromoperoxidase instead of CiVCPO was investigated. 

Bromoperoxidases are more selective for bromide than chloroperoxidases140. The Corallina 

officinalis bromoperoxidase gives a significantly higher signal for bromide than for chloride 

(Figure 11A), with the best results at the optimal pH of 6.5 for the bromoperoxidase. 

To reduce the chloride signal further, taurine was added to react with HOCl to form taurine 

chloramines (Figure 11B). The HOX assay is inhibited by amines and because chloramines are 

less reactive than bromamines134 the formation of chloramines supresses the chloride signal. 

Combining both the bromide selective bromoperoxidase and the addition of taurine allows 

for the detection of lower concentrations of bromide in the presence of higher concentrations 

of chloride. 

 

Figure 11. Fluorescence signal with the Corallina officinalis bromoperoxidase at different pH values. 
Standard 40 µL assays were incubated for 2 h before measuring the fluorescence. Reactions were 
performed in triplicate. A) With C. officinalis bromoperoxidase B) With 25 mM taurine added. Figure 
from Aslan-Üzel 2021113. 



Photometric assays for the selective detection of halides 37 

2.3 Preparation and execution of the HOX assay 
The following Materials and Methods were adapted from the book chapter ‘Enzymatic 

Photometric Assays for the Selective Detection of Halides’145. The material section explains 

how to prepare all the necessary reagents and the methods section describes how to properly 

perform both the standard HOX assay and the selective variants. 

2.3.1 Materials 
Prepare all solutions using analytical grade reagents, analytical grade solvents, and Milli-Q 

water with a resistance of 18.2 MΩ·cm at 25 °C (or equivalent). Due to the high sensitivity of 

the general HOX assay towards chloride and the abundance of chloride in a biochemistry lab, 

extra care should be taken when preparing purified CiVCPO, buffers, and stock solutions for 

the HOX assay. Prepare and store all reagents at room temperature (unless indicated 

otherwise). Diligently follow all waste disposal regulations when disposing waste materials, 

especially when using hazardous substrates such as haloalkanes. All solutions with 

halogenated compounds must be discarded with halogenated organic waste according to local 

regulations. All buffers and solutions with orthovanadate should be disposed in the heavy 

metal waste. For any experiments involving bleach standards, extra care should be taken not 

to bleach surfaces and clothing and it is important to use appropriate personal protective 

equipment (lab coats, gloves, and safety glasses). 

2.3.1.1 Peroxidases 

The wild-type CiVCPO (GenBank: CAA59686.1) is used for the general halide assay. A 

commercial CoVBPO from Sigma-Aldrich (Catalogue No.: B2170) is used for the selective 

bromide assay. According to the supplier, the chloroperoxidase activity of this 

bromoperoxidase is <1%, which enables selective detection of bromide in the presence of 

chloride. The CiVCPO mutant P395D/L241V/T343A (referred to as the CiVCPO triple mutant) 

was used for iodide assays146. However, the wild-type CiVCPO or CoVBPO could also be used. 

E. coli TOP10 with pBAD vectors encoding CiVCPO or the CiVCPO P395D/L241V/T343A triple 

mutant were used for the expression of the two chloroperoxidase variants146. 

2.3.1.2 Cultivation and purification of CiVCPO and the triple mutant 

1. Lysogeny broth (LB medium): Dissolve 10 g tryptone, 5 g yeast extract, and 10 g sodium 

chloride (NaCl) in about 900 mL of distilled or deionized water and adjust the volume to 

1 L. Sterilize by autoclaving for 20 minutes at 15 psi (1.05 kg/cm2) on liquid cycle. 

2. Ampicillin stock solution (1000x, 100 mg·mL-1): Dissolve 1 g ampicillin in about 9 mL  

Milli-Q water and adjust volume to 10 mL. Filter the solution through a 0.22 µm sterile 

filter into sterile tubes and store at -20°C. 

3. ʟ-Arabinose stock solution (500x, 10% w/w): Dissolve 10 g ʟ-arabinose in about 90 mL 

Milli-Q water and adjust the volume to 100 mL. Filter the solution through a 0.22 µm 

sterile filter into sterile tubes and store at -20°C. 

4. Loading buffer for ion exchange chromatography (50 mM Tris sulfate, pH 8.1): Dissolve 

6.06 g tris(hydroxymethyl)aminomethane (Tris) in about 900 mL Milli-Q water. Adjust the 

pH with concentrated sulfuric acid (H2SO4) to pH 8.1 and adjust the volume to 1 L. Filter 

buffer through a 0.45 μm Corning filter and degas using vacuum or a sonicator. 
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5. Lysis buffer: Pour 50 mL loading buffer (see step 4) into a 50 mL tube and add 100 mg 

lysozyme, 50 mg DNaseI and one EDTA-free protease inhibitor cocktail tablet 

(cOmplete™, Roche, Mannheim, Germany) to prepare a lysis buffer containing 2 mg/mL 

lysozyme, 1 mg/mL DNaseI and protease inhibitor cocktail. Precool lysis buffer at 4 °C or 

on ice before purification. 

6. Elution buffer for ion exchange chromatography (50 mM Tris sulfate, 1 M NaCl, pH 8.1): 

Dissolve 6.06 g Tris and 58.44 g NaCl in about 900 mL Milli-Q water. Adjust the pH with 

concentrated sulfuric acid (H2SO4) to pH 8.1 and adjust the volume to 1 L. Filter the buffer 

through a 0.45 μm Corning filter and degas using vacuum or a sonicator. 

7. Washing buffer for ion exchange chromatography (50 mM Tris sulfate, 100 mM NaCl,  

pH 8.1): For purification using a peristaltic pump, add 45 mL loading buffer (see step 4) 

and 5 mL elution buffer (see step 6) to a 50 mL tube and mix thoroughly. For purification 

on a fast protein liquid chromatography (FPLC) system, add 450 mL loading buffer and 

50 mL elution buffer to a glass bottle and mix thoroughly. Filter buffer through a 0.45 μm 

Corning filter and degas using vacuum or a sonicator. 

8. Dialysis buffer (50 mM sodium phosphate, 100 µM Na3VO4, pH 8.0; chloride-free)  

(see Note 1): Weigh 1.65 g NaH2PO4·H2O (11.925 mmol), 76.31 g Na2HPO4·12 H2O 

(213.075 mmol), and 82.76 mg Na3VO4 (0.45 mmol) and put into a clean 5 L graduated 

beaker. Add 4.5 L Milli-Q water directly into the beaker according to the graduation scale 

or use a clean measuring cylinder. Put a clean magnetic stirring bar in the buffer and mix 

all components on a magnetic stirrer. Leave the magnet in the beaker for the dialysis step. 

Pour out a small amount of buffer (about 20 mL) into a 50 mL tube to confirm buffer pH 

using a pH meter (see Note 2). Precool the dialysis buffer at 4 °C. 

2.3.1.3 Halide assay reagents 

1. 40 mM hydrogen peroxide solution: Add 4.0 µL 30% (w/w) hydrogen peroxide solution 

(1.110 g/mL, 9.79 M) to 996 µL Milli-Q water and mix thoroughly (see Note 3). 

2. 5 mM Aminophenyl fluorescein (APF) solution (for the general HOX assay)  

(see Note 4): APF solutions are commercially available. The 5 mM solution supplied in 

dimethylformamide (DMF) (Sigma, Catalogue No.: A4108) is ready to use. For solution 

supplied in methyl acetate (Cayman Chemicals, Item No.: 10157), the solvent needs to be 

removed before use. Completely evaporate methyl acetate from the bottle under a gentle 

stream of nitrogen. Before any APF is taken from the original bottle, add 472.4 µL DMF 

directly to the 1 mg APF and mix thoroughly to form a 5 mM APF stock solution. Store the 

APF solution at 4 °C. Alternatively, APF can also be synthesized from fluorescein and 

4-fluoronitrobenzene as described in literature115. Dissolve 4.23 mg APF in 2 mL DMF and 

mix thoroughly to form a 5 mM APF stock solution. 

3. 500 mM Taurine solution (for the selective bromide assay): Dissolve 62.6 mg taurine in 

1 mL Milli-Q water. 
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4. 3,3′,5,5′-tetramethylbenzidine (TMB) stock solution (for the selective iodide assay):  

A premixed solution of TMB and hydrogen peroxide in a mildly acidic buffer is 

commercially available (Liquid Substrate System for Membranes; Sigma Aldrich; 

Catalogue No.: T0565). Although concentrations of components are not known, the 

solution can be used directly for the assay. Alternatively, prepare a 25 mM TMB stock 

solution by dissolving 6 mg TMB in 1 mL DMSO. 

5. 25 mM Monochlorodimedone (MCD) solution (for determination of the activity of CiVCPO 

and the triple mutant): Dissolve 44 mg MCD in 10 mL ethanol. 

6. Reaction buffers (20 mM sodium phosphate, 1 mM Na3VO4; chloride-free)  

(see Notes 1 and 4): Weigh 183.9 mg Na3VO4 (1 mmol) into a 1 L graduated glass bottle. 

Add 1 L of 20 mM sodium phosphate buffer (pH 6.0). Seal the glass bottle with the lid and 

shake until all components are completely dissolved and mixed properly. Pour out a small 

amount of buffer (about 20 mL) into a 50 mL tube to confirm buffer pH using a pH meter 

(see Note 2). For the selective bromide assay, use 20 mM sodium phosphate, pH 6.5, for 

preparation of this solution. 

2.3.1.4 Halide standard solutions. 

Halide standard solutions (10 mM): Weigh 29.2 mg NaCl or 37.3 mg KCl, 51.4 mg NaBr or 

59.5 mg KBr, or 74.9 mg NaI or 83.0 mg KI directly in clean 50 mL tubes. Fill to 50 mL with  

Milli-Q water (see Note 5). Dilute stock solutions to give 10 mL standard solutions of 0 µM to 

500 µM in 15 mL tubes and mix thoroughly (Table 1). For the bromide assay, dilute the 10 mM 

bromide stock solution to standard solutions of 0 µM to 20 µM in 50 mL tubes and mix 

thoroughly (Table 2). 

Table 1. Preparation of 10 mL halide standard solutions from 10 mM stock solutions. 

Final concentration (µM) 0 20 50 100 200 300 400 500 

10 mM standard (µL) 0 20 50 100 200 300 400 500 

Milli-Q water (mL) 10.00 9.98 9.95 9.90 9.80 9.70 9.60 9.50 

Table 2. Preparation of 50 mL bromide standard solutions from a 10 mM bromide stock solution. 

Final concentration (µM) 0 2 5 10 15 20 

10 mM standard (µL) 0.00 10 25 50 75 100 

Milli-Q water (mL) 50 49.99 49.98 49.95 49.93 49.90 

 

2.3.1.5 Reaction mixtures for the assays 

1. Reaction mixture for haloperoxidase activity: In 451 µL of the pH 6.0 reaction buffer (see 

Halide Assay Reagents step 6), add 1 μL of 25 mM MCD solution, 132 μL of 40 mM 

hydrogen peroxide solution, 6 μL of 10 mM bromide standard solution, and mix 

thoroughly. 

2. Reaction mixture for general halide assay: Add 50 μL 40 mM hydrogen peroxide solution, 

5 μL of 5 mM APF, and 50 μL of 50 U/mL CiVCPO to 895 μL of reaction buffer (pH 6.0) in a 

centrifuge tube and mix thoroughly (see Notes 6 and 7). 

3. Bromide assay solution: Add 50 μL 40 mM hydrogen peroxide solution, 5 μL 5 mM APF, 

and 50 μL 6 U/mL CoVBPO to 845 μL of reaction buffer (pH 6.5) in a centrifuge tube  

(see Note 7). Add 50 μL of 500 mM taurine to the assay solution to suppress the chloride 

signal and mix all components thoroughly (see Note 8). 
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4. Iodide assay solution: Mix 10 μL CiVCPO triple mutant (137 U/mL) with 990 μL commercial 

TMB/hydrogen peroxide mixture solution (see Notes 7 and 9). If the commercial TMB 

solution is not available, add 50 μL 40 mM hydrogen peroxide solution, 10 μL 25 mM TMB 

solution, and 10 μL CiVCPO triple mutant (137 U/mL) to 930 μL of reaction buffer (pH 6.0). 

2.3.1.6 Consumables and measuring devices 

Black 384-well microtiter plates are used to perform the fluorescence-based halide assays and 

transparent 384-well polystyrene microtiter plates are used for the iodide assays. Standard 

reaction volumes are 40 µL and 50 µL, respectively, but may be increased or decreased as 

desired. 96-well microtiter plates can be used for higher reaction volumes, for example 100 

or 200 µL. The volume of each component should be adjusted accordingly. Fluorescence 

measurements are performed with plate readers that excite at 488 nm and measure emission 

at 525 nm. Plate readers that can measure absorbance at 570 nm are used for the iodide assay. 

Spectrophotometers that accept a 1 cm-pathlength quartz cuvette and measure at 290 nm 

are used for the MCD assay for determination of the activities of CiVCPO and the triple mutant. 

2.3.2 Methods 

2.3.2.1 Cultivation and purification of CiVCPO and the triple mutant 

1. Add 10 µL ampicillin stock solution (100 mg/mL) to 10 mL LB medium, for a final 

concentration of 100 µg/mL ampicillin, in a sterile 50 mL tube. Inoculate with a single 

colony of E. coli TOP10 transformed with the pBAD-CiVCPO or the pBAD-CiVCPO triple 

mutant plasmid. Incubate the 50 mL tube overnight at 37 °C, shaking at 180 rpm. 

2. Add 1 mL ampicillin stock solution (100 mg/mL) to 1 L LB medium, for a final concentration 

of 100 µg/mL ampicillin. Inoculate the LB medium with overnight culture. Incubate at 

37 °C, shaking at 180 rpm. Monitor the OD600 of the culture until it reaches about 0.5. 

Then add 2 mL 10% (w/w) ʟ-arabinose stock solution for a final concentration of 0.02% to 

induce expression of CiVCPO. Incubate the culture at 25 °C, shaking at 180 rpm, for 24 h. 

3. Harvest cells by centrifugation at 4,500 x g for 30 minutes in a precooled (4 °C) centrifuge. 

Resuspend cells in precooled lysis buffer (1 mL per gram of cells). Lyse cells on ice by 

sonication (three cycles of 5 min, 50% pulse, and 50% power) using a SONOPULS HD 2070 

(BANDELIN electronic GmbH & Co. KG, Berlin, Germany) or an equivalent device. 

Centrifuge the crude cell lysate at 10,000 x g at 4 °C for 1 h for clarification. Transfer the 

clarified lysate to a 200 mL beaker. 

4. Measure the volume of the clarified lysate. Add an equal volume of isopropanol, mix 

thoroughly, and incubate on ice for 20 min. Centrifuge the lysate-isopropanol mixture at 

10,000 x g at 4 °C for 30 minutes to remove precipitated proteins. Transfer the 

supernatant to clean tubes. 

5. Equilibrate the 5 mL DEAE Sephacel column with 25 mL loading buffer (5 column 

volumes). Load the cell lysate on the DEAE Sephacel column. Wash the column with  

25 mL loading buffer and then with 25 mL washing buffer to remove weakly bound 

proteins. Elute CiVCPO from the column using 30 mL elution buffer and collect the eluate 

in fractions of 1 to 1.5 mL. Confirm presence and purity of the haloperoxidase by  

SDS-PAGE (see Note 10) and combine the fractions containing the haloperoxidase. 
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6. To obtain the chloride-free, active vanadium-bound CiVCPO, dialyse the CiVCPO eluate 

three times against chloride-free, orthovanadate-containing dialysis buffer. After 

moistening the dialysis membrane (10 kDa MWCO) with some dialysis buffer, fold one 

end of the membrane twice and clamp it with clips. Transfer all CiVCPO eluate carefully 

into the dialysis membrane, fold the open end twice and clamp (see Note 11). Dialyse the 

CiVCPO eluate against 4.5 L precooled dialysis buffer on a magnetic stirrer in a cold room 

for 4 h. Replace the dialysis buffer and dialyse the eluate for another 4 h. Afterwards, 

replace the dialysis buffer and dialyse the eluate overnight (see Note 12). Aliquot the 

chloride-free, active vanadium-bound CiVCPO into centrifuge tubes and store at 4 °C  

(see Notes 13 and 14). Measure the absorbance of CiVCPO at 280 nm using a NanoDropTM 

(Thermo Fisher, Hennigsdorf, Germany) or an equivalent device. Calculate the protein 

concentration of CiVCPO (see Note 15). 

2.3.2.2 Preparation of CoVBPO 

The commercial CoVBPO described under Peroxidases was used for selective bromide 

detection in the presence of chloride. Dissolve the entire vial of CoVBPO by adding 400 μL 

dialysis buffer. Transfer the solution to a dialysis device fit for small volumes like the Thermo 

Scientific Slide-A-Lyzer MINI Dialysis Devices (10 kDa MWCO, Catalogue No.: 69570). Dialyse 

it three times against 800 mL dialysis buffer for 1 h to remove MES buffer and other salts and 

obtain the active vanadium-bound CoVBPO. Transfer the CoVBPO to a 2 mL tube and adjust 

the volume to 1.67 mL with the dialysis buffer to obtain a 6 U/mL CoVBPO stock solution. Store 

at 4 °C. 

2.3.2.3 Determination of haloperoxidase activities 

Specific activities of CiVCPO and the triple mutant are determined using the MCD assay. 

Bromination of MCD results in a decrease in absorbance at 290 nm (Δε = 19,900 M-1·cm-1). 

Add the haloperoxidase activity reaction mixture directly into a 1 cm-pathlength quartz 

cuvette and mix all components by pipetting. Final concentrations of MCD, hydrogen 

peroxide, and bromide in the reaction mixture are 42 μM, 8.8 mM, and 100 μM, respectively. 

Measurement of the brominating activity of CiVCPO is initiated by adding 10 μL purified 

CiVCPO or the triple mutant. The decrease in absorbance at 290 nm (ΔA290 nm) is monitored in 

a spectrophotometer. One unit of CiVCPO or the triple mutant produces 1 μmol of brominated 

MCD per minute (see Note 16). 
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2.3.2.4 General Halide Assay (HOX assay) 

1. Add 38 µL assay solution per well of a black 384-well microtiter plate, then add 2 µL 

sample or the halide standard solutions (see Notes 17 and 18). Final concentrations of 

hydrogen peroxide, APF and CiVCPO in the reaction mixture are 2 mM, 25 µM, and 

2.5 U/mL, respectively. Mix reactions thoroughly by pipetting or shaking on a microplate 

shaker (2.2 mm amplitude) at 600-800 rpm for 10 s. Cover the plate with a microtiter plate 

sealing film to avoid contamination and evaporation. Incubate the microtiter plate at 

room temperature for 60 minutes in the dark. 

2. After incubation, measure the fluorescence of the reactions at 525 nm with excitation at 

488 nm (see Note 19). For determination of the halide concentrations in samples, first 

obtain the standard curve of the corresponding halide by plotting the fluorescence signal 

against the concentrations of halide standards (see Note 20). Then calculate the halide 

concentrations in samples by comparing to the corresponding halide standard curve  

(see Note 21). 

2.3.2.5 Selective bromide detection in the presence of chloride 

This assay is performed at pH 6.5 due to the different pH optimum of the CoVCPO147. Add 

38 µL bromide assay solution per well of a black 384-well microtiter plate, then add 2 µL 

sample or the bromide standard solutions. Final concentrations of hydrogen peroxide, APF, 

and CoVBPO in the reaction mixture are 2 mM, 25 µM, and 0.3 U/mL, respectively. Then follow 

the mixing, incubation and measurements in steps 1-2 described in for the general HOX assay 

(see Note 21). 

2.3.2.6 Iodide detection 

1. Add 50 µL iodide assay solution to the wells of a transparent 384-well polystyrene 

microtiter plate. Final concentrations of hydrogen peroxide, TMB, and CiVCPO in the 

reaction mixture are 2 mM, 250 μM, and 1.37 U/mL, respectively. Then add 1 μL sample 

or the iodide standards to the assay solution. Mix reactions thoroughly by pipetting or 

shaking on a micro-plate shaker (2.2 mm amplitude) at 800 rpm for 10 s. 

2. Immediately measure sample absorbance at 570 nm every 10 s for 2 minutes. Calculate 

the initial rate of increase in absorbance at 570 nm (v = A570nm/s) (see Note 23). For 

determination of the iodide concentrations in samples, first obtain the standard curve of 

iodide by plotting the A570nm/s against the concentrations of iodide standards  

(see Note 24). Then calculate the iodide concentrations in samples by comparison to the 

iodide standard curve (see Note 19). 

3. For high-throughput screening, repeat step 1 and incubate the reactions at room 

temperature for 30 minutes. By comparing the colours of sample reactions to the iodide 

standard reactions, iodide concentrations of samples can be estimated (see Note 25). 
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2.3.3 Notes 
1. Try to use fresh buffer components and keep them only for the halide assays to avoid 

contamination with chloride. Rinse all glassware (glass bottles, measuring cylinders) and 

reusable utensils (spatulas and magnetic stirring bars) at least three times with Milli-Q 

water in addition to normal cleaning before use. 

2. Avoid putting pH probes directly into the chloride-free buffers. Since pH probes are stored 

in 3 M KCl, chloride contamination from the electrode is highly likely. Thus, check the pH 

of chloride-free buffers using an aliquot that will be discarded after verification of the pH. 

3. Prepare fresh 40 mM hydrogen peroxide solution prior to the assay. 

4. Aliquot assay components after preparation. This prevents contamination of the reagent 

stocks. 

5. Iodide standard solutions can be kept at room temperature for a few months. Discard 

when they turn yellow. 

6. To avoid accidental contamination by chloride, use pre-packed (preferably filter) pipette 

tips for preparing assay solutions and during the assay. 

7. Prepare fresh assay master mix prior to the assay. We recommend using 250 µM of TMB 

rather than 25 mM as described by Tang et al116. 

8. Taurine is added as a scavenger of HOCl. It forms taurine chloramine when reacting with 

HOCl. Chloramines are less reactive than bromamines, allowing HOBr to be detected 

selectively. 

9. Prepare assay solutions in brown tubes and keep out of direct sunlight. 

10. Expected size of CiVCPO and the triple mutant is 67.5 kDa. 

11. Wear clean gloves when handling the dialysis membrane to avoid introduction of chloride 

from sweat on the hands. 

12. It is advisable to dialyse the enzyme after purification instead of using PD10 desalting 

columns. At 98% desalting capacity, PD10 columns do not remove enough of the salts 

used in purification. In contrast, three rounds of dialysis (100x sample volume, >4 h per 

round) will be sufficient. 

13. Make sure to dialyse the purified CiVCPO and the CiVCPO triple mutant eluate three times 

to completely remove chloride and Tris since the HOX assay is highly sensitive to residues 

of chloride, and amines can inhibit the HOX assay. 

14. CiVCPO and the triple mutant are highly stable and can be stored in the fridge for 

extended periods. 

15. Concentration of CiVCPO or mutant in mg/mL 
 

Concentration (
𝑚𝑔

𝑚𝐿
) =

Absorbance at 280nm

Extinction coefficient ×  Pathlength
× Molecular weight   

 

Concentration (
mg

mL
) =

Absorbance at 280nm

91915 M−1cm−1 ×  1 cm
× 67546 g/mol 
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16. Specific activity of CiVCPO or mutant in µmol·min-1·mg-1 or U 

 

Specific activity (
µmol

min · mg
) =

ΔA290nm ×  Reaction volume

Extinction coefficient of MCD ×  Pathlength × EV x EC
 

 

 With EV = enzyme volume in mL and EC = enzyme concentration in mg/mL 

 

 Specific activtity  (
µmol

min · mg
) =

ΔA290nm (min−1) × 600 µL

19,900 M−1cm−1 ×  1 cm × 0.01 mL × EC (
mg
mL

)
 

 

17. After preparation of the assay master mix, first use Milli-Q water as a sample and measure 

the background signal as a negative control. If the background signal is too high, check all 

components for chloride contamination and discard any contaminated aliquots. 

18. Space out samples on the assay plate to avoid cross-contamination by, for example, 

accidentally pipetting into the wrong well (especially with 384-well plates). 

19. Perform each assay in triplicate to increase accuracy of the assay. The amount of CiVCPO 

and triple mutant used in the assays can be adjusted according to different requirements. 

However, make sure to use the same master mix for the standard curves and samples. 

20. Fluorescence signal of the HOX assay is linear to halide ions in the following ranges:  

0–25 μM for chloride, 0–1000 nM for bromide, and 0–10 μM for iodide115. 

21. Avoid using buffer reagents with amino groups in the samples. Amines can inhibit the HOX 

assay. 

22. Buffer reagents with amino groups can be used in the samples in this assay. 

23. Calculate the initial rate of change in absorbance at 570 nm (v = A570 nm/s) using the first 

few measured absorbance values that are linearly proportional to the measurement time. 

The linearity will be lost when the diimine product of TMB starts forming. 

24. Initial rate of change in absorbance at 570 nm (v = A570 nm/s) of the selective iodide assay 

is linear to iodide standards ranging from 0 μM to 400 μM116. When using self-prepared 

TMB and hydrogen peroxide mixture in reaction buffer, the range of iodide detection can 

be different. 

25. Reaction mixtures will turn blue, purple, bronze, orange, and eventually black with 

increasing iodide concentration and incubation time116. 
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3.1 Evolutionary relationships between α/β-hydrolases 
Enzymes are grouped together with other similar proteins into structural families and 

superfamilies. Members of a structural family share significant structural elements and 

mechanistic similarity is also quite common. One of the largest structural superfamilies is the 

α/β-hydrolase-fold family, which includes many enzymes such as acyltransferases, 

oxidoreductases, lyases, epoxide hydrolases and dehalogenases58,59. The adaptable scaffold 

and versatile catalytic residues of the α/β-hydrolase fold family enabled the divergent 

evolution of a large variety of enzymes with different catalytic activities. Within structural 

superfamilies like the α/β-hydrolase fold family the primary function of one family member is 

often found as promiscuous activity in other family members36,40,64. The structural similarities 

and prevalent cross-reactivity among α/β-hydrolases suggest a common evolutionary origin 

for the catalytically diverse enzymes in the family. Catalytic promiscuity is thought to play an 

important role in the emergence of novel functions by providing a starting point for divergent 

evolution towards different enzymatic activities41–46. However, while some promiscuous 

activities are frequently observed among α/β-hydrolases and no enzyme has been reported 

with both epoxide hydrolase and dehalogenase activity, despite their significant structural and 

mechanistic similarities. Here, phylogenetic analyses are used to explore the evolutionary 

relationships between epoxide hydrolases, haloacetate dehalogenases and haloalkane 

dehalogenases with the aim to identify promising candidates for protein engineering and 

screening towards dehalogenase activity. 

3.1.1 Molecular phylogenetics 
Evolutionary relationships between closely related biomolecules like epoxide hydrolases and 

dehalogenases can be explored through molecular phylogenetics. This branch of phylogeny 

focuses on the analysis of genetic molecular differences found in amino acid or DNA 

sequences. The idea is simple; if two organisms are closely related, the sequences of their 

genes and proteins should be similar. As the evolutionary distance between the organisms 

becomes larger, the sequences become more and more distinct8,9. Using this theory, a 

phylogenetic tree can be derived from looking at the similarities and differences in the amino 

acid or DNA sequences. 

A phylogenetic tree is a branching diagram that visualizes the relationships between the 

different species in a dataset. The external nodes, or leaves, represent existing species and 

are connected through branches. Each branch combines with another to form an internal 

node, representing a theoretical common ancestor. A phylogenetic analysis starts with 

building a solid dataset of homologous extant sequences. These sequences are aligned, and a 

multiple sequence alignment (MSA) is used to construct a phylogenetic tree17–19. The most 

commonly used maximum likelihood computational method assumes that a tree with the 

minimum number of amino acid substitutions is most likely and uses evolution models to 

approximate realistic amino acid substitution. Which evolutionary model is the most accurate 

representation of reality is dependent on the dataset and can be determined using programs 

like ProtTest20,21. 
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The resulting phylogenetic tree can be used to identify interesting extant enzymes. We are 

interested in finding suitable epoxide hydrolase protein scaffolds to engineer promiscuous 

dehalogenase activity. We also assume that it is highly probable that an epoxide hydrolase-

dehalogenase enzyme exists but has not been identified yet. Therefore, we searched for 

promising epoxide hydrolases with close relations to the dehalogenase branches for screening 

for dehalogenation. In addition, we attempted to engineer a promiscuous enzyme through 

ancestral sequence reconstruction. 

3.1.2 Reconstructing ancestral sequences 
Molecular phylogeny and extant sequences can be used to resurrect extinct ancient proteins 

and other biomolecules9,23–26. Ancestral sequence reconstruction (ASR) attempts to 

reconstruct ancestral sequences based on their existing descendants and characterise them 

in the laboratory. By combining the multiple sequence alignment, the evolutionary 

relationships from the phylogenetic tree, and evolutionary models, a hypothetical sequence 

of the theoretical ancestor can be determined. ASR is often used to study functional 

divergence within protein families but can also be used to obtain similar enzymes with 

different properties such as higher thermostability27–32. 

3.2 Phylogenetics 
3.2.1 Collecting sequences 
To start the phylogenetic analysis, a dataset of epoxide hydrolases and dehalogenases was 

needed. Homologous proteins are usually found through protein databases such as NCBI10 or 

UniProt11 using search algorithms like BLAST12. Because we are interested in α/β-hydrolases, 

the 3DM α/β-hydrolase fold enzyme family database from Bio-Prodict148 was used. The 3DM 

information systems collect, combine, and integrate many different types of protein-related 

data for protein super-families. The system allows for quick comparison between sequences 

through the high-quality structure-based multiple sequence alignment. 3DM determines a 

core of structurally conserved residues and aligns these residues. Any residues in equivalent 

3D positions in the structure will be assigned the same core number, so that residues at 

interesting positions can easily be compared between many different protein sequences.  

The core numbering system is unique to 3DM, and core numbers will be annotated as c#  

(e.g. c1, c2 etc.). The α/β-hydrolase fold enzyme family database contains almost all available 

α/β-hydrolase-fold enzymes. To select only potential epoxide hydrolases and dehalogenases 

from the database we needed to identify the correct markers, or catalytic motifs, for their 

respective activities. 

3.2.2 Identifying markers 
Epoxide hydrolases (EH), haloacetate dehalogenases (HacD), and haloalkane dehalogenases 

(HLD) all use the same Asp-His-Asp/Glu catalytic triad. This triad produces an alkyl-enzyme 

intermediate, an ester derivative of the catalytic aspartate, through a nucleophilic attack, after 

which the alkyl-enzyme intermediate is hydrolysed by an activated water molecule 62,63. To 

properly make use of the 3DM database, the 3DM core numbers of the important catalytic 

residues are determined. All three residues of the catalytic triad can be assigned a core 

number; the catalytic nucleophile is c96, the histidine base is c188 and the charge relay acid 

is either c121 or c159 depending on its position in the sequence (Figure 12). 
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In addition to the catalytic triad, all three enzyme classes have different additional supporting 

residues. Epoxide hydrolases have two epoxide ring-opening residues, of which only the 

second residue, the tyrosine in the helix α8, is represented in the core alignment at c132. Most 

epoxide hydrolases utilise two tyrosine residues88, but a few distinct epoxide hydrolases use 

a histidine-tyrosine pair instead89. Haloacetate dehalogenases have two carboxylate-binding 

arginine residues close to the catalytic nucleophile at core positions c97 and c100 (Figure 12). 

In addition, many haloacetate dehalogenases have a halide pocket with three halide stabilising 

residues112. Two of these residues, a histidine and a tryptophan, are highly conserved among 

haloacetate dehalogenases but are in a highly variable part of the cap domain and thus are 

not present in the core alignment. The third residue of the halide pocket is a tyrosine residue 

at c132 in the core alignment. This tyrosine residue overlaps with the epoxide ring-opening 

tyrosine of epoxide hydrolases. In addition, the histidine residue of the halide pocket outside 

of the core alignment also overlaps with the histidine residue of the histidine-tyrosine epoxide 

ring-opening pair in epoxide hydrolases. Most haloalkane dehalogenases have two halide-

stabilising residues. The primary halide-stabilising residue can be found in all haloalkane 

dehalogenases and corresponds to core number c97. The secondary halide-stabilising residue 

of DhlA (Figure 12) and other haloalkane dehalogenases of the HLD-I subfamily is not present 

in the core alignment. In haloalkane dehalogenases from the subfamilies HLD-II and HLD-III, 

the secondary halide-stabilising residue is found in the HGxP motif. This motif is represented 

in the core alignment and the secondary halide-stabilising residue can be assigned c30  

(Figure 12). 

The core numbers of the known important catalytic residues are used to filter the α/β-

hydrolase fold enzyme family database and enable quick comparison of the catalytic residues 

of the sequences in the alignment. The catalytic nucleophilic aspartate at c96 and the histidine 

base at c188 were used to obtain a large dataset (D96H188) of 19,600 sequences. According 

to the annotations in 3DM, D96H188 contains 8,230 potential epoxide hydrolases and 2,920 

potential dehalogenases. The charge relay acid was not used as a filter because it can be found 

at two different core positions (c121 and c159) and can also be either an aspartate or a 

glutamate. In addition, D96H188 already seemed to include mostly sequences that have a 

potential charge relay acid at either position making it unnecessary to apply this as an 

additional filter. 

The sequences collected in D96H188 differ greatly in sequence length. While characterised 

α/β-hydrolases are usually approximately 300 residues long, D96H188 included several 

sequences over 1000 residues long. To improve the quality of the overall alignment, the length 

of the sequences was limited to a maximum deviation of 10% from the average sequence 

length of 294. The number of 294 residues was chosen as it is the most common length for 

the sequences included in the dataset and coincides with the average length for a 

representative set of epoxide hydrolases and dehalogenases (PaeCIF from Pseudomonas 

aeruginosa, EchA from Agrobacterium radiobacter, DhaA from Rhodococcus rhodochrous and 

DhlA from Xanthobacter autotrophicus GJ10). With the selection cut-off at 10%, only 

sequences with a length between 264 and 324 residues were included in the next iteration of 

D96H188. 
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Figure 12. Overview of the active sites of epoxide hydrolases (PaeCIF from Pseudomonas 
aeruginosa85,89, PDB ID: 3KD2), haloalkane dehalogenases (DhlA from Xanthobacter autotrophicus 
GJ1090, PDB ID: 2HAD), and haloacetate dehalogenases (RpaHacD from Rhodopseudomonas 
palustris149, PDB ID: 3R3U) with 3DM core numbers of the α/β-hydrolase fold enzyme family 
database148. The catalytic triad with the catalytic nucleophile (CN, pink), the charge-relay acid (CRA) at 
position 1 (CRA1, dark pink) or 2 (CRA2, dark purple), and the histidine base (B, purple) are shown. For 
the epoxide hydrolase CorEH, the epoxide ring-opening pair (RO1 & RO2, yellow) consists of one 
histidine and one tyrosine residue respectively. The primary halide-stabilising residue (HS1, orange) 
and secondary halide-stabilising residue (HS3, orange) in DhlA are both tryptophan residues. In many 
haloalkane dehalogenases the secondary halide-stabilising residue is in the HGxP motif. DhlA has a 
glutamate residue at this position instead and the residue is only shown for spatial orientation  
(HS2, grey). Haloacetate dehalogenases have two carboxylate-binding arginine residues  
(CB1 & CB2, orange) and a halide pocket (yellow) consisting of a histidine (HP1), tryptophan (HP2), and 
tyrosine (HP3).  
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The number of sequences in D96H188 was reduced significantly and the alignment was greatly 

improved by the removal of the extremely short and long sequences. However, D96H188 still 

contained many sequences that have extremely high sequence similarity. High sequence 

similarity is not necessarily a problem in phylogenetics, but in large datasets most of these 

sequences will be redundant and add to the computational load. Removing the redundant 

sequences by clustering highly similar sequences reduces the computational load during 

calculation and the clutter in the phylogenetic tree. To remove redundant sequences, 

sequences can be clustered with programs like CD-HIT1502. For D96H188 we decided to cluster 

all sequences above 95% similarity. By selecting on length and clustering redundant sequences 

the size of the dataset was reduced from 19,600 to 3,487 sequences. This dataset was used to 

start the construction of a phylogenetic tree. 

3.2.3 Aligning sequences 
Once the dataset was determined, a final multiple sequence alignment (MSA) is made.  

A combination of the structural alignment from the 3DM database and the alignment software 

MAFFT14 was used to obtain a full MSA. 3DM divides their structural alignment in core and 

variable regions and while the core regions are all aligned in the system, the variable regions 

are not aligned. To obtain a full multiple sequence alignment, the 3DM partial alignment was 

split into core and variable regions. The core regions were left unaltered, while the variable 

regions were aligned using MAFFT. The full alignment is reconstructed by reuniting the aligned 

variable and core regions. 

3.2.4 Big data and bad annotations 
Finally a phylogenetic tree was constructed by maximum likelihood using IQ-TREE21  

(Figure 13). The built-in ModelFinder151 was used to determine the most accurate evolutionary 

model for this dataset. Looking at the tree in Figure 13, several problems immediately became 

apparent. Due to the sheer number of sequences in the dataset the tree has become 

practically unreadable, and it is difficult to extract any useful information. In addition, based 

on our literature study, only the dark coloured labels in Figure 13 correspond to characterised 

enzymes. All other sequences are automatically annotated by the various databases that they 

originate from. These annotations are mostly based on the sequence similarity and are not 

verified experimentally. In the original D96H188 dataset of 19,600 sequences, 8,230 

sequences were annotated as “epoxide hydrolase”, but only 45 epoxide hydrolases of the α/β-

hydrolase-fold family had been experimentally characterised and described in literature. 

2,075 sequences were annotated as “haloalkane dehalogenase” and 943 as “haloacetate 

dehalogenase”, while only around 30 haloalkane dehalogenases and 7 haloacetate 

dehalogenases were reported at the time. Although automated annotations can be used as 

predictions of catalytic activity, they are often wrong and should be interpreted carefully. 

Haloacetate dehalogenases, for example, have often been mistakenly annotated as epoxide 

hydrolases due to the significant overlap in possible supporting catalytic residues152. 
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We were interested in sequences at the interface of both epoxide hydrolase and 

dehalogenase branches, but the unreliable annotations and clutter in the phylogenetic tree 

make it difficult to identify individual interesting extant sequences. In addition, due to 

computational limitations of the reconstruction method, ancestral sequence reconstruction 

would also be significantly more difficult with a tree of this size. Without suitable high-

throughput screening methods, we had neither the proper methods nor the time required to 

screen a large number of sequences. Therefore, a change in strategy was necessary and we 

decided to rethink our approach. 

 

Figure 13. Resulting phylogenetic tree using the large dataset D98H188. Annotated epoxide hydrolases 
are shown in yellow, annotated haloalkane dehalogenases are shown in blue and annotated 
haloacetate dehalogenases are shown in green. Dark coloured labels correspond to sequences that 
were characterised through activity assays and/or crystallography.  
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3.2.5 Compiling a smaller dataset based on literature research 
To avoid the problems encountered with the large D96H188 dataset, instead of trying to filter 

the α/β-hydrolase fold enzyme family database, sequences were collected through a literature 

search for characterised epoxide hydrolases and dehalogenases. The literature search yielded 

45 characterised epoxide hydrolases, 30 characterised haloalkane dehalogenases, and 7 

characterised haloacetate dehalogenases. A phylogenetic tree was created using the same 

methods as described for the large dataset (Figure 14). 

Both the haloalkane dehalogenases and the haloacetate dehalogenases form distinct 

branches in the phylogenetic tree (Figure 14). Most epoxide hydrolases are grouped in one 

branch that separates early in the phylogenetic tree from the branches containing 

dehalogenase activity. Notably, the epoxide hydrolase EchA from Agrobacterium 

radiobacter104, that was initially selected as a scaffold for protein engineering towards 

dehalogenase activity, is part of a group of epoxide hydrolases that splits off into their own 

separate branch almost at the root of the phylogenetic tree. This group is far removed from 

the dehalogenases in the phylogenetic tree, meaning that they have relatively low sequence 

similarity with both haloalkane and haloacetate dehalogenases. The distance in the 

phylogenetic tree shows that the epoxide hydrolase EchA is quite different from 

dehalogenases, which negatively affected its suitability as an epoxide hydrolase scaffold for 

dehalogenase activity. 

Looking at the phylogenetic tree, the epoxide hydrolase PaeCIF from Pseudomonas 

aeruginosa seems to be a much more suitable choice to engineer towards dehalogenase 

activity. Together with three other epoxide hydrolases, PaeCIF forms a distinct group of  

α/β-hydrolase epoxide hydrolases with high similarity towards haloacetate dehalogenases 

that utilise a histidine-tyrosine ring-opening pair89 instead of the canonical tyrosine-tyrosine 

pair. Interestingly, two of these epoxide hydrolases are even closer to haloacetate 

dehalogenases in the phylogenetic tree; ScoEH from Streptomyces coelicolor63 and CorEH from 

Corynebacterium sp. C12153,154. Four other epoxide hydrolases are relatively close to 

haloalkane dehalogenases but are separated into two distinct branches. EliEH2 from 

Erythrobacter litoralis155 and PpuEH from Pseudomonas putida63 split off first, directly 

followed by SceEH from Saccharomyces cerevisiae156 and NpuEH2 from Nostoc punctiforme63. 

These eight extant epoxide hydrolases were selected for further characterisation and 

screening for promiscuous dehalogenase activity (see Chapter 4).  
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Figure 14. Phylogenetic tree based on characterized epoxide hydrolases, haloalkane dehalogenase and 
haloacetate dehalogenases. Haloacetate dehalogenases branches are shown in green, haloalkane 
dehalogenases in blue, and epoxide hydrolase branches are shown in yellow. Interesting ancestral 
nodes numbers are marked.  
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3.3 Ancestral sequence reconstruction 
In addition, several interesting ancestral nodes were selected for ancestral sequence 

reconstruction. Using the program RAxML157, ancestral sequences were derived from the 

phylogenetic tree and the sequence alignment. RAxML does not handle inserts or deletions 

(indels) well. Indels are a certain type of mutation where one or more residues are inserted or 

deleted158. The program will always insert a residue if one of the two descendant sequences 

has amino acid residues at that position in the alignment. Due to this oversight, the theoretical 

ancestral sequences become longer with each ancestral node moving closer towards the root 

of the tree . This results in extremely long sequences that are not realistic or viable. Therefore, 

the ancestral sequences need to be adjusted manually using a sequence editing software, like 

BioEdit159. In our manual adjustments, inserts were only kept if other nearby extant sequences 

show an insert at that position. Only one insert was kept if two of the same insert were 

included at nearby positions in the alignment. In the curated conserved core regions, indels 

were not a problem and thus these regions were not adjusted manually. 

3.3.1 Structural modelling of ancestral sequences 
Three-dimensional protein structures of the ancestral sequences were obtained through 

homology modelling using the SWISS-MODEL160 server (Figure 16). Together with the 

alignment (Figure 15), these models make it easier to compare the active sites of the ancestral 

sequences with those of extant epoxide hydrolases and dehalogenases. 

As expected from their position in the phylogenetic tree in Figure 14, both ancestral sequences 

Anc153 and Anc159 primarily have haloacetate dehalogenase motifs, including the 

carboxylate-binding arginine residues and a halide pocket. The histidine (H146 and H143) and 

tyrosine (Y208 and Y206) residues of the halide pocket can potentially also serve as epoxide 

ring-opening residues, but no haloacetate dehalogenase has been reported to hydrolyse 

epoxides. 

 

Figure 15. Alignment of the ancestral sequences with an epoxide hydrolase (PaeCIF89), a haloalkane 
dehalogenase (DhlA90) and a haloacetate dehalogenase (RpaHacD149). Epoxide ring-opening residues 
can be a histidine-tyrosine or tyrosine-tyrosine pair. Haloacetate dehalogenases typically have two 
carboxylate binding residues (CB1/2) and a halide pocket (HP). The halide pocket consists of a histidine-
tryptophan pair (HP1/2) and tyrosine (HP3) and overlaps with the epoxide ring-opening residues. The 
primary halide-stabilising residue (HS1) is a tryptophan and the secondary halide-stabilising residue 
(HS2 or HS3) can be an asparagine or a tryptophan respectively. Full sequences can be found in 
Appendix A3.4. 
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The nodes of ancestral sequences Anc152 and Anc153 connect the haloacetate dehalogenase 

branch to several extant epoxide hydrolases. Remarkably, neither sequence has the 

carboxylate-binding arginine residues of haloacetate dehalogenases, but instead they both 

have the primary halide-stabilising tryptophan (W102 and W104) typical for haloalkane 

dehalogenases. Both Anc152 and Anc153 have the histidine-tyrosine pair from haloacetate 

dehalogenases and PaeCIF-like epoxide hydrolases. Anc153 completes the halide pocket with 

a tryptophan (W143), that could also act as a halide-stabilising residue together with another 

tryptophan next to the catalytic nucleophile (W102), as in haloalkane dehalogenases. 

In contrast to the other 4 ancestral sequences, Anc116 and Anc117 are derived from both 

epoxide hydrolases and haloalkane dehalogenases. Their respective ancestral nodes are much 

closer to the base of the tree. Anc116 and Anc177 both have the charge relay acid in the 

second position, which is common for HLD-subfamilies I and III and for most epoxide 

hydrolases except the group of epoxide hydrolases with the histidine-tyrosine epoxide ring-

opening pair, like PaeCIF. Anc117 has a potential asparagine-tryptophan halide-stabilising pair 

(N36/W104) as is typically found in haloalkane dehalogenase subfamilies II and III, but no ring-

opening residues. Anc116 is very close to the root of the tree and due to the distance from 

the extant sequences and poor handling of inserts and deletions by the software, the 

predicted sequences are much less reliable. Anc116 does not have any of the canonical 

supporting residues, but instead has an unusual mix of tyrosine and tryptophan residues. It is 

difficult to say whether any activity can be expected from this ancestral sequence. 

3.3.2 Cloning and expression of ancestral sequences 
The adjusted ancestral sequences were ordered cloned in a pET-28a(+) vector, codon 

optimised for expression in Escherichia coli. The plasmids were transformed into E. coli 

BL21(DE3) and protein expression was tested under several different conditions, including 

induction of protein expression through the addition of isopropyl β-D-1-

thiogalactopyranoside (IPTG) in lysogeny broth (LB) media and expression in autoinduction 

media, like ZYM-5052161, at various temperatures. However, we were unable to achieve 

sufficient soluble protein expression for proper characterisation under any of the conditions 

tested (Figure 19). These expression problems temporarily put our ancestral sequence 

reconstruction efforts on hold, until we got the opportunity to test an automated ancestral 

sequence reconstruction pipeline, FireProtASR, that was under development by Bednar et al.162 
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Figure 16. SWISS-MODEL160 homology models for the ancestral nodes from the phylogenetic tree in 
Figure 14. The catalytic nucleophile (CN, pink), the charge-relay acid at position 1 (CRA1, dark pink) or 
2 (CRA2, dark purple), and the histidine base (B, purple) are shown. Potential epoxide ring-opening 
residues and residues of a halide pocket are shown in yellow, while potential halide-stabilising residues 
and the carboxylate-binding arginine residues are shown in orange. Details of the homology models 
are listed in Appendix A1.4 Table S2. 
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3.3.3 Automated Ancestral Sequence reconstruction 
FireProtASR combines several computational tools into a fully automated workflow, allowing 

unexperienced users to obtain ancestral sequences based on a sequence query as the only 

input162. As a secondment, as part of the Marie Curie Innovative Training Network ES-Cat, I 

was invited to test a prototype workflow of FireProtASR and help find potential bottlenecks. As 

we already had constructed a well-suited dataset for the first phylogenetic tree, we tested the 

FireProtASR workflow starting with the curated dataset of characterised epoxide hydrolases, 

haloacetate dehalogenases and haloalkane dehalogenases collected from literature. The 

sequences were realigned and pushed through the various programs embedded in the 

workflow162, including some programs that were also used in the construction of the first tree, 

such as IQ-TREE and RAxML. 

 

Figure 17. Phylogenetic tree based on characterized epoxide hydrolases and dehalogenases using a 
prototype of the fully automated ancestral sequence reconstruction tool (FireProtASR)162. Haloacetate 
dehalogenase branches are shown in green, haloalkane dehalogenase branches in blue, and epoxide 
hydrolase branches are shown in yellow. Interesting ancestral nodes are marked with numbers 
corresponding to their node number in the phylogenetic tree.  
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As expected, when starting from the same dataset, the phylogenetic tree resulting from the 

automated workflow in Figure 17 is very similar to the first tree in Figure 14. Although the 

haloalkane dehalogenase branch is now shown on the opposite side of the tree, most internal 

relationships are the same between both trees. The group of distinct epoxide hydrolases 

including PaeCIF is again the closest branch to the haloacetate dehalogenases and are clearly 

separated from the other epoxide hydrolases. However, instead of having its own branch, 

CorEH is now grouped together with ScoEH. This means that there is no equivalent ancestral 

node for Anc152 in the new tree, and the equivalent of Anc149 in Figure 17, Brno157, is now 

the first node to connect the group of epoxide hydrolases with the haloacetate 

dehalogenases. The split between the haloalkane dehalogenases and the group of SceEH and 

NpuEH2 is the same between the two trees. The ancestral node of Brno86 in Figure 17 is 

therefore equivalent to the ancestral node of Anc117 in Figure 14. In addition to Brno157 and 

Brno86, we thought it would be interesting to look at the ancestral sequence for the first 

ancestral node, Brno119, connecting all three activities (Figure 17). The predicted ancestral 

sequences for these three ancestral nodes were scrutinised and carefully adjusted where 

necessary to increase our chances of finding a promiscuous epoxide hydrolase-dehalogenase 

protein. 

3.3.4 Corrections of the ancestral sequences to promote promiscuity 
Even though most of the workflow was already automated at the time, the correction of indels 

in the reconstructed ancestral sequences still had to be performed manually. Overall, the 

predicted ancestral sequences were reasonably well aligned with their respective extant 

sequences. The start of the ancestral sequences is usually uncertain due to the uncertainty in 

the alignment in that region and therefore the beginning of each ancestral sequence is 

replaced by the start of a suitable extant sequence. Unexpectedly, the tyrosine in the halide 

pocket of haloacetate dehalogenases and the overlapping epoxide ring-opening residue was 

often missing in the overall alignment. All extant sequences do have a tyrosine at this position 

and the misalignment was corrected manually for all sequences. In addition, the alignment is 

relatively bad around the halide pocket and around the second possible position for the charge 

relay acid. These regions were checked extensively by hand and corrected where necessary. 

Structural homology-models were obtained for all the three selected ancestral sequences 

using SWISS-MODEL160 (Figure 18A) to visualize the active sites, complementary to the 

alignment (Figure 18B). To increase the chances of an enzyme with both epoxide hydrolase 

and dehalogenase activity, the supporting residues for both activities were introduced if not 

yet present.  

Originally, the predicted sequence Brno86 did not have a complete pair of epoxide hydrolase 

or dehalogenase supporting residues. Adjustments were made to introduce a halide-

stabilising pair (N43/W111) by changing the phenylalanine (F43) in the HGxP-motif to an 

asparagine (N43) and to introduce an epoxide ring-opening pair (Y151/Y207) by changing the 

phenylalanine (F151) to a tyrosine (Y151) (see Figure 18). 
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Figure 18. SWISS-MODEL160 homology models and active site alignment for the three most interesting 
nodes of the phylogenetic tree in Figure 17. Showing the catalytic nucleophile (CN, pink), the charge-
relay acid (CRA1, dark pink or CRA2, dark purple), and the histidine base (B, purple). Potential epoxide 
ring-opening residues (RO1 & RO2) and residues of the halide pocket (HP) are shown in yellow. Potential 
halide-stabilising residues and carboxylate-binding arginine residues (CB1 & CB2) are shown in orange. 
B) Alignment with an epoxide hydrolase (PaeCIF89), a haloalkane dehalogenase (DhlA90) and a 
haloacetate dehalogenases (RpaHacD149). Epoxide ring-opening residues can be a histidine-tyrosine or 
tyrosine-tyrosine pair. The halide pocket consists of a histidine-tryptophan pair (HP1/2) and tyrosine 
(HP3) and overlaps with the epoxide ring-opening residues. The primary halide-stabilising residue (HS1) 
is a tryptophan and the secondary halide-stabilising residue (HS2 or HS3) can be an asparagine or a 
tryptophan respectively. Full sequences can be found in Appendix A3.4. Details of the homology 
models are listed in Appendix A1.4 Table S2.  
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Neither of the halide-stabilising pairs were present in Brno119, so these residues were 

introduced by changing the phenylalanine (F39) in the HGxP-motif to an asparagine (N39) and 

the leucine (L152) to a tryptophan. Brno157 already has a ring-opening pair (H149/Y120), but 

no halide-stabilising pairs. Two pairs were introduced by changing the phenylalanine (F39) to 

an asparagine (N39) and the histidine (H150) to a tryptophan (W150). Both Brno119 and 

Brno157 now have both halide-stabilising pairs; the asparagine-tryptophan pair commonly 

found in subfamilies HLD-II and HLD-III of the haloalkane dehalogenases and the tryptophan-

tryptophan pair commonly found in subfamily HLD-I. 

3.3.5 Expression and purification of the ancestral sequences 
The ancestral sequences for Brno86, Brno119 and Brno157 were also ordered codon 

optimized for expression in Escherichia coli and cloned into a pET-28a(+) vector. The plasmids 

were transformed into E. coli BL21(DE3) and expression was tested under several expression 

conditions. However, also for this set of ancestral proteins expression proved challenging 

(Figure 19A). Regardless of the difficulties with protein expression, the His6-tagged proteins 

for all ancestral sequences were purified using immobilised metal-affinity chromatography 

(Figure 19B). Due to the low soluble expression of the target proteins, the purified samples on 

the SDS-gel also show other protein bands. 

 

Figure 19. SDS-PAGE. A) Example of a protein expression experiment with the ancestral sequences. 
Normalised total (T) and soluble (S) fractions taken from ZYM-5052161 autoinduction cultures.  
B) Samples of the His6-tagged ancestral proteins purified by immobilised metal-affinity 
chromatography. Target proteins are expected between 30 and 40 kDa: Anc116 (36 kDa), Anc117 (37 
kDa), Anc149 (35 kDa), Anc152 (34 kDa), Anc153 (34 kDa), Anc159 (35 kDa), Brno86 (36 kDa), Brno119 
(36 kDa) and Brno157 (35 kDa).  
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Figure 20. Screening results of reactions with the ancestral proteins and several epoxide and 
halogenated substrates. A) Screening for dehalogenase activity using the halide oxidation (HOX) assay 
for several halogenated substrates. The relative fluorescence units (RFU) are a measure for 
determining the halide release. Reactions were performed at room temperature in 50 mM NaH2PO4 at 
pH 8.0 with 0.15 mg/mL enzyme sample and 10 mM substrate for 4.5 hours. Undiluted reaction sample 
(2 µL) was added to the HOX assay reaction buffer (total volume of 40 μL) containing 2 mM H2O2,  
25 μM aminophenyl fluorescein, 1 mM orthovanadate, 2.5 U/mL Curvularia inaequalis vanadium-
dependent chloroperoxidase (CiVCPO) at pH 6.0. Reactions were incubated in black 384-well plates for 
40 min at room temperature before measuring fluorescence at 525 nm (excitation at 488 nm).  
B) Screening for epoxide hydrolysis using the adrenaline assay163,164 for several epoxide substrates. The 
absorbance at 490 nm is an indirect measure for determining the formation of diols. A lower 
absorbance compared to the negative control indicates activity. The reactions (total volume of 100 μL) 
were performed with 0.15 mg/mL enzyme and 10 mM substrate in 50 mM NaH2PO4 at pH 8.0 
containing 1.25 mM NaIO4. The reactions were incubated at 37 °C for at least 30 min. A sample of the 
reactions (42.5 μL) was added to 7.5 μL 10 mM ʟ-adrenaline in a 384-well plate and the absorbance 
was measured at 490 nm. The 10 mM substrate stocks were prepared in DMSO. 
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3.3.6 Screening ancestral proteins for dehalogenation and epoxide hydrolysis 
The purified protein samples were screened for epoxide hydrolysis with several epoxide 

substrates using the adrenaline assay163,164. Epoxide hydrolysis produces 1,2-diols that can be 

oxidised by periodate. Back-titration of the oxidant with adrenaline to produce the red 

adrenochrome allows for quantification of the diols by measuring the absorbance at 490nm. 

Execution of the adrenaline assay is described in detail in Appendix A2.7. Dehalogenase 

activity was screened using the HOX assay (see Chapter 2). No significant activity was detected 

in any of the activity screenings (Figure 20). Despite our best efforts, it was not possible to 

obtain reliable and reproducible results. Purer and more protein is needed to improve the 

reliability of the screening. However, instead of trying to improve protein expression and 

purification protocols for these ancestral sequences, we decided to focus on screening extant 

sequences with the newly developed halide oxidation assay to find a promiscuous epoxide 

hydrolase-dehalogenase. 
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4.1 Selected epoxide hydrolases 
The phylogenetic analysis described in Chapter 3 resulted in a phylogenetic tree containing 45 

epoxide hydrolases, 30 haloalkane dehalogenases and 7 haloacetate dehalogenases from a 

variety of different organisms (Figure 21). From this tree, eight extant epoxide hydrolases 

were selected as promising potential engineering scaffolds and for screening towards 

dehalogenase activity. Due to their relatively close relation to the dehalogenase sequences in 

the data set, these sequences were thought to be more likely to possess promiscuous 

dehalogenase activity than the other epoxide hydrolases. 

 

Figure 21. Phylogenetic tree based on characterized epoxide hydrolases, haloacetate dehalogenases 
and haloalkane dehalogenases. Epoxide hydrolase branches are shown in yellow, except the branches 
connected to the 8 extant epoxide hydrolases selected for screening, which are shown in orange. The 
haloacetate dehalogenase branches are shown in dark purple. The haloalkane dehalogenase branches 
are shown in a different colour for each subfamily: HLD-I in dark pink, HLD-II in pink and HLD-III in 
purple. As branch length is not important for the purpose of this figure, it was ignored for clarity. 
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Four of the selected epoxide hydrolases form a distinct group that utilise a histidine-tyrosine 

ring-opening pair89 instead of the canonical tyrosine-tyrosine pair (Figure 22). This group is 

close to haloacetate dehalogenases in the phylogenetic tree and includes PaeCIF from 

Pseudomonas Aeruginosa85, aCIF from Acinetobacter nosocomialis165, ScoEH from 

Streptomyces coelicor63, and CorEH from Corynebacterium sp. C12153,154. 

PaeCIF is known as a virulence factor in lung infections and is usually referred to as CFTR 

inhibitory factor (CIF). PaeCIF has been reported to decrease the concentration of the cystic 

fibrosis transmembrane conductance regulator (CFTR) on the apical surface of lung epithelial 

cells, disrupt inflammation resolution signalling, and slow down mucociliary clearance of 

bacteria166–168. PaeCIF can convert polyunsaturated fatty acid epoxides169 and is known to 

accept epibromohydrin as a substrate85. Due to the high sequence similarity and close relation 

between PaeCIF and haloacetate dehalogenases, PaeCIF has been tested for both haloacetate 

and haloalkane dehalogenase activity, but none was reported110. Interestingly, Bahl et al. 

observed some dehalogenation of epibromohydrin by a charge relay acid mutant of PaeCIF 

(E153Q) in mass spectrometry experiments85. Due to the mutation of the charge relay acid, 

this variant is unable to hydrolyse the covalently attached alkyl-enzyme intermediate. 

Although PaeCIF is similar to haloacetate dehalogenases, it does not have the arginine-rich 

nucleophilic aspartate motif found in haloacetate dehalogenases111 (see Figure 24B). 

Like PaeCIF, aCIF is also a CFTR inhibitory factor and was shown to catalyse the hydrolysis of 

multiple epoxides, including (S)-styrene-oxide, epoxycyclohexene and nitrostyrene oxide165. 

Unlike PaeCIF, which utilises a glutamate (E153) as the charge relay acid, aCIF uses an 

aspartate (D182). Recently, and after we constructed the phylogenetic tree in Figure 21, two 

other CIF-like epoxide hydrolases from Burkholderia cenocepacia were identified by  

Taher et al.170. 

Carter et al. isolated CorEH from Corynebacterium sp. C12, as strain that grows on cyclohexene 

oxide as the sole carbon source153. CorEH was first described by Misawa et al. as the enzyme 

responsible for epoxide hydrolysis by Corynebacterium sp. C12 in 1998154. Although CorEH is 

expressed at low levels under normal circumstances, expression is induced to much higher 

levels by growth on potential epoxide substrates like cyclohexene oxide and the hydrolysis 

product 1,2-dihydroxy cyclohexane, indicating a specific function for the enzyme in the 

catabolism of epoxides. Misawa et al. observed the highest activity with C6 and C7 carbocyclic 

epoxides, while C5 and C8 carbocyclic epoxides were hydrolysed with less than 20% of the 

activity against cyclohexene oxide. CorEH also hydrolysed linear 1,2-epoxyalkanes, with 

notable preference for substrates with long alkyl chains, suggesting hydrophobic interactions 

might play an important role in substrate binding. In addition, CorEH was also reported to 

hydrolyse several other epoxides, including epichlorohydrin and epibromohydrin, and displays 

a diverse substrate scope63. CorEH’s putative ring-opening residues were reported as a 

tyrosine pair by van Loo et al. (Y167 and Y209). However, Y167 is located in helix α6 in the cap-

domain, while the epoxide ring-opening residues are always found in helix α4b and helix α8 

(Figure 24A). Instead of a tyrosine pair, CorEH uses a histidine-tyrosine pair (H145 and Y209). 
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Several Streptomyces strains171 have been reported to hydrolyse epoxides and ScoEH was 

reported by van Loo et al.63 to have minimal activity with para-nitrostyrene oxide and para-

nitrophenyl glycidyl ether. van Loo et al. identified two potential ring-opening tyrosine 

residues (Y158 and Y215) but the alignment, phylogenetic tree, and a comparison of active 

sites (Figure 22) suggest that ScoEH uses a histidine-tyrosine pair (H154 and Y215).  

It should be noted that the homology models for the selected epoxide hydrolases (Figure 22 

and Figure 23), have relatively low sequence identity and sequence similarity, and the models 

should therefore be interpreted carefully (Appendix A1.4 Table S2). 

 

Figure 22. Comparison of the epoxide hydrolase active sites with a histidine-tyrosine epoxide ring-
opening pair. Crystal structures were used for PaeCIF from Pseudomonas aeruginosa (PDB ID: 3KD2), 
aCIF from Acinetobacter nosocomialis (PDB ID: 4MEA) and CorEH from Corynebacterium sp. C12 (PDB 
ID: 7AC0). A SWISS-MODEL172 homology model was used for ScoEH from Streptomyces coelicor 
(Appendix A1.4 Table S2). The catalytic nucleophile (pink), the charge-relay acid at position 1 (dark 
pink), and the histidine base (B, purple) are shown. The histidine-tyrosine ring-opening pair 
characteristic for this group of epoxide hydrolases is shown in yellow.   
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The other group of selected epoxide hydrolases is close to the haloalkane dehalogenase 

branches and includes NpuEH2 from Nostoc punctiforme63, SceEH from Saccharomyces 

cerevisiae156, EliEH2 from Eryhtrobacter litoralis155 and PpuEH from Pseudomonas putida63. 

They are separated into two distinct branches in Figure 21, with SceEH and NpuEH2 in the 

branch closest to the haloalkane dehalogenases, and EliEH2 and PpuEH in the next branch. 

 

 

 

 

Figure 23. Comparison of active sites of the epoxide hydrolases SceEH from Saccharomyces cerevisiae, 
NpuEH2 from Nostoc punctiforme, PpuEH from Pseudomonas putida, and EliEH2 from Erythrobacter 
litoralis. SWISS-MODEL172 homology models were used, but the accuracy of the models with these 
protein sequences was low (Appendix A1.4 Table S2). The catalytic nucleophile (pink), the charge-relay 
acid at position 2 (dark purple), and the histidine base (B, purple) are shown. The histidine-tyrosine 
ring-opening pair characteristic for this group of epoxide hydrolases is shown in yellow.  
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SceEH was first identified as an epoxide hydrolase by Elfström et al.156. Compared to other 

epoxide hydrolases, the hydrolase activity of SceEH was low, but reproducible, and activity 

was detected with racemic phenanthrene 9,10-oxide, and trans- and cis-stilbene oxide. As 

SceEH was originally annotated as a putative dehalogenase, Elfström et al. also tested the 

dehalogenation with dichloroethane, but no dehalogenation could be detected. The authors 

called SceEH an ‘orphaned’ epoxide hydrolase, meaning that they assigned an enzymatic 

activity by assaying with a standard substrate while no physiologically relevant substrate has 

been identified. The low activity of SceEH with standard substrates can indicate that the 

physiologically relevant substrate is another epoxide, or that the epoxide hydrolase activity is 

not physiologically relevant. According to the alignment in Figure 24B, SceEH has two ring-

opening residues (FP1: Y147 and FP2: Y213), but neither residue is oriented towards the active 

site in the homology model (Figure 23). 

Not much is known about the enzymes NpuEH2 and PpuEH. While both enzymes are treated 

as known epoxide hydrolases by van Loo et al.63, their epoxide hydrolase activity was 

extremely low with all of the tested substrates. The only substrate for which NpuEH2 clearly 

shows some activity is para-nitrophenyl glycidyl ether. According to the alignment  

(Figure 24B), NpuEH2 has two ring-opening residues (FP1: Y143 and FP2: Y206), but Y143 is not 

properly positioned in the homology model (Figure 23). PpuEH has one ring-opening residue 

(FP2: Y211) according to the alignment, but no clearly identifiable residue is visible in the 

structure model as Y211 is positioned away from the active site. Nevertheless, during 

screening, both NpuEH2 and PpuEH were treated as epoxide hydrolases with potential 

dehalogenase activity. 

Several epoxide hydrolases with different phylogenetic origins and different 

enantioselectivities were identified from Erythrobacter litoralis155. While EliEH3 is 

enantioselective towards (S)-styrene oxide and EliEH1 is selective towards (R)-styrene oxide, 

EliEH2 is not selective towards either of the two enantiomers. In addition to styrene oxide, 

EliEH2 had low but detectable hydrolysis activity with phenyl glycidyl ether, 1,2-epoxyhexane, 

and 1,2-epoxybutane. The hydrolysis activity of EliEH1 was overall superior to EliEH2 and 

EliEH3, so why does Erythrobacter litoralis have three different epoxide hydrolases?  

Woo et al. suggested that the different enantioselectivities might fulfil different physiological 

roles in the organism, but it is not certain if all three genes are expressed in the original strain. 

EliEH2 and EliEH3 were included in the alignment for the phylogenetic tree in Figure 21, while 

EliEH1 was not. Based on the phylogenetic analysis of Woo et al., EliEH1 would have appeared 

in the second largest epoxide hydrolase branch in the phylogenetic tree in Figure 21, close to 

epoxide hydrolases like the human HsaEH1173 and AniEH from Aspergillus niger174. EliEH3 is 

included in the largest epoxide hydrolase branch (Figure 21,) and thus only EliEH2 appears 

close to a dehalogenase branch. Only one of the ring-opening residues of EliEH2 can easily be 

identified (RO2: Y211) (Figure 23). Woo et al. suggested that this might explain the low 

hydrolysis activity of EliEH2 compared to EliEH1 and EliEH3. 

For all four of these epoxide hydrolases, the tyrosine residue next to the nucleophile is close 

enough to be catalytically relevant. However, no epoxide hydrolase has been reported to use 

this residue for the opening of the epoxide ring.  
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Figure 24. General topology and structure of α/β-hydrolase-fold epoxide hydrolases, haloacetate 
dehalogenases and haloalkane dehalogenases. A) Topology scheme highlighting important catalytic 
residues (numbered dots) in the highly conserved main domain (I) and the variable cap domain (II).  
B) Alignment of the active site of the selected epoxide hydrolases with the haloalkane dehalogenase 
DhlA90 and the haloacetate dehalogenases RpaHacD149. The catalytic nucleophile (CN/1, pink), the 
histidine base (B/2, purple) and the charge-relay acid (CRA/3, hot pink) are shown. The charge relay 
acid can be located at two different positions in the sequence, either before the cap-domain after  
β-strand β6 (CRA1/3a) or after the cap-domain between β-strand β7 and helix α10 (CRA2/3b). In 
epoxide hydrolases, both supporting residues are in the cap domain (RO1/6 and RO2/7, yellow). The 
Tyr-Tyr88 or His-Tyr89 pair assists with the opening of the epoxide ring. In haloalkane dehalogenases, a 
primary halide-stabilising tryptophan is directly next to the catalytic nucleophile (HS1/5, orange). 
Generally, this residue is supported by a secondary halide-stabilising residue, either an asparagine in 
the HGxP-motif in the main domain (HS2/4, orange) for dehalogenase subfamilies HLD-II and HLD-III62,91 
or another tryptophan in the cap-domain (HS3/6, yellow in A, orange in B) in subfamily HLD-I90. 
Haloacetate dehalogenases have two carboxylate-binding arginine residues next to the catalytic 
nucleophile (CB1/2/5, orange) and a halide pocket. The halide pocket includes a histidine and 
tryptophan residue (HP1/2/6, yellow) and a tyrosine (HP3/7, yellow). The HP1 and HP3 residues overlap 
with the RO1 and RO2 residues in epoxide hydrolases. 
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4.1.1 Potential dehalogenase residues 
Epoxide hydrolases, haloacetate dehalogenases, and haloalkane dehalogenases all use an Asp-

His-Asp/Glu catalytic triad but have different supporting residues. Interestingly, the position 

of the charge relay acid differs between the two groups of selected epoxide hydrolases. In 

haloacetate dehalogenases, dehalogenases of subfamily HLD-II and some epoxide hydrolases, 

including PaeCIF, aCIF, ScoEH and CorEH, the charge relay acid is located after the β-strand β6, 

just before the cap-domain (3a in Figure 24A). Like in most epoxide hydrolases and 

dehalogenases of subfamilies HLD-I and HLD-III, the charge relay acid in NpuEH2, SceEH, 

EliEH2, and PpuEH is found at the second possible position between sheet β7 and helix α10  

(3b in Figure 24A). 

In addition to the catalytic triad, epoxide hydrolases use either a tyrosine-tyrosine88 or a 

histidine-tyrosine pair to open the epoxide ring89. Both of these epoxide hydrolase residues 

are positioned in the variable cap domain (6 and 7 in Figure 24A) and overlap with the halide 

pocket of haloacetate dehalogenases. This pocket is formed by three important residues: a 

histidine and a tryptophan in helix α4b and a tyrosine in helix α8112. Because the histidine and 

tyrosine in the halide pocket overlap with the epoxide ring-opening residues, epoxide 

hydrolases like PaeCIF that utilise a histidine-tyrosine pair could, in theory, also facilitate a 

halide pocket. However, the third residue of the halide pocket, the tryptophan, is missing in 

all of the selected epoxide hydrolases. In addition to the halide pocket, haloacetate 

dehalogenases have two carboxylate-binding arginine residues close to the catalytic 

nucleophile (5 in Figure 24A). None of the selected epoxide hydrolases have these 

carboxylate-binding arginine residues. 

Most haloalkane dehalogenases have a primary and a secondary halide-stabilising residue  

(4 and 5 in Figure 24A). As shown in the alignment (Figure 24B), two of the selected epoxide 

hydrolases have a tryptophan at the primary halide-stabilising position; CorEH and ScoEH 

(W100 and W104 respectively). However, neither of these two epoxide hydrolases possess a 

canonical secondary halide-stabilising residue. CorEH does have a tryptophan in the HGxP-

motif (W34), but no haloalkane dehalogenase that utilises a tryptophan in the HGxP-motif has 

been reported. ScoEH has a tryptophan residue directly next to its histidine ring-opening 

residue (W153), but in the structural model this residue is oriented outwards, away from the 

active site. However, DatA from Agrobacterium tumefaciens has been reported to utilise a 

special asparagine-tyrosine pair92,93 and some dehalogenases, such as DmxA94, DsaA82, DmrB78 

and DsvA95, have been reported to have only one halide-stabilising residue. This suggests that 

some flexibility is possible when it comes to the halide-stabilising residues. 

4.1.2 Ylehd from Yarrowia lipolytica 
In 2017, Bendigiri et al. reported the discovery of an epoxide hydrolase, Ylehd from the 

tropical marine yeast Yarrowia lipolytica, with promiscuous haloalkane dehalogenase 

activity175. Supposedly, Ylehd catalyses the hydrolysis of epoxides at pH 8, while catalysing the 

dehalogenation of several haloalkanes at pH 4. Unfortunately, the publication lacked proper 

controls for autohydrolysis. We tried to reproduce the dehalogenase activity as claimed by 

Bendigiri et al. and therefore Ylehd was included in our screening efforts. 
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4.2 Methods 
4.2.1 Expression and Purification 
The selected epoxide hydrolase sequences were codon optimised for expression in Escherichia 

coli and ordered cloned into pET-28a(+) with N-terminal His6-tag. The plasmids were 

transformed into E. coli BL21(DE3) and expression was tested under several expression 

conditions. After some testing, all epoxide hydrolases were expressed in the autoinduction 

medium ZYM-5052161 without the optional trace metal solution. After inoculation from an 

overnight LB pre-culture, the culture is grown for 1h at 37 °C, followed by another 40 h at  

20 °C. The cells were harvested by centrifugation, lysed through ultrasonication, and the 

proteins were purified by immobilised metal-affinity chromatography. Concentrations of the 

purified protein samples were determined using a NanoDrop™ device and protein 

concentrations were normalised for the screening reactions. Theoretical extinction 

coefficients and molecular weights are listed in Table S6 in Appendix A2.6. 

4.2.2 Screening substrates 
Epoxide hydrolase activity was determined using the adrenaline assay164 for the selected 

epoxide hydrolases with several epoxide substrates (Figure 25A). Epoxide hydrolysis produces 

1,2-diols that can be oxidised by periodate. Using back-titration of the oxidant with adrenaline 

to produce the red adrenochrome allows for quantification of the diols by measuring the 

absorbance at 490nm. Signals were corrected for autohydrolysis by subtracting the 

background signal from reactions without enzyme. The background signal of the enzyme 

solution was also considered by performing reactions without substrate. Dehalogenase 

activity for several haloalkanes (Figure 25A) was determined using the HOX assay (Chapter 2). 

 

Figure 25. A) Screening substrates. 1: 1,2-epoxybutane; 2: 1,2-epoxyhexane; 3: 1,2-epoxyoctane;  
4: 2,3-epoxy-1-propanol (glycidol); 5: epibromohydrin; 6: 1,2-epoxy-3-phenoxypropane  
(phenyl glycidyl ether); 7: 1,2-dibromoethane; 8: 1-bromo-2-chloroethane; 9: 1-bromobutane;  
10: 1-bromohexane; 11: 1-bromohexane. B) Fluorescence signal at 525 nm (excitation at 488 nm) for 
time samples of epibromohydrin and 3-bromo-1,2-propanediol. Samples were taken from 25 mM 
DMSO stocks, diluted 100-fold into HOX reaction buffer and incubated at 22 ̊ C and 1200 rpm. Samples 
for the HOX assay were taken in triplicate. 
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Epihalohydrins like epibromohydrin can act as substrates for both epoxide hydrolases and 

dehalogenases. While epoxide hydrolases attack the C-O bond of the epoxide ring, haloalkane 

dehalogenases will instead attack the C-X bond. The epoxide hydrolysis of epibromohydrin 

produces 3-bromo-1,2-propanediol, and it is possible that 3-bromo-1,2-propanediol 

spontaneously hydrolyses in buffer, leading to the release of the halide without enzymatic 

catalysis. To verify this, we tested the stability of 3-bromo-1,2-propanediol in buffer by 

measuring the release of halides using the HOX assay (Figure 25B). While there was no 

significant change in the fluorescence signal over time for epibromohydrin in the absence of 

enzyme, the signal for 3-bromo-1,2-propanediol increased considerably. We assume that the 

epoxide hydrolysis activity of the epoxide hydrolases would be faster than any (promiscuous) 

dehalogenation activity, which implies that the release of halides as detected with the HOX 

assay for epibromohydrin does not indicate dehalogenation but instead is a side effect of 

epoxide hydrolysis. 

4.3 Results and discussion 
4.3.1 Hydrolysis of epoxides 
Epoxide hydrolase activity with several epoxides was determined using the adrenaline assay164 

(Figure 26A). Significant hydrolysis of epoxides was found for CorEH, PaeCIF, PpuEH, and 

Ylehd. Some activity was detected for EliEH2 with 1,2-epoxybutane (0.019 ± 0.013  

µmol·min-1·mg-1), for NpuEH2 with 1,2-epoxybutane (0.014 ± 0.006 µmol·min-1·mg-1), for 

SceEH with 1,2-epoxyoctane (0.023 ± 0.012 µmol·min-1·mg-1) and for ScoEH with 1,2-epoxy-3-

phenoxypropane (0.024 ± 0.003 µmol·min-1·mg-), but no epoxide hydrolysis was detected for 

aCIF under these assay conditions. 

4.3.2 Dehalogenation 
The epoxide hydrolases were screened for dehalogenation using the newly developed HOX 

assay (Figure 26B). Most epoxide hydrolases showed no sign of halide release above 

autohydrolysis, but a significant signal was detected for the epoxide hydrolase CorEH from 

Corynebacterium sp. C12. Halide release was detected for 1-bromobutane and  

1-bromohexane, both standard haloalkane dehalogenase substrates. The specific activity 

determined in this initial screening is about 10,000-fold lower than the average activity of 

several known haloalkane dehalogenases. The haloalkane dehalogenases DbjA, DhaA, DhlA 

and DmbA average a specific activity of 1 µmol·min-1·mg-1 with 1-bromobutane62. Both PpuEH 

and SceEH also show a slight signal above autohydrolysis for 1,2-dibromoethane and in the 

case of SceEH also for 1-bromo-2-chloroethane (Figure 25D). However, it proved difficult to 

reliably reproduce the very low signal for PpuEH and SceEH. Therefore, we decided to focus 

on confirming and further investigating the supposed dehalogenation by the epoxide 

hydrolase CorEH. 

Interestingly, the measured concentrations of bromide were only 150-250 nM, well below the 

lowest detection limit of 20 µM achievable in microtiter plate format with the Iwasaki assay107. 

This means that the dehalogenase activity of CorEH would probably not have been detected 

were it not for the development of the sensitive halide oxidation assay with a detection limit 

of 20 nM for bromide (Chapter 2).  
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Figure 26. Screening results of reactions with the elected epoxide hydrolases with several epoxide and 
halogenated substrates A) Screening for epoxide hydrolysis using the adrenaline assay. Signal was 
corrected for autohydrolysis. Reactions with 10 mM substrate were performed at 37 °C and pH 8.0 for 
45 min. B) Screening for dehalogenase activity using the HOX assay. Reactions with 20 mM substrate 
were incubated at 30 °C and pH 8.0 for 4 h. All reactions were performed in triplicate and standard 
deviations are shown. 
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4.3.4 CorEH catalyses epoxide hydrolysis and dehalogenation 
Using the HOX assay, wild-type CorEH was reproducibly shown to exhibit significant 

dehalogenase activity with 1-bromobutane, with a specific activity of 0.25 nmol·min-1·mg-1. 

This was confirmed by gas chromatography-mass spectrometry (GC-MS, Figure 27A, C, and D), 

where instead of monitoring the bromide release, the production of 1-butanol is used to 

identify dehalogenase activity. In addition to the activity with 1-bromobutane, dehalogenase 

activity was detected with other substrates like 1-bromohexane, 1,2-dibromoethane,  

1-iodobutane, and 1-iodohexane (Figure 27B).  

To exclude unspecific reactions of substrates with the protein, two catalytic triad variants of 

CorEH, D123N (catalytic acid) and H264F (catalytic base), were also tested for dehalogenase 

activity. These variants alter the charge-relay acid and the histidine base, respectively, and 

consequently the alkyl-enzyme intermediate formed during the reactions cannot be 

hydrolysed by an activated water molecule85,176. The loss of activity in the reactions with these 

variants confirms that CorEH is actively converting 1-bromobutane to 1-butanol and that the 

reaction is an enzymatically catalysed reaction rather than a non-enzymatic conversion. 

 

Figure 27. Dehalogenase activity of CorEH and the catalytic triad variants D132N and H264F. A) Specific 
activity of CorEH for 1-bromobutane. Activity was determined using the halide oxidation (HOX) assay, 
for bromide formation, and gas chromatography (GC), for the production of butanol. B) Specific 
activities of CorEH towards several other halogenated compounds. C) Overlay of gas chromatograms 
for the peak identified as butanol, clearly showing the difference between CorEH and autohydrolysis. 
The differences between the catalytic triad variants D123N and H264F and autohydrolysis are small. 
The peak of H264F is almost exactly the same as autohydrolysis. D) Mass spectra of the peak in (C) 
compared to a butanol standard (500 μM). To easily compare the two spectra, the standard spectrum 
is inversed. All reactions were performed in triplicate and standard deviations are shown (A/B/C). 
Experiments were repeated multiple times, resulting in similar values.  
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4.3.5 Failure to verify the claim that Ylehd has dehalogenase activity 
From the screening in Figure 25C/D, it is clear that Ylehd from Yarrowia lipolytica can catalyse 

epoxide hydrolysis. However, no dehalogenase activity could be detected under the tested 

conditions. Bendigiri et al. claimed that Ylehd showed pH-dependent dual activity, with 

epoxide hydrolase activity at pH 8.0 and dehalogenase activity at pH 4.0175. The authors 

claimed dehalogenase activity of approximately 0.8 nmol·s-1·mg-1 with 1-bromobutane and  

1 nmol·s-1·mg-1 with 1-bromohexane, but no controls for autohydrolysis are mentioned80. 

Therefore, the dehalogenase activity of Ylehd was compared to CorEH at pH 4.0 and pH 8.0 

while correcting for autohydrolysis using controls without enzyme (Figure 28). No activity 

above autohydrolysis was detected for Ylehd at pH 4.0 or at pH 8.0. The epoxide hydrolysis by 

Ylehd could be confirmed with several epoxides (Figure 25A). The specific activities for 

hydrolysis of these epoxides are 10-fold lower than reported by Bendigiri et al. However, even 

a 10-fold lower dehalogenase activity of approximately 0.1 nmol·s-1·mg-1 is easily within the 

detection limits of the HOX assay and should have been detected. Thus, we were unable to 

reproduce the dehalogenase activity claimed by Bendigiri et al. 

 

 

Figure 28. Comparing specific dehalogenase activities in nmol·min-1·mg-1 for CorEH and Ylehd with  
1-bromobutane and 1-bromohexane. Reactions were performed over 2 h at 30 °C, using 20 mM 
substrate at both pH 4.0 and pH 8.0. Activities were determined using the HOX assay. 
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5.1 An epoxide hydrolase with dehalogenase activity 
Promiscuity is often observed within the class of α/β-hydrolase fold enzymes, but despite the 
mechanistic similarities of epoxide hydrolases and dehalogenases, no α/β-hydrolases that 
exhibit both epoxide hydrolase and dehalogenase activity were previously known. Epoxide 
hydrolases and dehalogenases even share the same catalytic triad and form similar covalent 
reaction intermediates, yet they are known for attacking either epoxides or C-X bonds with 
perfect chemoselectivity, even when the substrate molecule possesses both an epoxide ring 
and a halogen atom. We screened a subset of epoxide hydrolases, closely related to 
dehalogenases, for dehalogenase activity and found that the epoxide hydrolase CorEH from 
Corynebacterium sp. C12 exhibits promiscuous dehalogenase activity (Chapter 4).  

CorEH catalyses the dehalogenation of 1-bromobutane, 1-bromohexane, 1,2-dibromoethane, 
1-iodobutane and 1-iodohexane. The highest specific activity was measured with  
1-bromobutane (0.25 nmol·min-1·mg-1). These haloalkanes add to the already diverse set of 
epoxide substrates that are hydrolysed by CorEH (Figure 29). The promiscuous dehalogenase 
activity of CorEH with 1-bromobutane is approximately 5,000-fold lower compared to the 
highest reported primary activity of CorEH with cyclohexene oxide (1.41 μmol·min-1 mg-1)154 
but only 1,000-fold lower when compared to the activity with other epoxides like  
1,2-epoxyoctane (0.22 μmol·min-1·mg-1). The highest epoxide hydrolase activity for CorEH was 
reported with C6 and C7 carbocyclic epoxides, while C5 and C8 carbocyclic epoxides were 
hydrolysed with less than 20% of the activity against cyclohexene oxide154. CorEH also 
hydrolyses linear 1,2-epoxyalkanes, like 1,2-epoxyhexane and 1,2-epoxyoctane, and 
epihalohydrins, like epichlorohydrin and epibromohydrin (Figure 29)63. CorEH seems to prefer 
substrates with longer alkyl chains, such as 1,2-epoxydecane, suggesting that hydrophobic 
interactions might play an important role in substrate binding154.  

To gain insight into the possible mechanism behind the promiscuous activity of CorEH, we 
determined the crystal structure and performed docking studies for several substrates. To 
prove the formation of alkyl-enzyme intermediates by CorEH for both epoxide hydrolysis and 
dehalogenation, two CorEH variants were designed to trap the enzyme in the alkyl-enzyme 
intermediate form. Substitution of the charge relay acid or catalytic base inhibits the 
hydrolysis of the alkyl-enzyme intermediate. This method has been used to investigate the 
mechanisms of both epoxide hydrolases85 and dehalogenases177. In addition, three other 
CorEH variants were screened for epoxide hydrolysis and dehalogenation to investigate the 
involvement of two potential halide-stabilising residues in the promiscuous activity. 
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Figure 29. Epoxide and halogenated substrates accepted by the epoxide hydrolase CorEH from 
Corynebacterium sp. C12 with promiscuous dehalogenase activity. 1: cyclohexene oxide;  
2: cyclopentene oxide; 3: cycloheptene oxide; 4: cyclooctene oxide; 5: epichlorohydrin; 
6: epibromohydrin; 7: 1,2-epoxybutane; 8: 1,2-epoxypentane; 9: 1,2-epoxyhexane;  
10: 1,2-epoxyoctane; 11: 1,2-epoxydecane; 12: vinyloxirane; 13: tert-butyloxirane; 
14: cis-stilbene oxide; 15: limonene-1,2-epoxide; 16: 1,2-epoxy-3-phenoxypropane;  
17: styrene oxide; 18: chlorostyrene oxide; 19: para-nitrostyrene oxide;  
20: para-methylstyrene oxide; 21: 1-bromobutane; 22: 1-iodobutane; 23: 1-bromohexane;  
24: 1-iodohexane; 25: 1,2-dibromoethane.  
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5.2 Results & discussion 
5.2.1 Analysing structure & function 
The crystal structure of wild-type CorEH was determined to 2.2 Å resolution (Figure 30A). 

Technical details of the crystallisation are described in Appendix A2.10. As is typical for  

α/β-hydrolase enzymes, the main domain of CorEH is formed by a mostly parallel 8-stranded 

β-sheet connected through 6 α-helices (Figure 30C). Aside from the main domain, CorEH also 

possesses a cap domain that consists of 5 short α-helices. The active site of CorEH (Figure 30B) 

includes the catalytic triad used by both epoxide hydrolases and dehalogenases of the  

α/β-hydrolase family. The triad consists of the catalytic nucleophile D99, the charge relay acid 

D123 and the histidine base H264. Unlike most other epoxide hydrolases, the charge-relay 

acid of CorEH is located at the first position after β-sheet β6 before the cap-domain. Like other 

closely related epoxide hydrolases, such as PaeCIF, the epoxide ring-opening in CorEH is 

assisted by a non-canonical His-Tyr pair (H145 and Y209; Figure 30B). 

Although CorEH is close to haloacetate dehalogenases in our phylogenetic tree (Chapter 3, 

Figure 14), CorEH does not have the catalytic motifs typical for haloacetate dehalogenases, 

such as the carboxylate-binding arginine residues around the catalytic nucleophile or halide 

pocket. In addition to the catalytic triad, most natural haloalkane dehalogenases have two 

halide-stabilising residues (Figure 31). These residues assist with the positioning of the 

substrate required for the SN2 reaction and stabilise the transition state and the halide ion 

that is released during the cleavage of the carbon-halogen bond. The primary halide-stabilising 

residue is a tryptophan directly next to the catalytic nucleophile. This tryptophan residue is 

very conserved among haloalkane dehalogenases and is also found in many epoxide 

hydrolases (~70%). Aside from the halide-stabilisation in dehalogenases, the tryptophan also 

assists to position the catalytic nucleophile in the correct orientation for nucleophilic attack178. 

Instead of a tryptophan, some epoxide hydrolases have a leucine, isoleucine, phenylalanine, 

or tyrosine residue at this position. CorEH has a tryptophan, W100, at the primary halide-

stabilising position, but lacks other canonical stabilising residues (Figure 30C). Aside from 

CorEH, only ScoEH, the epoxide hydrolase from Streptomyces coelicolor63, has a tryptophan in 

the primary halide-stabilising position, but no dehalogenase activity was detected with ScoEH. 

In dehalogenase subfamilies HLD-II and HLD-III, the primary halide-stabilising residue is paired 

with an asparagine located in the HGxP-motif (Figure 31). The HGxP-motif of CorEH includes a 

tryptophan residue (W34), which is not uncommon among epoxide hydrolases (approximately 

24% in the characterised dataset), but it is not found in any of the dehalogenases. Tryptophan 

halide-stabilising pairs are characteristic for dehalogenases of subfamily HLD-I, but the  

halide-stabilisation pair is completed by a tryptophan in the variable cap-domain (Figure 31) 

instead of in the HGxP-motif. The sequence in this region of the variable cap-domain does not 

align with epoxide hydrolases, but when comparing crystal structures, the tryptophan residue 

at HS3 nevertheless appears to overlap with one of the epoxide ring-opening residues  

(Chapter 2, Figure 12). 
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Figure 30. Structure and active site of CorEH. A) A single monomer of CorEH highlighting the highly 
conserved main domain consisting of a mostly parallel β-sheet (yellow) surrounded by α-helices (hot 
pink) and the variable cap domain (pink) typical for members of the α/β-hydrolase fold superfamily. 
The crystal structure of CorEH is available in the Protein Data Bank with PDB ID 7AC0. B) Close-up of 
the active site of CorEH showing the catalytic triad and supporting residues. C) Topology scheme 
highlighting the position of important catalytic residues with numbered dots in the main domain (I) 
and squares in the cap domain (II) of CorEH. The catalytic nucleophile D99 (1, pink), the histidine base 
H188 (2, purple), and the charge-relay acid D123 (3, hot pink) are shown. H145 and Y209 (4 and 5 
respectively, yellow) form the non-canonical epoxide ring-opening pair. Two potential halide-
stabilising residues are shown in orange: W100 in the primary halide-stabilising position (6) and W34 
at the secondary halide-stabilising position in the HGxP-motif (7).  



82 Chapter 5 

5.2.2 Special halide-stabilising residues 
Although most haloalkane dehalogenases have a standard halide-stabilising pair, there are 

some dehalogenases that deviate from this standard. DatA from Agrobacterium tumefaciens 

has been reported to utilise a special pair consisting of an asparagine and a tyrosine77,92,93 

(Figure 31A). Like the dehalogenases from the HLD-II subfamily, DatA has an asparagine 

residue (N43) in the HGxP-motif. However, unlike members of the HLD-II subfamily, DatA has 

a tyrosine residue (Y109) next to the catalytic nucleophile instead of the usual tryptophan. In 

a study by Guan et al., docking experiments in the crystal structure of DatA showed a long 

distance (5.7 Å) between the hydroxyl group of Y109 and the substrate, indicating that the 

hydroxyl group is probably not involved in halide-stabilisation in DatA. They speculate that 

N43 is the primary halide-stabilising residue in DatA, and that Y109 may function as a 

secondary halide-stabilisation residue through the interaction of the halogen atom and 

positively charged hydrogen atoms at the edge of the aromatic ring93, but this hypothesis is 

not supported by experimental data or literature. The highest reported activity for DatA was 

50 nmol·min-1·mg-1 with 1,3-dibromopropane and similar specific activities were reported 

with 1-bromohexane and 1-bromobutane (around 45 nmol·min-1·mg-1). 

Introducing a standard halide-stabilising pair by mutation of the tyrosine residue to a 

tryptophan (Y109W) reportedly stabilised the enzyme-halide complex, but overall the variant 

was less active towards most of the tested substrates92. The tryptophan-selective 

fluorescence spectrum of DatA Y109W confirmed that the mutated residue interacts 

specifically with the halide ion during bromide binding and semi-empirical quantum 

mechanics (QM) calculations and molecular dynamics (MD) simulations indicated the 

formation of a second hydrogen bond that helps stabilise the partial negative charge on the 

halide ion as the carbon-halide bond is broken. Pre-steady-state kinetics revealed clear burst 

for substrate depletion and the formation of bromide ions with both the wild-type and the 

variant, but no burst in alcohol formation was observed. This indicated that substrate binding 

and cleavage of the carbon-halogen bond are fast steps in the reaction, while the hydrolysis 

of the alkyl-enzyme intermediate is the rate limiting step. DatA Y109W had a higher burst rate 

compared to the wild type, suggesting that the second hydrogen bond decreases the 

activation energy of the first step of the reaction. However, this is counteracted by a negative 

effect on the hydrolysis of the alkyl-enzyme intermediate, which explains why DatA could 

tolerate changing of the primary halide-stabilising residue without losing its catalytic activity 

towards most substrates92. 

DmxA94, DsaA82, DmrB78, and DsvA95 have been reported to have only the primary halide-

stabilising tryptophan (Figure 31A). All four of these special dehalogenases have relatively low 

activity when compared to dehalogenases with a canonical halide-stabilising pair. The highest 

specific activity for DmxA was reported with 1,3-dibromopropane at 300 nmol·min-1·mg-1. The 

highest activities for DsaA (65 nmol·min-1·mg-1), DmrB (90 nmol·min-1·mg-1) and DsvA  

(68 nmol·min-1·mg-1) were reported with 1-bromohexane. In comparison, the average specific 

activity for DbjA, DhaA, DhlA, and DmbA is around 1 μmol·min-1·mg-1 with 1-bromohexane62 

and 2.2 μmol·min-1·mg-1 with 1,2-dibromopropane62.  

  



Characterisation of CorEH 83 

Although the halide-stabilising pair is generally considered a requirement for dehalogenation 

by haloalkane dehalogenases, these examples show that there is some flexibility, and one 

single halide-stabilising residue can be enough for catalysis to occur. It is possible that, like the 

dehalogenases with a single primary halide-stabilising tryptophan, CorEH uses only one halide-

stabilising residue. The dehalogenase activity of wild-type CorEH with 1-bromobutane (0.25 

nmol·min-1·mg-1) is about 4000-fold lower than the average activity of several natural 

dehalogenases with two halide-stabilising residues (1 μmol·min-1·mg-1)62 and approximately 

400-fold lower compared to the dehalogenases with a single halide-stabilising residue. The 

lack of a canonical secondary halide-stabilising residue in CorEH could partially explain the low 

dehalogenase activity compared to other dehalogenases. 

5.2.3 Docking studies with typical substrates 
Docking calculations were performed to study the binding of substrates typical for both 

epoxide hydrolysis and dehalogenation by CorEH. The formation of reactive Michaelis-Menten 

complexes indicated by favourable binding energies was compared with experimental results 

for CorEH, the closely related epoxide hydrolase PaeCIF, and the haloalkane dehalogenase 

DhlA (Appendix A1.3 TableS1). Plausible binding poses were identified for CorEH with both 

epoxides and bromoalkanes (Figure 31B).  

As shown in Figure 31B, the distance of the oxygen atom of the nucleophile D99 to the 

attacked carbon atom is 3.4 Å for 1,2-epoxyhexane and 4.0 Å for 1-bromobutane. The epoxide 

ring of 1,2-epoxyhexane is stabilised by hydrogen bonds to the Y209 and H145 residues. The 

bromine atom of 1-bromobutane can be stabilised by the tryptophan W100 and possibly also 

by a hydrogen bond with the hydroxyl group of the epoxide ring-opening tyrosine Y209. The 

orientation of the sidechain of W34 in the crystal structure makes it unlikely that this residue 

is able to form hydrogen bonds with the substrate to stabilise the leaving halide. The iodinated 

substrates could bind with favourable energies, but no stabilisation of the leaving halogen was 

observed. 

5.2.4 Capturing the alkyl-enzyme intermediate by mass spectrometry 
To prove by mass spectrometry that the alkyl-enzyme intermediate is formed during the 
reaction, two CorEH variants were designed to trap the enzyme in the alkyl-enzyme 
intermediate form. In D123N, the charge relay acid is changed from an aspartic acid to an 
asparagine, and in H264F the histidine base is substituted by a phenylalanine. The mass 
spectrometry experiments were performed at Loschmidt Laboratories in Brno, Czech 
Republic. Unfortunately, the purity of the protein samples was insufficient, complicating the 
confirmation of the formation of the alkyl-enzyme intermediate (Appendix A1.1 Figure S1). 
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Figure 31. Overview of the active site. The catalytic triad is shown with the catalytic nucleophile (CN, 
pink), the charge-relay acid (CRA) at position 1 (CRA1, dark pink) or 2 (CRA2, dark purple), and the 
histidine base (B, purple). A) Active sites of four haloalkane dehalogenases: DhlA of subfamily HLD-I 
(PDB ID: 2HAD)90, DhaA of subfamily HLD-II (PDB ID: 1BN6)80, DmxA (PDB ID: 5MXP)94 and DatA (PDB 
ID: 3WI7)77,93. The primary halide-stabilising residue is shown in yellow (HS1) and the secondary 
stabilising residues in orange (HS2/3). B) Predicted binding mode for 1,2-epoxyhexane and  
1-bromobutane in CorEH (PDB ID: 7AC0). Epoxide ring-opening residues are shown in yellow and a 
potential halide-stabilising residue in orange. Distances (in Å) between the catalytic nucleophile and 
the attacked carbon atom, between the stabilising residues and the oxygen atom of the epoxide ring 
(red), and between stabilising residues and the bromide atom (dark red) are shown with dashes.  
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5.2.5 Mutational studies of CorEH 
To investigate the involvement of the two tryptophan residues in the dehalogenase activity of 

CorEH, three variants were created and tested for epoxide hydrolysis and dehalogenation: 

W34F, W34N and W100A.  

Two of the three variants target the tryptophan in the HGxP-motif (W34). In W34F, this 

tryptophan is changed to a phenylalanine, because this is the most common residue in the 

HGxP-motif for epoxide hydrolases in the characterised dataset (approximately 70%). Thus, 

W34F seemed to be a good substitution in the oxyanion hole to investigate the role of the 

tryptophan residue in the dehalogenation activity of CorEH without losing the epoxide 

hydrolase activity. In W34N, the tryptophan was changed to an asparagine to establish a 

canonical halide-stabilising pair commonly found in members of the HLD-II and HLD-III 

subfamilies. In the haloalkane dehalogenase DmxA, mutation of the equivalent residue to 

asparagine (Q40N) increased the activity towards 11 of 30 tested substrates, in some cases 

even doubling the specific activity94. Glutamine and asparagine are similar amino acids, while 

tryptophan and asparagine have very different properties. Thus, the mutation Q40N in DmxA 

is much more conservative than W34N in CorEH. 

Lastly, in W100A the potential primary halide-stabilising residue is targeted and changed from 

a tryptophan to an alanine to remove the halide-stabilising function. Alanine scanning is a 

technique widely used to determine the contribution of a specific residue to the stability or 

function of a protein179. Interesting residues are mutated to alanine, because it has a non-

bulky, chemically inert methyl sidechain and mimics the secondary structure preferences of 

many other amino acids. We wanted to remove the potential halide-stabilising function of 

W100 completely and thus alanine was chosen. The three variants, W34F, W34N and W100A, 

were screened together with wild-type CorEH and the two catalytic triad variants, D123N and 

H264F. The catalytic variants alter the charge-relay acid and the histidine base and are 

expected to prevent the hydrolysis of the alkyl-enzyme intermediate by an activated water 

molecule85,176. 

Compared to wild-type CorEH, the three variants lost most of both the dehalogenase and 

epoxide hydrolase activities. The W34F variant retained most of the dehalogenase activity, 

except towards 1-bromobutane, for which 45% of the wild-type activity was retained. 

However, the W34F variant lost most of the epoxide hydrolase activity. The W34F variant has 

the highest relative activity towards 1,2-epoxyoctane at approximately 24% of the wild-type 

activity. As the tryptophan W34 did not seem to be directly involved in the reaction 

mechanism based on the crystal structure, the loss in activity seems to indicate that the 

tryptophan is important for the overall structure of the CorEH active site. 

The variant W34N loses almost all activity towards 1,2-epoxyoctane (5% of the wild-type 

activity) and most activity towards 1-bromobutane (10% of the wild-type activity). In W34N, 

the large hydrophobic tryptophan residue is substituted by a much smaller polar residue, 

while in W34F it is replaced by another large hydrophobic residue. Misawa et al. already 

proposed that hydrophobic interactions might be important for substrate binding154 and it is 

possible that the change in hydrophobicity causes the more severe loss of activity for W34N.  
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Figure 32. Relative activity of CorEH variants with several halogenated substrates. A) Relative 
dehalogenation as a percentage of the wild-type activity with 1-bromobutane (0.12 nmol·min-1·mg-1 in 
this assay). Reactions with 20 mM substrate performed at pH 8 and 30 °C for 20 h. Activity determined 
using the HOX assay for the bromoalkanes and with the iodide assay for the iodoalkanes. B) Relative 
epoxide hydrolysis as a percentage of the wild-type activity with 1,2-epoxyoctane (0.22 ± 0.0  
μmol·min-1·mg-1). Reactions with 10 mM substrate performed at pH 8 and 30 °C for 2 h. Activity was 
determined using the adrenaline assay. All reactions were performed in triplicate and standard 
deviations are shown. 
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Like W34N, the variant W100A loses most of the wild-type activity, exhibiting only 13% of the 

wild-type activity towards 1,2-epoxyoctane and 8% of the wild-type activity towards  

1-bromobutane. The equivalent loss of epoxide hydrolysis and dehalogenation means it is 

difficult to conclude if W100 is specifically involved in the dehalogenation. The loss of both 

activities for the W100A variant can possibly be explained by the secondary function of the 

tryptophan178; removal of W100 might lead to the incorrect positioning of the catalytic 

nucleophile for the nucleophilic attack involved in both epoxide hydrolysis and 

dehalogenation. W100A also introduces a large change in hydrophobicity in the active site, 

exchanging a large amino acid with a very small amino acid. In future studies, other mutations 

could be tried that might not cause the loss of both activities simultaneously. For example, 

the tryptophan could be substituted by similarly sized non-polar residues such as tyrosine or 

phenylalanine, or the slightly smaller leucine or isoleucine, which are common in epoxide 

hydrolases that do not have this tryptophan. Especially phenylalanine would be a promising 

choice as it is similar in size to tryptophan but does not have the potential to form the 

hydrogen bond for stabilising the halide. Regardless, both W34 and W100 seem to be 

important for substrate binding to the active site, but it is currently unclear whether they are 

directly involved in halide-stabilisation. 

5.2.6 Mechanism of CorEH 
The catalytic mechanism for both epoxide hydrolysis and dehalogenation by α/β-hydrolases 

is very similar, but despite using the same catalytic triad and performing a SN2 attack with the 

same nucleophilic aspartate, both reactions go through different transition states. In CorEH 

the catalytic nucleophile D99 can perform a nucleophilic attack on both the primary carbon of 

the epoxide or the halocarbon to presumably form an alkyl-enzyme intermediate (Figure 33). 

The nucleophilic attack is enabled by several supporting residues that help position the 

substrate in the active site. For the epoxide hydrolysis, a histidine (H145) and tyrosine (Y209) 

pair help with the opening of the epoxide ring by forming hydrogen bonds with the oxygen of 

the epoxide. These residues also help stabilise the alkyl-enzyme intermediate through 

hydrogen bonds with the hydroxyl group, before the intermediate is hydrolysed by the water 

molecule activated by the charge relay acid and histidine base pair. For dehalogenation, CorEH 

probably uses the tryptophan residue W100 right next to the catalytic aspartate to position 

the haloalkane substrate correctly for the SN2 reaction and to stabilise the transition state and 

halide ion that is released during the cleavage of the carbon-halogen bond (Figure 33). Based 

on the docking studies (Figure 31), this tryptophan could be involved in the stabilisation of the 

halide by the epoxide ring-opening tyrosine (Y209), as it is close enough to be able to form 

hydrogen bonds to stabilise the substrate. However, it is also possible that CorEH only uses a 

single residue to stabilise the halide like several haloalkane dehalogenase have been reported 

to do (Section 5.2.2).  
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Figure 33. Simplified catalytic mechanism for epoxide hydrolysis by CorEH and proposed mechanism 
for dehalogenation by CorEH. Both reactions start with a nucleophilic attack on the epoxide or 
halocarbon by the nucleophilic aspartate (yellow), which results in the formation of an alkyl-enzyme 
intermediate. The alkyl-enzyme intermediate is hydrolysed by a water molecule activated by the 
histidine-aspartate pair (purple). This leads to the release of a vicinal diol after epoxide hydrolysis or 
the release of an alcohol in the case of dehalogenation. Possible further intermediates and transition 
states between step 2 and step 3 were omitted for clarity. Epoxide ring-opening is assisted by a 
histidine-tyrosine pair (pink). The halide is probably stabilised by hydrogen bonds with the tryptophan 
(orange) and potentially also by a hydrogen bond with the tyrosine (pink). 
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Enzymes are well-known for being remarkably selective catalysts. They are often able to 

catalyse reactions for certain molecules while leaving other similar molecules completely 

unchanged. Nevertheless, many enzymes are capable of catalysing other reactions and/or 

transforming other substrates than their physiologically relevant activities. This phenomenon 

is referred to as enzyme promiscuity and it is thought to play an important role in the 

emergence of novel functions by providing a starting point for divergent evolution towards 

different enzymatic activities41–46. It is important for enzymes to be selective to avoid harmful 

side-products and increase reaction efficiency, but often catalysts are not optimised beyond 

what is required for their function. Life profits from the cross-reactivity and enzyme 

promiscuity through accidental discovery of new helpful molecules and pathways, while using 

regulation to quickly adapt to changing circumstances. 

Enzymes are grouped together with other similar proteins into structural families and 

superfamilies. Members of a structural family share significant structural elements and often 

have similar catalytic mechanisms. However, they often catalyse very different chemical 

reactions and accept a variety of different substrates. Promiscuous activities are common 

within superfamilies, where the primary function of one family member is often found as 

promiscuous activity in other family members36,40. Together with the structural similarities, 

this prevalent cross-reactivity suggests a common evolutionary origin. One of the largest 

structural superfamilies is the α/β-hydrolase-fold family. Despite sharing a highly conserved 

core structure, this superfamily is catalytically diverse and spans several distinct enzyme 

classes including hydrolases, acyltransferases, oxidoreductases, lyases, and isomerases58,59. 

Epoxide hydrolases and dehalogenases of the α/β-hydrolase-fold family even share the same 

Asp/Glu-His-Asp catalytic triad and form similar covalent alkyl-enzyme reaction intermediates, 

yet they are known for attacking either epoxides or C-X bonds with perfect chemoselectivity. 

Although promiscuity is often observed within the α/β-hydrolase fold family and despite their 

mechanistic similarities, no α/β-hydrolases were known that exhibit both epoxide hydrolase 

and dehalogenase activity simultaneously. 

The versatility of the catalytic triads used by α/β-hydrolases makes these enzymes attractive 

targets for the conversion of catalytic activity through protein engineering28,29,102,103. Several 

attempts were made to introduce dehalogenase activity in an epoxide hydrolase, and after 

several rounds of designing and screening different variants of the epoxide hydrolase PaeCIF 

from Pseudomonas aeruginosa, minor dehalogenase activity was detected for some of the 

variants. However, despite promising first results it proved extremely difficult to reliably 

reproduce the results, primarily due to expression problems and low sensitivity of the halide 

detection assays that were available at the time. Since the conversion proved to be more 

difficult than expected (unpublished data), it was decided to investigate other potential 

protein scaffolds. 
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Considering the prevalence of catalytic promiscuity among members of the α/β-hydrolase-

fold superfamily58, and the close relationship and catalytic similarities between epoxide 

hydrolases and dehalogenases, it seemed odd that no enzyme is known to have both epoxide 

hydrolase and dehalogenase activity. We argued that it is highly probable that a promiscuous 

epoxide hydrolase-dehalogenase enzyme exists, but it simply has not been found yet due to 

the absence of sensitive high-throughput halide assays and not screening the right set of 

enzymes. Although several established assays were available for the determination of 

dehalogenase activity, these assays suffer major drawbacks. For example, one of the most 

popular assays, the Iwasaki assay, is not very sensitive and uses extremely toxic chemicals, 

while pH assays like the phenol red assay are inherently unreliable and insensitive due to the 

low buffer concentrations employed107,114. Thus, a new assay for the screening of 

dehalogenase activity through the selective detection of halides was developed115. The halide 

oxidation assay provides a safer, more reliable, and most importantly, much more sensitive 

method to detect dehalogenase activity. 

Using molecular phylogenetics, we studied the evolutionary relationship between epoxide 

hydrolases and dehalogenases to identify interesting extant epoxide hydrolases. Molecular 

phylogenetics uses a multiple sequence alignment of the amino acid or nucleotide sequences 

of extant enzymes to construct a phylogenetic tree. At first, we tried using a large dataset with 

almost 3,500 putative epoxide hydrolase and dehalogenase sequences, but we quickly 

realised the resulting phylogenetic tree was impractical. Most of the sequences in this large 

dataset were not characterised experimentally but annotated automatically based on their 

sequence similarity to a rather limited number of characterised sequences. Although 

automated annotations can be used as predictions for catalytic activity, they are often wrong. 

As we were particularly interested in the interface of both epoxide hydrolase and 

dehalogenase activities, we needed more certainty and a change in direction was necessary.  

Instead of trying to filter the α/β-hydrolase fold database, experimentally characterised 

sequences were collected through literature research. This smaller dataset consisting of 

characterised sequences resulted in a phylogenetic tree containing 45 epoxide hydrolases, 30 

haloalkane dehalogenases and 7 haloacetate dehalogenases from a variety of different 

organisms. Ancestral sequence reconstruction was attempted for several interesting nodes in 

this phylogenetic tree. By combining the multiple sequence alignment, the evolutionary 

relationships from the phylogenetic tree, and evolutionary models, a hypothetical sequence 

of the theoretical ancestor can be determined. Unfortunately, it was difficult to get good 

soluble protein expression with the ancestral sequences and despite our best efforts it was 

not possible to obtain reliable and reproducible screening results. Instead of trying to improve 

protein expression and purification protocols for the ancestral sequences, we decided to focus 

on screening extant sequences with the newly developed halide oxidation assay to find a 

promiscuous epoxide hydrolase-dehalogenase.  



92 Chapter 6 

In addition to reconstructing ancestral sequences, eight extant epoxide hydrolases could be 

selected for screening towards dehalogenase activity and as promising potential engineering 

scaffolds from this phylogenetic tree. The eight selected epoxide hydrolases were screened 

for dehalogenase activity with several haloalkane substrates and the epoxide hydrolase CorEH 

from Corynebacterium sp. C12 was found to exhibit promiscuous dehalogenase activity. 

Interestingly, the measured concentrations of bromide for the initial hit with CorEH were only 

150-250 nM, well below the lowest detection limit of 20 µM achievable in microtiter plate 

format with the Iwasaki assay107. This means that the dehalogenase activity of CorEH would 

probably not have been detected were it not for the development of the sensitive halide 

oxidation assay. 

CorEH is an epoxide hydrolase that can also catalyse the dehalogenation of haloalkanes, 

particularly bromoalkanes such as 1-bromobutane and 1-bromohexane. The dehalogenase 

activity of wild-type CorEH with 1-bromobutane (0.25 nmol·min-1·mg-1) is about 4,000-fold 

lower than the average activity of several natural dehalogenases with two halide-stabilising 

residues (1 μmol·min-1·mg-1)62 and approximately 400-fold lower compared to the 

dehalogenases with a single halide-stabilising residue. The crystal structure of CorEH was 

determined to 2.2 Å. Our structure-function studies suggest that the dehalogenase activity of 

CorEH probably stems from the presence of at least one halide-stabilising residue. 

Unfortunately, this could not be confirmed experimentally via mutagenesis as the W100A 

variant lost both the dehalogenase and epoxide hydrolase activity in equal measure, making 

it difficult to demonstrate that W100 is involved in halide stabilisation. The loss of both 

activities for variant W100A can possibly be explained by the secondary function of the 

tryptophan178; removal of W100 might lead to the incorrect positioning of the catalytic 

nucleophile for the nucleophilic attack involved in both epoxide hydrolysis and 

dehalogenation. Nevertheless, computational modelling of Michaelis-Menten complexes, 

utilising the crystal structure of CorEH, supports the hypothesis that the tryptophan W100 is 

involved in halide stabilisation in CorEH. Based on docking studies, the epoxide ring-opening 

tyrosine is also close enough to form hydrogen bonds to stabilise the substrate. However, it is 

also possible that like several characterised haloalkane dehalogenases, CorEH only uses a 

single residue to stabilise the halide. Removal of the tryptophan at the primary halide-

stabilising position resulted in the loss of both activities, likely due to the loss of its secondary 

function to properly position the catalytic nucleophile178. Substitution of the uncommon 

tryptophan in the HGxP-motif with phenylalanine does not completely remove the 

dehalogenase activity. Nevertheless, it causes a significant drop in both haloalkane 

dehalogenase and epoxide hydrolase activities, indicating that this residue is important for 

catalysis or the structural integrity of CorEH.  
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Enzyme promiscuity plays an important role in enzyme evolution and the diversification of 

enzymes. Several researchers have attempted to interconvert epoxide hydrolase and 

dehalogenase activity, or to find an enzyme with both activities, without success. It would be 

hard to maintain the view that promiscuity is a fundamental property crucial to enzyme 

evolution if we could not observe promiscuity between two enzyme classes with such similar 

reaction mechanisms. Our findings show that dual epoxide hydrolase and dehalogenase 

activity can occur in one natural protein scaffold. We believe that we succeeded because we 

used a phylogenetic analysis of characterised sequences to select the right subset of epoxide 

hydrolases to investigate and due to the much more sensitive halide assays not available to 

those before us. The versatility of the catalytic triad in α/β-hydrolases combined with the 

variety of possible supporting residues found in both epoxide hydrolases and dehalogenases 

shows that catalytic mechanisms can be flexible. This flexibility allows space for diversification 

of catalytic residues without loss of function, giving rise to novel (promiscuous) functions and 

new cross-reactivities.
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A1 Additional results 

A1.1 Capturing intermediate with mass spectrometry 

 
Figure S1. Mass spectrometry data with CorEH H264F. A) MS spectra at several different time points. The MS 
data did not allow monitoring of the formation of the alkyl-enzyme intermediate. B) Mass spectrum of the sample 
at 0 s. The sample contains a mixture of multiple proteins. 

A1.2 SDS-PAGE 

 
Figure S2. SDS-PAGE of selected epoxide hydrolases and CorEH variants. Samples of His6-tagged enzymes purified 
by immobilised metal-affinity chromatography as described in Appendix A2.5. Target proteins are expected 
between 30 and 40 kDa. Molecular weights are listed in Table S6 in Appendix A2.6. A) The epoxide hydrolases 
selected for screening including Ylehd. B) Wild-type CorEH and variants. 
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A1.3 Molecular docking results 
For some substrates bind with favourable energies, but no potentially reactive conformation is 

observed resulting in a NO under Docking while binding mode and binding energies are shown  

(Table S1).  

Table S1. Summary of molecular docking results and comparison with experimental data.  

Enzyme Substrate Substrate 
Activity 

Experimental 
activity 

Docking Binding 
mode 

Binding energy 
[kcal·mol-1] 

CorEH (PDB ID: 7AC0) 

1,2-dibromoethane HLD YES YES 7 -2.5 

1-bromobutane HLD YES YES 10 -3.0 

1-iodopropane HLD YES NO 10 -2.6 

1-iodobutane HLD YES NO 10 -3.1 

epibromohydrin EH/HLD* YES (EH) YES 8 / 3 -2.8 / -2.9 

1,2-epoxybutane EH YES YES 3 -3.1 

1,2-epoxyhexane EH YES YES 1 -4.0 

chlorophenyloxirane EH YES YES 10 -4.2 

DhlA (PDB ID: 1B6G) 

1,2-dibromoethane HLD YES YES 1 -2.4 

1-bromobutane HLD YES YES 1 -3.1 

1-iodopropane HLD YES YES 2 -2.0 

1-iodobutane HLD YES YES 2 -1.8 

epibromohydrin EH/HLD* YES (HLD) YES 3 / 2 -2.1 / -2.4 

1,2-epoxybutane EH NO NO 2 -3.2 

1,2-epoxyhexane EH NO NO 6 -0.2 

chlorophenyloxirane EH NO NO 1 1.4 

PaeCIF (PDB ID: 3KD2) 

1,2-dibromoethane HLD NO NO - - 

1-bromobutane HLD NO NO - - 

1-iodopropane HLD NO NO - - 

1-iodobutane HLD NO NO - - 

epibromohydrin EH/HLD* YES (EH) YES - / 3 - / -3.1 

1,2-epoxybutane EH YES YES 3 -3.1 

1,2-epoxyhexane EH YES YES 10 -3.6 

chlorophenyloxirane EH YES YES 7 -3.8 

*The substrate epibromohydrin contains both an epoxide-ring and a halogen atom and is a substrate for both 

epoxide hydrolases and dehalogenases. However, the product of epoxide hydrolysis, 3-bromo-1,2-propanediol, 

is very unstable and it is impossible to distinguish between dehalogenase activity and epoxide hydrolysis using 

assays for the detection of halide release like the HOX assay. 

A1.4 Homology models 
Table S2. Summary of SWISS-MODEL160 homology modelling. 

Enzyme 
Template 
PDB ID Template Template Organism %ID 

Sequence 
similarity 

ScoEH 6GXL Fluoroacetate dehalogenase Rhodopseudomonas palustris 29.7 0.35 

SceEH 6XY9 DbeA - Haloalkane dehalogenase Bradyrhizobium elkanii 24.2 0.32 

NpuEH2 3A2L DbjA - Haloalkane dehalogenase Bradyrhizobium japonicum 20.5 0.31 

PpuEH 3A2N DbjA - Haloalkane dehalogenase Bradyrhizobium japonicum 19.3 0.29 

EliEH2 4KAF Haloalkane dehalogenase Rhodococcus sp. 19.0 0.29 

Anc159 3R3U Fluoroacetate dehalogenase Rhodopseudomonas palustris 81.2 0.56 

Anc153 4B9A Putative epoxide hydrolase Pseudomonas aeruginosa 54.5 0.46 

Anc152 4B9A Putative epoxide hydrolase Pseudomonas aeruginosa 54.2 0.46 

Anc149 5TNS PaeCIF - Epoxide hydrolase Pseudomonas aeruginosa 47.2 0.43 

Anc117 1BN6 DhaA - Haloalkane dehalogenase Rhodococcus rhodochrous 53.9 0.47 

Anc116 2V9Z Haloalkane dehalogenase Rhodococcus rhodochrous 52.0 0.45 

Brno86 3SK0 DhaA - Haloalkane dehalogenase Rhodococcus rhodochrous 50.9 0.44 

Brno119 5MXD VraEH1 - Epoxide hydrolase Vigna radiata 46.3 0.43 

Brno157 4B9A Putative epoxide hydrolase Pseudomonas aeruginosa 47.7 0.43 
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 A1.5 Characterised dataset 
Table S3. Characterised dataset details on the active site. 

 

Haloacetate dehalogenases111,149,180–186 

Epoxide hydrolases63,85,86,89,100,104,154–156,165,174,187–212 

Haloalkane dehalogenases78,80–82,213 

Assays114,214–218   

Name

CN 

(c96)

HS1/CB1 

(c97)

CB2 

(c100)

CRA1 

(c121)

RO1 

/HP1 HP2 HS3

RO2/HP

3 (c132)

CRA2 

(c159) B (c188)

aCif H89 G90 F91 G92 G118 L119 G120 Q121 S122 D158 L159 T162 D182 H206 F207 Y267 G299 H329
AniEH H115 G116 W117 P118 G151 Y152 T153 F154 S155 D192 I193 F196 L215 Y251 A252 Y314 D348 H374
AthEH H G F P G Y G D S D W I S - - Y D H
AtsEH H G F P G Y G D S D W L S - - Y D H
BfuEH H G W P G Y G F S D W V N - - Y E H
BmeEH H28 G29 F30 P31 G57 Y58 N59 L60 S61 D97 W98 G101 N121 Y144 A145 Y203 D239 H267
BnaEH
BsuEH H G F P G Y N L S D W A N - - Y D H
CelEH1 H G Y P G Y N L S D W N Y D H
CelEH2 H G F P G Y N T T D W N Y D H
ChinaEH H G F P G Y R G S D102 W103 A105 N127 Y150 I151 Y209 D249 H280
CorEH H32 G33 W34 P35 G61 L62 G63 D64 S65 D99 W S D123 H149 G150 Y209 G H264
CsiEH H G F P G Y G D T D W L S - - Y D H
DraEH H G F P G Y N I S D W V N M D H
EchA H36 G37 W38 P39 G65 F66 G67 D68 S69 D107 F108 I111 D131 Y150 S153 Y215 D246 H275
ElaEH
EliEH2 H G Y P G F G L S D Y N H D H
EliEH3 H G F P G Y G E T D W I N Y D H
GmaxEH H G F P G Y G D T D W I S - - Y D H
HsaEH1 H G W P G Y G F S D W L M - - Y E H
HsaEH2 H G F P G Y G E S D W N Y D H
HsaEH3 H G F P G Y G P S D W S Y D H
MmuEH H263 G264 F265 P266 G293 Y294 G295 D296 S297 D333 W334 V337 N357 Y381 Q382 Y465 D495 H523
MtheEH H33 G34 F35 P36 G63 Y64 G65 G66 S67 D103 W104 L107 S127 Y152 S153 Y238 D268 H297
MtuEH H G F P G Y G R S D W P S V162 W163 Y D H
MtuEH_ephF H G F P G A G W S D W N Y D H
NPuEH1 H G F P G Y N D S D W N Y D H
NpuEH2 H G F P G Y F N S D Y N Y D H
PaeCIF H61 G62 F63 G64 G90 L91 G92 Q93 S94 D129 I130 W133 E153 H177 F178 Y239 H269 H297
PaePEH H37 G38 Y39 P40 G66 Y67 G68 E69 S70 D107 R108 R111 T131 H152* W153 Y214 E245* H274
PigEH W
PpuEH H G F P G F G D S D Y N Y D H
RgluEH
RnoEH H G F P G Y G D S D W V N - - Y D H
RpaEH H G W P G F G R S D W P S Y D H
ScaEH1 H97 G98 W99 P100 G136 F137 G138 F139 S155 D175 L176 W179 F199 Y235 M236 Y304 D336 H363
ScaEH2 H G W P G F G L S D I F L G234 P235 H A H
SceEH H G F P G F G F T D Y P N - - Y D H
ScoEH H G V P G L G D S D W V E (G156) (F157) Y F H
SgloEH H G W P G Y G F S D W V M - - Y D H
SibeEH H G F P G Y N E T D W I N Y148 V149 Y D H
StuEH1 H31 G32 F33 P34 G61 Y62 G63 D64 T65 D105 W106 L109 S129 Y154 I155 Y235 D265 H300
StuEH2
TabaccoEH H G F P G Y G L S D F R G - - Y D H
TfuEH H G W P G F T F S D L A G (L243) (G244) G D H
VraEH1
VraEH2 H31 G32 F33 P34 G61 Y62 G63 D64 T65 D101 W102 I105 S125 Y150 I152 Y232 D262 H297
BceHacD H G H P G Y G A S D R R D H150 W151 Y G H
BurkHacD H32 G33 F34 P35 G61 Y62 G63 G64 S65 D104 R105 R108 D128 H149* W150 Y212 G243 H271
DarHacD H G Y P G Y G D S D R R D H152 W153 Y G H
DelftHacD1 H G F P G Y G D S D R R D H150 W151 Y G H
NostocHacD H32 G33 Y34 P35 G61 Y62 G63 D64 S65 D104 R105 R108 D128 H150* W151 Y211 G242 H270
PolaHacD H G F P G Y G D S D R R D H162 W163 Y G H
RpaHacD H38 G39 F40 P41 G67 Y68 G69 W70 S71 D110 R111 R114 D134 H155* W156 Y219 G252 H280
DatA H41 G42 N43 P44 G70 Y71 G72 Q73 S74 D108 Y109 A112 E132 R150 R151 P208 G246 H274
DbeA H G N P G Y G Q S D W E P G H
DbjA H G N P G F G Q S D W E P G H
DccA H53 G54 E55 P56 G83 F84 G85 R86 S87 D123 W124 L127 N147 - - W163 P212 D249 H278
DgpA H G Q P G F G K S D W N P D H
DhaA H50 G51 N52 P53 G79 M80 G81 K82 S83 D117 W118 A121 E141 F160 Q161 P217 G255 H283
DhcA H G N P G F F L S D W N P D H
DhlA H54 G55 E56 P57 G84 F85 G86 K87 S88 D124 W125 F128 N148 - - W175 P223 D260 H289
DhmA H G E P G F G R S D W N (W173) P D H
DhmeA H G N P G F G L S D W N R D H
DmbA H G N P G M G A S D W E P G H
DmbB H G E P G F G R S D W N (W164) P D H
DmlA H G N P G Y G Q S D W E P G H
DmmA H G N38 P G M G D S D104 W105 V108 E128 P209 G247 H275
DmrA W164
DmsA H G N P G M G A S D W E P G H
DmsaA H G E P G F G K S D W N (W168) P D H
DmxA H G Q P G Y G M S D W E P G H
DpaA H G E P G F G R S D W N (W165) P D H
DpaB H G E P G F G R S D W N (W164) P D H
DpcA H G E P G F G R S D W N (W164) P D H
DppA H G E P G F G R S D W N W163 P D H
DpsA H G N P G M G R S D W E P G H
DsbA H G N P G M G D S D W E P G H
DsxA H G E P G F G K S D W N W164 P D H
DtaA H G N P G F G D S D W E P G H
HanR
Jann2620 H G N P G M G A S D W E P G H
LinB H36 G37 N38 P39 G65 M66 G67 D68 S69 D108 W109 A112 E132 F151 - P208 G246 H272
Sav4779 H G N P G M G E S D W E P G H

H-G-X-P motif / HS2(c28-c31) G-X-Sm-X-S/T motif (c58-c62)
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Table S4. Characterised dataset details and references. 

 

Name Identifier

Crystal 

Structure Activity Organism Reference

aCif A0A014BSV4 4MEA EH (Styrene oxide) Acinetobacter sp 165
AniEH Q9UR30 1QO7 EH Aspergillus niger 63, 174, 187
AthEH Q9M9W5 EH (Large acid oxide) Arabidopsis thaliana 188
AtsEH A0A178VUJ2 EH (Trans-stilbene oxide) [Wixtrom216] Arabidopsis thaliana 189
BfuEH Q141B3 EH (Multiple substrates) [Adrenaline assay163, 164] Burkholderia fungorum 63
BmeEH 4INZA 4INZ EH (Multiple substrates, HPLC, whole-cell) Bacil lus megaterium 190, 191
BnaEH Q8L5G6 EH Brassica napus 192
BsuEH O31581 EH (Multiple substrates) [Adrenaline assay163, 164] Bacillus subtilis 63
CelEH1 G5EBI4 EH [Borhan217, Jones218] Caenorhabditis elegans 193
CelEH2 G5EDL5 EH [Borhan217, Jones218] Caenorhabditis elegans 193
ChinaEH A0A1U9WZ58 5NFQ EH Unknown 194
CorEH O52866 7AC0 EH (Multiple substrates) [Adrenaline assay163, 164] Corynebacterium sp 63, 153, 154
CsiEH A0A067H5C3 EH (Stilbene oxide) Citrus sinensis 195
DraEH Q9RRE3 EH (Multiple substrates) [Adrenaline assay163, 164] Deinococcus radiodurans 63
EchA O31243 1EHY EH Agrobacterium radiobacter 86, 104, 106
ElaEH Q84ZZ3 EH Euphorbia lagascae 196
EliEH2 Q2N9R2 EH (Styrene oxide) Erythrobacter litoralis 155
EliEH3 Q2N9T8 EH (Styrene oxide) Erythrobacter litoralis 155
GmaxEH Q39856 EH (Styrene oxide) Glycine max 197
HsaEH1 P07099 EH Homo sapiens
HsaEH2 P34913 1S8O EH Homo sapiens 198, 199
HsaEH3 Q9H6B9 EH Homo sapiens
MmuEH 1CQZA 1CQZ EH Mus musculus 200
MtheEH G7CF24 5CW2 Activity not tested (Structure known, unpublished) Mycobacterium thermoresistibile ATCC 19527
MtuEH A0A0H3LAC4 2E3J EH Mycobacterium tuberculosis 201
MtuEH_ephF A0A0E8V1N1 EH (Multiple substrates) [Adrenaline assay163, 164] Mycobacterium tuberculosis 63
NPuEH1 NpuEH1 EH (Multiple substrates) [Adrenaline assay163, 164] Nostoc punctiforme 63
NpuEH2 NpuEH2 EH (Multiple substrates) [Adrenaline assay163, 164] Nostoc punctiforme 63
PaeCIF A0A071KVQ1 3KD2 EH Pseudomonas aeruginosa UCBPP-PA14 85, 89, 100, 110
PaePEH A0A1F0IDJ9 4B9A Putative EH (Unpublished) Pseudomonas aeruginosa PAO1
PigEH Q6Q2C2 EH Sus scrofa 202
PpuEH KMU96261.1 EH (Multiple substrates) [Adrenaline assay163, 164] Pseudomonas putida 63
RgluEH Q8J2N5 EH Rhodotorula glutinis 203
RnoEH P80299 EH (Trans-stilbene oxide) Rattus norvegicus 204
RpaEH Q6N645 EH (Multiple substrates) [Adrenaline assay163, 164] Rhodopseudomonas palustris 63
ScaEH1 5F4ZA 5F4Z - Streptomyces carzinostaticus 205
ScaEH2 4I19A 4I19 - Streptomyces carzinostaticus 205
SceEH Sceeh EH (stilbene-oxide {low}, phenanthrene 9-10-oxide) Saccharomyces cerevisiae 156
ScoEH Q9K3Q1 EH (Multiple substrates) [Adrenaline assay163, 164] Streptomyces coelicolor 63
SgloEH Q8GMH6 EH (Styrene oxide) Streptomyces globisporus 206, 207
SibeEH A0A1U9WZ52 5NG7 EH Unknown 194
StuEH1 Q41415 2CJP EH (Trans-stilbene oxide) [Wixtrom216] Solanum tuberosum 207, 208
StuEH2 Q41413 - Solanum tuberosum
TabaccoEH Q9ZP87 EH (Stilbene oxide) Nicotiana tabaccum 209
TfuEH Q47QJ2 EH (Multiple substrates) [Adrenaline assay163, 164] Thermobifida fusca 63
VraEH1 E5L4L1 5XMD EH (Multiple substrates) [Adrenaline assay163, 164] Vigna radiata 210-212
VraEH2 A0A0R5NGA4 5XM6 EH (Multiple substrates) Vigna radiata 210-212
BceHacD A0A0H2XT25 HacD Burkholderia cenocepacia 180
BurkHacD Q1JU72 1Y37 HacD [Foster214/Dagley215/Iwasaki107] Burkholderia sp 111, 181, 182
DarHacD Q479B8 HacD Dechloromonas aromatica 180
DelftHacD1 Q01398 HacD [Iwasaki107] Delftia acidovorans (Moraxella sp) 183-185
NostocHacD 3QYJA 3QYJ HacD Nostoc sp 180
PolaHacD Q123C8 HacD Polaromonas sp. JS666 180
RpaHacD Q6NAM1 3R3U HacD Rhodopseudomonas palustris 149, 186
DatA Q8U671 3WI7 HalD Agrobacterium fabrum 80
DbeA E2RV62 4K2A HalD Bradyrhizobium elkanii 80
DbjA P59337 3A2M HalD Bradyrhizobium diazoefficiens 80
DccA B8H3S9 5ESR HalD Caulobacter crescentus 82
DgpA B8KHS4 HalD gamma proteobacterium 80
DhaA P0A3G2 1BN6 HalD Rhodococcus rhodochrous 80
DhcA Q2SAV4 HalD Hahella chejuensis  80
DhlA 2HADA 2HAD HalD Xanthobacter autotrophicus 80
DhmA A0A0E2WEQ4 HalD Mycobacterium avium complex 80
DhmeA I3R766 HalD Haloferax mediterranei 80
DmbA A5U5S9 2QVB HalD Mycobacterium tuberculosis 80
DmbB P9WMS2 HalD Mycobacterium tuberculosis 80
DmlA Q98C03 HalD Rhizobium loti  80
DmmA Q6DND9 3U1T HalD Lyngbya majuscula 80, 213
DmrA G4I2J6 4MJ3 HalD Mycobacterium rhodesiae JS60 78
DmsA Q938B4 HalD Mycobacterium smegmatis 80
DmsaA M7CRB9 HalD Marinobacter santoriniensis  80
DmxA A3JB27 5MXP HalD Marinobacter sp 80
DpaA K6XNL5 HalD Paraglaciecola agarilytica  80
DpaB K6XZ18 HalD Paraglaciecola agarilytica 80
DpcA Q1QBB9 HalD Psychrobacter cryohalentis 80
DppA A6G7B1 2XT0 HalD Plesiocystis pacifica 80
DpsA XP_794172.2 HalD Strongylocentrotus purpuratus 80
DsbA D7C5E0 HalD Streptomyces bingchenggensis 80
DsxA WP_017667204.1 HalD Sandarakinorhabdus sp 80
DtaA G9P2E2 HalD Trichoderma atroviridis (Hypocrea atroviridis) 80
HanR A0A023I2Y1 4BRZ HalD [Colorimetric assay Holloway114] Rhodobacteraceae bacterium 81
Jann2620 Q28P25 HalD Jannaschia sp 80
LinB P51698 1MJ5 HalD Sphingomonas paucimobilis  80
Sav4779 Q82E37 HalD Streptomyces avermitilis 80
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A2 Experimental procedures 

A2.1 Materials 
1,2-dibromoethane and 1-hexanediol were purchased from Fluka (Buchs, Switzerland). 1,2-

epoxydecane was obtained from abcr GmbH (Karlsruhe, Germany). 1,2-octanediol and 1-

bromohexane was acquired from Alfa Aesar (Kandel, Germany). All other chemicals and solvents were 

bought from Sigma-Aldrich (St. louis, MO, US). Synthetic genes were codon-optimized for expression 

in Escherichia coli and subcloned into pET-28a(+) by BioCat GmbH (Heidelberg, Germany). All plasmids 

encoded N-terminal His6-tags. 

A2.2 Phylogenetics 
Sequences of characterized epoxide hydrolases and dehalogenases were collected from literature and 

aligned using MAFFT14. The multiple sequence alignment was fed to IQ-TREE21 (version 1.6.2 for LINUX) 

to infer a phylogenetic tree by maximum likelihood, using ultrafast bootstrap with 1000 replicates 

(UFBoot)219. The built-in ModelFinder151 was used to find LG+F+R6 as the best model for the 

characterised dataset. 

A2.3 Molecular docking studies 
The X-ray structure of CorEH was determined in this study (PDB ID: 7AC0). The X-ray structures of DhlA 

and PaeCIF were downloaded from the Protein Data Bank220 with PDB IDs: 1B66 (DhlA) and 3KD2 

(PaeCIF). The protein structures were prepared for docking calculations by removal of hydrogen atoms, 

ions and waters and adding any missing heavy atoms and hydrogen atoms in the residue side chains. 

Orientations of asparagine, glutamine and histidine side chains were optimized using the H++ server 

at pH 7.5221. The tree-dimensional ligand structures of eight substrates were prepared in Avogadro222 

and the geometry was optimized by the MMFF94 force-field223. Partial atomic charges were derived 

by the R.E.D. server224. Input geometry was optimized by the Gaussian 2009 D.01 program of the R.E.D. 

server and a multi-orientation RESP fit with RESP-A1A charge model was performed.  

The AutoDock Vina225 algorithm was used for molecular docking. AutoDock atom types and Gasteiger 

charges were added to the protein and ligand structures by MGLTools226,227. The docking grid was 

selected to be a 30x30x30 Å cube centred at the OD1 atom of the nucleophilic aspartate of all three 

protein structures, covering the active site and the access tunnel. -exhaustiveness=100 was used to 

sample the conformational space thoroughly and the number of output conformations of the docked 

ligand was explicitly set to 10. The binding modes were visually compared using PyMOL228. Modes with 

the best binding free energy in a pre-reactive conformation for dehalogenation or epoxide hydrolysis 

were selected and compared with experimental results (Appendix A1.3 Table S1). 

A2.4 Mutagenesis 
CorEH variants were made using the Q5® Site-Directed Mutagenesis kit from New England Biolabs 

(Ipswich, MA, US). Primers were designed using NEBaseChanger (https://nebasechanger.neb.com/) 

and synthesized by ThermoFisher (Germany). The amplified PCR products were treated with the KLD 

Enzyme mix (a mixture of a kinase, a ligase and DpnI) and incubated at room temperature for 30 min. 

Chemically competent E. coli TOP10 cells were transformed with the amplified PCR product and plated 

on LB agar containing 50 μg/mL kanamycin. Plasmid DNA was isolated (innuPREP Plasmid Mini Kit 2.0, 

Analytic Jena, Jena, Germany) from individual colonies and sent for Sanger sequencing (Eurofins 

Genomics Germany GmbH, Ebersberg, Germany). 
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Table S5. Forward (F) and reverse (R) primers for mutagenesis of CorEH. Primer lengths, GC contents, melting 
temperatures (Tm), and annealing temperatures (Ta) are shown. 

Variant Primer Oligo Length %GC Tm Ta 

W34F F GCTGCATGGCtttCCGCAGAGCT 23 61 69°C 66°C 

R AGAACCAGCGGATAACCAC 19 53 65°C 

W34N F GCTGCATGGCaacCCGCAGAGCT 23 65 65°C 64°C 

R AGAACCAGCGGATAACCA 18 50 63°C 

W100A F TGGCCATGATgcgGGTGGTAGCG 23 65 65°C 62°C 

R ATAACACCAACTTTATCATAGCC 23 35 61°C 

D123N F GTTTATTCTGaatATGATTCCGGGTC 26 38 60°C 61°C 

R AGACGTTCCACCAGATCAC 19 53 64°C 

H264F F AAATTGCGGTtttTTTGTGCCGGAAGAAAAACCG 34 41 68°C 69°C 

R TCCACGGCACCGCCTTCA 18 67 73°C 

 

A2.5 Expression and purification of His6-tagged enzyme sequences 
Chemically competent E. coli BL21(DE3) cells were transformed with the appropriate expression 

vectors and plated on LB agar containing 50 μg/mL kanamycin. Typically, pre-cultures (5 mL of LB 

containing 50 μg/mL kanamycin) were inoculated with single colonies and incubated for 7-8 h (37 °C, 

180 rpm). ZYM-5052 autoinduction medium161 (50 mL containing 100 μg/mL kanamycin) was 

inoculated with 1% (v/v) of pre-culture. The autoinduction medium did not include the optional trace 

metal solution. The cultures were incubated for 1 h at 37 °C, after which the temperature was lowered 

to 20 °C and the culture was incubated for another 40 h. The cells were harvested by centrifuging 

(4,5000 x g, 4 °C, 40 min) and resuspended in 5 mL buffer A (50 mM NaH2PO4, 500 mM NaCl, and 10 

mM imidazole, pH 7.5). The cells were lysed through ultrasonication on ice (1 cycle of 5 min sonication 

at 50% intensity, 50% pulsed cycle) using a SONOPULS HD 2070 (BANDELIN electronic GmbH & Co. KG, 

Berlin, Germany). Lysates were clarified by centrifugation (10,000 x g, 60 min) and filtered through a 

0.45 μm filter (Filtropur S, Sarstedt AG & co. KG). The His6-tagged proteins were purified by 

immobilized metal-affinity chromatography using 1 mL of Roti®garose-His/Co Beads or Roti®garose-

His/Ni Beads (Carl Roth GmbH + Co. KG, Karlsruhe, Germany). The Co/Ni-NTA resin was washed with 

deionized water and equilibrated with buffer A. 

The lysates were applied by gravity and the column was washed with 10 column volumes of buffer A. 

The protein was eluted with approximately 3 mL of buffer B (50 mM NaH2PO4, 500 mM NaCl, and 500 

mM imidazole, pH 7.5). Protein concentrations were determined by measuring absorbance at 280 nm 

using a NanoDrop™ device (Thermo Fisher, Germany) device. Theoretical extinction coefficients and 

molecular weights were calculated from the protein sequences using ExPASy ProtParam229 (Table S6). 

The eluted protein fractions were dialysed at 4 °C into buffer C (50 mM NaH2PO4, and 20 mM NaSO4, 

pH 7.5) using ZelluTrans dialysis membranes (6,000-8,000 MWCO; Carl Roth). For each dialysis, 100x 

volume of buffer C was used and the buffer was exchanged twice after a minimum incubation time of 

4 h. The dialysed enzymes were stored at 4 °C. 

A2.6 SDS-PAGE analysis 
The purities of the protein samples were analysed by SDS-PAGE. Samples of the purified proteins were 

denatured by heating (95 °C, 10 min) in SDS-sample buffer (65 mM Tris, 4% (w/v) glycerol, 2% (w/v) 

SDS, 0.01% (w/ν) bromophenol blue, 5% (v/v) β-mercapto ethanol) with final protein concentrations 

of approximately 0.8 mg/mL. The proteins were separated on 12.5% acrylamide gels at a constant 

voltage of 200 V for approximately 40 min. The gels were stained using Coomassie Brilliant Blue G-250. 
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Table S6. Extinction coefficients and molecular weights. 

Enzyme Extinction coefficient (M-1 cm-1) Molecular weight (kDa) 

CorEH WT 62005 34.304 

CorEH W34F 56505 34.265 

CorEH W34N 56505 34.232 

CorEH W100A 56505 34.189 

CorEH D123N 62005 34.303 

CorEH H264F 62005 34.314 

CiVCPO 93405 70.145 

CiVCPO variant 93280 70.105 

PpuEH 64650 36.643 

EliEH2 61420 34.497 

NpuEH2 67270 35.613 

ScoEH 32890 34.289 

SceEH 45965 34.919 

AciCIF 50310 40.770 

PaeCIF 46995 36.714 

Ylehd 90425 46.058 

Anc159 74955 35.336 

Anc153 55390 34.227 

Anc152 70400 34.284 

Anc149 68090 34.700 

Anc117 72670 36.760 

Anc116 66265 35.858 

Brno86 50880 35.821 

Brno119 59025 35.777 

Brno157 70025 35.435 

A2.7 Adrenaline assay 
The epoxide hydrolase activity of CorEH was determined using the adrenaline assay performed as 

described by Fluxa et al164. Epoxide hydrolysis produces 1,2-diols, which can be oxidized by periodate. 

Back-titration of the oxidant with adrenaline to produce the red adrenochrome allows for 

quantification of the diols (Figure S3). The reactions were performed with 0.1 mg/mL enzyme and  

10 mM substrate in 50 mM NaH2PO4 at pH 8.0 containing 1.25 mM NaIO4 (total volume 100 μL). The 

reactions were incubated at 37 °C for at least 30 min. A sample of the reactions (42.5 μL) was added 

to 7.5 μL 10 mM ʟ-adrenaline in a 384-well plate and the absorbance was measured at 490 nm. The 

absorbance at 490 nm is an indirect measure for determining the formation of diols. A lower 

absorbance compared to the negative control indicates activity. 10 mM substrate stocks were 

prepared in DMSO. 1,2-decanediol was used as a standard (1 to 10 mM). 

 
Figure S3. Principle of the adrenaline assay for enzymes. A NaIO4-resistant substrate is converted into a NaIO4-
sensitive product by an enzyme, the NaIO4-sensitive product is then oxidized, consuming the NaIO4. Next, 
adrenaline is added which is oxidized by the remainder of the NaIO4 to form adrenochrome (red, detectable at 
490 nm).  
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A2.8 Halide assays 
Reactions for the determination of dehalogenase activity (total volume 50 μL) were performed with 

0.7 mg/mL enzyme and 20 mM substrate in 50 mM NaH2PO4 (pH 8.0). Reactions were incubated at 37 

°C for varying incubation times. Halide oxidation (HOX) assay reactions (total volume 40 μL) contained 

2 mM H2O2, 25 μM aminophenyl fluorescein, 1 mM orthovanadate, 2.5 U/mL Curvularia inaequalis 

vanadium-dependent chloroperoxidase (CiVCPO)230 and 2 μL undiluted reaction sample115. Reactions 

were incubated in black 384-well plates for 40 min at room temperature before measuring 

fluorescence at 525 nm (excitation at 488 nm). Standard curves ranging from 0.1 to 2 μM NaBr were 

also measured for each assay. Iodide assay reactions (total volume 50 μL) contained 1.4 U/mL CiVCPO 

variant231 in ready-to-use 3,3’,5,5’-tetramethylbenzidine (TMB) Liquid Substrate System from Sigma 

and 2 μL undiluted reaction sample. Reactions were incubated in transparent 384-well plates at room 

temperature for 1 h, while the absorbance at 570 nm was measured every minute. Iodide standards 

ranging from 0.04 to 0.4 μM KI were also measured for each assay. 

A2.9 Gas chromatography 
Reactions for analysis on GC-MS (total volume 500 μL) were performed with 0.7 mg/mL enzyme and 

20 mM 1-bromobutane in 50 mM NaH2PO4 at pH 8 at 37 °C for 20-22 h. Reactions were stopped by the 

addition of phosphoric acid (160 mM) and extracted using 150 μL tert-butyl methyl ether for GC-MS 

analysis. Standard curves for the reaction product 1-butanol were prepared using the same extraction 

method. Samples were analysed using a GCMS-QP2010 SE device (Shimadzu, Duisburg, Germany) with 

a ZB-5MSi column (30m x 0.25 mM, thickness 0.25 μm). Injection temperature was set at 220 °C and 

flow rate at 1.08 mL/min. Initial temperature of 33 °C was held for 8 min, increased at 25 °C/min until 

180 °C. Temperature of the mass spectrometer ion source was 200 °C and the interface temperature 

was 220 °C. 

A2.10 Crystallisation of wild-type CorEH 
Crystallisation and data collection 
For crystallisation experiments, CorEH was further purified by gel filtration on a HiLoad 26/600 

Superdex200 column (GE Healthcare, Freiburg, Germany) with 50 mM phosphate buffer (pH 7.5). 

Protein concentrations were determined as described under expression and purification. CorEH was 

concentrated to 17 mg/mL using a Vivaspin™ concentrator with 10 kDa cut-off (Sartorius, Germany). 

Crystals were obtained at 20 °C from hanging drops with 2 µL protein solution + 2 µL reservoir (10 % 

PEG8000, 0.2 M Mg(OAc)2) over 0.5 mL reservoir. After two weeks, crystals were briefly soaked in cryo 

solution (10 % PEG8000, 12% PEG400, 0.2 M Mg(OAc)2) and transferred to liquid nitrogen. Data were 

collected at BESSY, beamline 14.2. Data collection statistics are given in Table S7. 

Table S7. Statistics of the X-ray diffraction data collection. 

Detector Pilatus 3S 2M 

Radiation source  BESSY, beamline 14.2 

Wavelength  0.9184 Å 

Resolution range (last shell) 50 – 2.18 Å (2.31 – 2.18 Å) 

Space group  P21212  

a-axis / b-axis / c-axis  140.02 Å 156.57 Å 112.58 Å 

Number of independent reflections (last shell) 129462 (20548) 

Completeness (last shell) 99.7% (98.9%)  

Redundancy (last shell) 6.7 (6.4) 

I/σ(I) (last shell) 9.1 (1.3) 

Rsym (last shell) 0.203 (1.410) 

Wilson B-factor 37.6 Å2 

Matthews coefficient (VM) 2.31  3/Da 
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Structure solution and refinement 

Crystallographic computing used programs of CCP4232. The structure was solved by molecular 

replacement with Phaser (Version 2.8.3233) using the coordinates of PDB220 entry 3QYJ as template. MR 

was repeated with 4, 6, 7, and 8 monomers / asymmetric unit as the quality of the model increased. 

Refinement was performed with Refmac5 (Version 5.8.0267234). Neither twinning nor non-

crystallographic symmetry were applied. B-factors were refined isotropically with 8 TLS groups. The 

entry channel to the active site (ca. 8 Å between substrate electrophile position and channel entrance) 

contains density not well described by localized water molecules, but no ligands or buffer components 

were identified. The oligomerisation state of CorEH in solution is most likely a tetramer (Figure S9). 

Refinement statistics are given in Table S8. 

Table S8. Statistics of structure refinement. 

Refinement 

Rcryst / Rfree (test data set with 5 % of all data) 0.175 / 0.226 

Number of non-hydrogen atoms of CorEH / water  18139 / 1121 

Average isotropic B-factors 

Protein main chain / side chain 20.1 / 21.0 Å2 

Water 34.7 Å2 

R.m.s. deviations from ideal geometry 

Bond lengths  0.011 Å 

Bond angles  1.715° 

Torsion angles  7.269° 

Molprobity score/percentile 1.5 /98th 

Protein data bank entry 7AC0 

 

A2.11 Oligomeric state of CorEH 
To determine the oligomeric state of CorEH in solution, purified CorEH protein was analysed by 

analytical size-exclusion chromatography using a Superose 6 10/300 GL column (GE healthcare)  

(Figure S4). To this end, 100 μl of purified CorEH protein was injected at a concentration of 2 g/L and 

the absorption at 280 nm (A280) was recorded. The run was performed in buffer composed of 20 mM 

Na2SO4, 50 mM K2HPO4/KH2PO4 pH7.5. The molecular weight calibration of the column was performed 

using the following proteins: Thyroglobulin (660 kDa), g-Globulin (150 kDa), Ovalbumin (43 kDa), RNase 

A (14 kDa) and p-aminobenzoic acid (140 Da). 

 
Figure S4. Analytical size-exclusion chromatography of CorEH. (A) Analytical size-exclusion chromatography run 
of 200 μg of CorEH on a Superose 6 10/300 GL column. To follow the elution of CorEH, the UV absorbance was 
followed at 280 nm(A280) in mAU (AU: absorbance units) as a function of the elution volume. (B) CorEH forms an 
apparent hexamer in buffer containing 20 mM Na2SO4, 50 mM K2HPO4/KH2PO4 pH7.5. Shown is the expected 
molecular weight (MW) of a CorEH monomer and the calculated MW using the calibration curve.  
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A3 Sequences 

A3.1 CiVCPO 
Amino acid sequence of CiVCPO230 

The secretion sequence encoded by the pBAD vector is shown in grey. The sequence differs from PDB 1IDQ at two 

positions, highlighted in grey (D164A and P544R). 

MKKLLFAIPLVVPFYSHSTMASHMGSVTPIPLPKIDEPEEYNTNYILFWNHVGLELNRVTHTVGGPLTGPPLSARALGMLHLAIHDAYFSICPPT

DFTTFLSPDTENAAYRLPSPNGANDARQAVAGAALKMLSSLYMKPVEQPNPNPGANISDNAYAQLGLVLDRSVLEAPGGVDRESASFMFGE

AVADVFFALLNDPRGASQEGYHPTPGRYKFDDEPTHPVVLIPVDPNNPNGPKMPFRQYHAPFYGKTTKRFATQSEHFLADPPGLRSNADETA

EYDDAVRVAIAMGGAQALNSTKRSPWQTAQGLYWAYDGSNLIGTPPRFYNQIVRRIAVTYKKEEDLANSEVNNADFARLFALVDVACTDAGI

FSWKEKWEFEFWRPLSGVRDDGRPDHGDPFWLTLGAPATNTNDIPFKPPFPAYPSGHATFGGAVFQMVRRYYNGRVGTWKDDEPDNIAID

MMISEELNGVNRDLRQPYDPTAPIEDQPGIVRTRIVRHFDSAWELMFENAISRIFLGVHWRFDAAAARDILIPTTTKDVYAVDNNGATVFQNV

EDIRYTTRGTREDREGLFPIGGVPLGIEIADEIFNNGLKPTPPEIQPMPQETPVQKPVGQQPVKGMWEEEQAPVVKEAP 

Amino acid sequence of CiVCPO variant231 

Mutations from the wild type are highlighted in grey. 

MGSSHHHHHHSSGLVPRGSHMGSVTPIPLPKIDEPEEYNTNYILFWNHVGLELNRVTHTVGGPLTGPPLSARALGMLHLAIHDAYFSICPPTD

FTTFLSPDTENAAYRLPSPNGANDARQAVAGAALKMLSSLYMKPVEQPNPNPGANISDNAYAQLGLVLDRSVLEAPGGVDRESASFMFGED

VADVFFALLNDPRGASQEGYHPTPGRYKFDDEPTHPVVLIPVDPNNPNGPKMPFRQYHAPFYGKTTKRFATQSEHFVADPPGLRSNADETAE

YDDAVRVAIAMGGAQALNSTKRSPWQTAQGLYWAYDGSNLIGTPPRFYNQIVRRIAVTYKKEEDLANSEVNNADFARLFALVDVACADAGIF

SWKEKWEFEFWRPLSGVRDDGRPDHGDPFWLTLGAPATNTNDIPFKDPFPAYPSGHATFGGAVFQMVRRYYNGRVGTWKDDEPDNIAID

MMISEELNGVNRDLRQPYDPTAPIEDQPGIVRTRIVRHFDSAWELMFENAISRIFLGVHWRFDAAAARDILIPTTTKDVYAVDNNGATVFQNV

EDIRYTTRGTREDPEGLFPIGGVPLGIEIADEIFNNGLKPTPPEIQPMPQETPVQKPVGQQPVKGMWEEEQAPVVKEAP 

A3.2 Selected epoxide hydrolases 
The N-terminal His6-tag encoded by the pET28a(+)-vector is shown in grey. PaeCIF has a C-terminal His6-tag. 

Sequence of PpuEH from Pseudomonas putida (Accession: KMU96261.1) 

MGSSHHHHHHSSGLVPRGSHMPMAEIPLCVWRTRAQSFMFRGQSIRYWTAGQGEPLLLLHGFPTASWDWHYLWGPLSQRFRVIACDML

GFGDSDKPVDHTYSLMEQADLQQALLVHLQVAQPVHLLAHDYGGSVAQELLARHHEQRADIASCVFLNSGLFPESCRMLLIQKLLLSRFGWLV

GRSFGRDDLVRNVMQVYGPCTHPSESALDDFWSLIAANRGTRILHKLVGYMPERRLHRERWVGAMQRKGVPLRLINGVVDPLSGAHMLERY

RQLVPEPDTVQLLGIGHYPHTEAPVQVLRHYLAFREQPLSFYPPKVAWS 

Sequence of EliEH2 from Erythrobacter litoralis (Accession: Q2N9R2) 

MGSSHHHHHHSSGLVPRGSHMAGPSLGEWKAKAQHFAYDGLQIAFWTGGKPDARPLLLVHGYPTASWDWHRVWETLGSKYHLVAPDMI

GFGLSDKPRSGYSIHRQADMHVALLDHLGIGAFDALVHDYGVSVGQELLARRAERSAAQGLGQTVFLNGGIFPDQHRPRPIQKLGTSPLGFLV

GLLTNREKFGRSFSEVFGPDTQPGAQELDEFWDLVSHNGGNRIMHKLLHYIADRKEHAERWFDALRIAQGDIGLINGALDPVSGRHAYEAWR

ERLPDARHHLIPTVGHYPQVEDPQTVSRVTLDWLAR 

Sequence of SceEH from Saccharomyces cerevisiae (Accession: NP_014462.1) 

MGSSHHHHHHSSGLVPRGSHMSNIIARFHKIQVQDGVKVWYREAGAAGNPTILLLHGFPTSSNMFRNLIPLLAGQFHIIAPDLPGFGFTETPE

NYKFSFDSLCESIGYLLDTLSIEKFAMYIFDYGSPVGFRLALKFPSRITGIVTQNGNAYEEGLDDRFWGPLKEYWKSYQSDPVFVKSLIPYLEDPAN

VICQYHDGVPAIESVDPAAYTLDIALIQRTGQTDIQLRLFFDYQNNIKLYPAFQKFLRDSKIPVLVAWGANDTIFSVAGAEAYRKDVDNLKVVYY

DTGHFALETHVVAIAEEIISMFAEN 

Sequence of NpuEH2 from Nostoc punctiforme (Accession: WP_012408640.1) 

MGSSHHHHHHSSGLVPRGSHMTTYRTVSIDGLDIFYREAGSRNNPTILLLHGFPTSSHMFRNLIPALADKFHLVAPDYPGYGNSSMPTVNEFD

YTFDNLAEIVEKFIAAIALKKYSLYVMDYGAPIGYRIAAKYPERVQSLIVQNGNAYEEGLREFWEPIKAYWQERSPENAEKLKYLVTLEATKWQYT

NGVRNLEAISPDTWTMDQHFLDRPGNDEIQLALLYSYGTNPLLYPQWQEYFRNYQPPTLIVWGKNDYIFPADGAYPYQRDLKDVEFHLLDTG

HFALEEDGDAIANYIDQFLTSRLQSIPV 

Sequence of ScoEH from Streptomyces coelicolor (Accession: Q9K3Q1) 

MGSSHHHHHHSSGLVPRGSHMFDHDGTPVRTGRAAVNGTSLHYRAAGSGPAVVLLHGVPKTSYHWRHLVPKLTPHYTVVAPDLRGLGDSA

RPADGYDSATMSDDIAELMNHLGHESYAVVGEDWGAVIGYQLAARHRDRVTALVFAEALFPGFGFEDHTALTAENVAGGMHLWHLGFYFQ

PDIPEMLIAGHERELITYMIKFERSRPDSATPEAIDEYVRCYSMPGGIRAMLAVYRAMLVDAEQNRRAARKKLDIPVLALGGSAFIGDRNESQM

RLMAHDVTGHVFDAGHDLAEEVPDEMADVLLPFLATHQ 

Sequence of AciCIF from Acinetobacter sp. (Accession: A0A014BSV4) 

MGSSHHHHHHSSGLVPRGSHMKKFFKVMTLSAAMGMFGLNQANAEYDPNLKSIDTPPAVSQQMFNKVKSNGLGQYAYAKGLSSKFIESEG

VKLHYVEGGSKGTPIVFIHGFGSTWKMWEPVMLSYMKDHKVIAIDLPGLGQSGPILNDDYSAENTSKILIGAIKKIAGKGPIYYVSHDLGNTASY

PLVANNQGYIKKAVFMDSPIPDRAMFEYPGYTADGPGLGWHFGYFSFGDIAEKQIANDPNLFFSYFIKTYAGKKEIFTPELLAELIEPYSTRDKLK

AAFGYYRSHADSIRQNEALLANGKKLTIPSMALTGQKGVNDVLVKEMRARFVADPAQYTAIILPDTGHWMVEENAEGVEKSLSNFLFK 



120 Appendix 

Sequence of Ylehd from Yarrowia lipolytica (Accession: XP_504164) 

MGSSHHHHHHSSGLVPRGSHMASMAHLTKEYYEPFHHDVILGGKRWHYLDIPPEGKDNGRVLVLVHGFPDFWYGWRHQIPVFRKRGHRII

LPTLMGFPGSEVPEPPAMEEFEENEDGINIYTELGQEDDCRELHFYGFKFFADCMAELLKKLNIKSATFLGHDWGAHYVPKVWAYHPEIVDAIS

SACWYYQVPEPEWVPLTDFSDKWPTTKYQLQFGGDAVNNIGPGMIPFFLRRSYTVGANFDGEPDPEAPMHMTEEEFAVYEEHFSKEKRSLA

GPFTYYRSRKLNWEQDKENFLDKGATKKDLTVNVPYLYIGSTNDIALIPEMSMHLDEYVEKGKLTREHVPTSHWALFEAPDQINKIYVDWLDKL

DKTSKLSGGSGGSGGSRDHMVLHEYVNAAGIT 

Sequence of CorEH from Corynebacterium sp. C12 (Accession: O52866) 

MGSSHHHHHHSSGLVPRGSHMSTEITHHQAMINGYRMHYVTAGSGYPLVLLHGWPQSWYEWRNVIPALAEQFTVIAPDLRGLGDSEKPM

TGFDKRTMATDVRELVSHLGYDKVGVIGHDWGGSVAFYFAYDNRDLVERLFILDMIPGLIKAGDSFPIPVALMINHIFFHGGNPDWATALISKD

VNLYLRRFLTTLDYNYSPNVFSEEDIAEYVRVNSLPGSIRSGCQWYATGLREDTENLAKATDKLTIPVIAWGGSHFLGDIRPAWQEVAENVEGG

AVENCGHFVPEEKPQFVIDTALKFFAPLR 

Sequence of PaeCIF from Pseudomonas Aeruginosa (Accession: A0A071KVQ1) 

MILDRLCRGLLAGIALTFSLGGFAAEEFPVPNGFESAYREVDGVKLHYVKGGQGPLVMLVHGFGQTWYEWHQLMPELAKRFTVIAPDLPGLG

QSEPPKTGYSGEQVAVYLHKLARQFSPDRPFDLVAHDIGIWNTYPMVVKNQADIARLVYMEAPIPDARIYRFPAFTAQGESLVWHFSFFAADD

RLAETLIAGKERFFLEHFIKSHASNTEVFSERLLDLYARSYAKPHSLNASFEYYRALNESVRQNAELAKTRLQMPTMTLAGGGHGGMGTFQLEQ

MKAYAEDVEGHVLPGCGHWLPEECAAPMNRLVIDFLSRGRLEHHHHH 

A3.3 CorEH variants 
Mutations from the wild type are highlighted in grey. 

Amino acid sequence of CorEH W34F 

MGSSHHHHHHSSGLVPRGSHMSTEITHHQAMINGYRMHYVTAGSGYPLVLLHGFPQSWYEWRNVIPALAEQFTVIAPDLRGLGDSEKPMT

GFDKRTMATDVRELVSHLGYDKVGVIGHDWGGSVAFYFAYDNRDLVERLFILDMIPGLIKAGDSFPIPVALMINHIFFHGGNPDWATALISKD

VNLYLRRFLTTLDYNYSPNVFSEEDIAEYVRVNSLPGSIRSGCQWYATGLREDTENLAKATDKLTIPVIAWGGSHFLGDIRPAWQEVAENVEGG

AVENCGHFVPEEKPQFVIDTALKFFAPLR 

Amino acid sequence of CorEH W34N 

MGSSHHHHHHSSGLVPRGSHMSTEITHHQAMINGYRMHYVTAGSGYPLVLLHGNPQSWYEWRNVIPALAEQFTVIAPDLRGLGDSEKPM

TGFDKRTMATDVRELVSHLGYDKVGVIGHDWGGSVAFYFAYDNRDLVERLFILDMIPGLIKAGDSFPIPVALMINHIFFHGGNPDWATALISKD

VNLYLRRFLTTLDYNYSPNVFSEEDIAEYVRVNSLPGSIRSGCQWYATGLREDTENLAKATDKLTIPVIAWGGSHFLGDIRPAWQEVAENVEGG

AVENCGHFVPEEKPQFVIDTALKFFAPLR  

Amino acid sequence of CorEH W100A 

MGSSHHHHHHSSGLVPRGSHMSTEITHHQAMINGYRMHYVTAGSGYPLVLLHGWPQSWYEWRNVIPALAEQFTVIAPDLRGLGDSEKPM

TGFDKRTMATDVRELVSHLGYDKVGVIGHDAGGSVAFYFAYDNRDLVERLFILDMIPGLIKAGDSFPIPVALMINHIFFHGGNPDWATALISKD

VNLYLRRFLTTLDYNYSPNVFSEEDIAEYVRVNSLPGSIRSGCQWYATGLREDTENLAKATDKLTIPVIAWGGSHFLGDIRPAWQEVAENVEGG

AVENCGHFVPEEKPQFVIDTALKFFAPLR 

Amino acid sequence of CorEH D123N 

MGSSHHHHHHSSGLVPRGSHMSTEITHHQAMINGYRMHYVTAGSGYPLVLLHGWPQSWYEWRNVIPALAEQFTVIAPDLRGLGDSEKPM

TGFDKRTMATDVRELVSHLGYDKVGVIGHDWGGSVAFYFAYDNRDLVERLFILNMIPGLIKAGDSFPIPVALMINHIFFHGGNPDWATALISK

DVNLYLRRFLTTLDYNYSPNVFSEEDIAEYVRVNSLPGSIRSGCQWYATGLREDTENLAKATDKLTIPVIAWGGSHFLGDIRPAWQEVAENVEG

GAVENCGHFVPEEKPQFVIDTALKFFAPLR 

Amino acid sequence of CorEH H264F 

MGSSHHHHHHSSGLVPRGSHMSTEITHHQAMINGYRMHYVTAGSGYPLVLLHGWPQSWYEWRNVIPALAEQFTVIAPDLRGLGDSEKPM

TGFDKRTMATDVRELVSHLGYDKVGVIGHDWGGSVAFYFAYDNRDLVERLFILDMIPGLIKAGDSFPIPVALMINHIFFHGGNPDWATALISKD

VNLYLRRFLTTLDYNYSPNVFSEEDIAEYVRVNSLPGSIRSGCQWYATGLREDTENLAKATDKLTIPVIAWGGSHFLGDIRPAWQEVAENVEGG

AVENCGFFVPEEKPQFVIDTALKFFAPLR 

DNA sequence of wild-type CorEH 
CATATGAGCACCGAAATTACCCATCATCAGGCAATGATTAATGGTTATCGCATGCATTATGTTACCGCCGGTAGTGGTTATCCGCTGGTTCTGCTGCATGGC

TGGCCGCAGAGCTGGTATGAATGGCGTAATGTTATTCCGGCCCTGGCCGAACAGTTTACCGTGATTGCCCCGGATCTGCGTGGCCTGGGTGACAGTGAAA

AACCGATGACCGGCTTTGATAAACGCACCATGGCCACCGATGTTCGTGAACTGGTTAGTCATCTGGGCTATGATAAAGTTGGTGTTATTGGCCATGATTGG

GGTGGTAGCGTGGCATTTTATTTTGCCTATGATAATCGTGATCTGGTGGAACGTCTGTTTATTCTGGATATGATTCCGGGTCTGATTAAGGCCGGCGATAGC

TTTCCGATTCCGGTTGCCCTGATGATTAATCATATTTTCTTTCATGGCGGCAATCCGGATTGGGCAACCGCCCTGATTAGCAAAGATGTGAATCTGTATCTGC

GTCGTTTTCTGACCACCCTGGATTATAATTATAGTCCGAATGTGTTTAGCGAAGAAGATATTGCCGAATATGTTCGTGTGAATAGTCTGCCGGGTAGCATTC

GTAGCGGTTGTCAGTGGTATGCCACCGGCCTGCGCGAAGATACCGAAAATCTGGCCAAAGCCACCGATAAACTGACCATTCCGGTTATTGCCTGGGGTGG

CAGCCATTTTCTGGGTGACATTCGCCCGGCATGGCAGGAAGTGGCAGAAAATGTTGAAGGCGGTGCCGTGGAAAATTGCGGTCATTTTGTGCCGGAAGAA

AAACCGCAGTTTGTGATTGATACCGCACTGAAATTTTTCGCCCCGCTGCGTTAAGCGGCCGC 
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A3.4 Reconstructed ancestral sequences 
Amino acid sequence of Anc159 

MGSSHHHHHHSSGLVPRGSHMPDDPDFPGFGYEWINTSAGRIFVRVKGDGPPLLLLHGYPQTHVMWHRIAPKLAERYKVIVADLPGYGWS

DMPEPYTKRAMAKQQIETMEQLGfEHFALVGHDRGARVSYRLALDHPGRLSKFVVLDILPTYWQAMNKAYALKIYHWFFLAQPYPLPENLIG

GDPDHYVKYKLRRWTQGRDVYHPQAVEHYRRAFRDPMRRHVMCEDYRAGVYVDFEHDKIDRERKIPCPMQVLWQERGYHPLDIWKKWA

SQVQGAPIESGHMLPEEAPDQTAEHLVRFFSS 

Amino acid sequence of Anc153 

MGSSHHHHHHSSGLVPRGSHMSFPGFESRTVDTSDARIHCRVGGNGPPLLLLHGYPQTHVMWHRVAPRLANHFTVVCADLRGYGDSSKPA

NYSKRAMAQDQVEVMSQLGYERFHVCGHDRGARVAHRLALDHPGRVQKLCVLDIVPTYVWQTTNRAFATAYYHWFFLIQPAPLPENMIGA

DHPDYYLKACLGRWGKGLSAFDPQALEEYRRCFSNPAAIHAMCEDYRAAAGTIDLEHDKADMGRKISCPMLVLWGEKGIVGRMFDPLAVW

RKWASDVSGASLPCGHFLPEEAPDETAQALLEFLAH 

Amino acid sequence of Anc152 

MGSSHHHHHHSSGLVPRGSHMSTFPGFEHRTVNVNGARIHCVVGGSGPPLLLLHGYPQTHVMWHRVAPRLAEHFTVVCPDLRGYGDSDK

PATNYSKRAMAQDQVEVMSHLGYERFHVVGHDWGARVAYRLALDHQDRVQKLCVLDIVPTLVWETAFALMIYHWFFLAQPPPWPENLIG

ADHPDFYLKRCLSKWGHNpNAFDPQALEEYRRCFSNPAAIHASCEDYRAAAIDLEHDKADMGRKVSCPMLVLWGEWGVVGRLYDPLPVWR

EWASDVEGASIPCGHFLPEEAPDEVVEALLKFFAP 

Amino acid sequence of Anc149 

MGSSHHHHHHSSGLVPRGSHMSDFPGFESNGRHVEVNGTRLHYVTGGSGPPVVLLHGFPQTWYQWHHVVPKLAEHYTVVAPDLRGLGDS

EKPATGYSKRTMAQDIVELMNHLGHERFAVVGHDWGATVAYQLAANHQDRVTKLVFMDAVPPNWETYDYPGFTAAGGMHIWHFFFYFQ

PPDLPETLIAGDPRYYLKYFIKTWGSNPDVFTPEALDEYVRCYSMPGSIRAMCEYYRAMAIDLEQGKKLSCPVMVLWGSKGVVGRLYDPLEVM

REHATDVEGHVLPGCGHWLPEECPDEMAEVLLEFLAR 

Amino acid sequence of Anc117 

MGSSHHHHHHSSGLVPRGSHMTDWHYVEVGGSRMHYVDEGPRNDGENDPILLLHGNPTSSYLYRNMIPHLAGKYRCIAPDLIGFGQSDKP

TDWIDYTFEDHCRYLEAFIDALGLENITLVCQDWGSPIGFRWAMKHPDRVKGIVVMNTMMWEPMPGWDDQPWEPFQAFRSPGVNGQK

MVQEPENMFVEHIMPGMGVIRPLSEEEMDAYRAPFPNPGESRKACLRQFFFPRQVPIEPDDPADVVALIEAHREWLWLRQSDIPTLLIWGEK

DAIFPPEEVMDHFRQTLKNCEVVHIDGGHFIQEDQGDEIARPIVEWFTR 

Amino acid sequence of Anc116 

MGSSHHHHHHSSGLVPRGSHMTDWYPFAPHYIEVGGLRMHYWDAGPDGDPILLLHGYPTSSYMWRNMIPTLAGKYRCIAPDLIGFGQSDK

PTDTDYTFENHCEYLEAFIDQLGLENITLVCHDYGGPIGFRLAARHPDRVKGIVIMNTMLWEPDPARDDQPWEPFQAFRKMCQEPDNMFVE

HLMKGMGVVPCKPLSEEEMDAYRALFPNPGESNKVCLRLFFFYRQVPIKPEDPADVVALIEHSREWLQSDIPTLLIWGEKDPIFGPEEVMERW

RQTLPNCETVHIDGAGHFVQEDDPDEIARAIIEWFTR 

Amino acid sequence of Brno86 

MGSSHHHHHHSSGLVPRGSHMDVLRTDPAEFPFKHHYVEVNGVRIHYVEAGPRGDPILLLHGNPTSSYLWRNLIPPLAGKYRVIAPDLIGFGE

SDKPPDDYDYTFEDMAESLEAFIDALGLEKVTLVCHDWGGAIGFHLALRHPDRVKGLVIMNAIVPTPPGWEAYPREMYQFFQSPGGERMISS

DNAFVKRLLPGGLPDPLSEEELDAYRDAFPNPESRTPALTFYRALLRSGEDPADVPELREAWAEWLRKVDVPTLLIWGEKDPVLSPEALEEYRRY

LPNLETVTIADAGHFVQEEKPEEIAQAIADFLRRLRP 

Amino acid sequence of Brno119 

MGSSHHHHHHSSGLVPRGSHMSTDPAMEGFKHRHVEVNGVRIHYVEAGPGPPVLLLHGNPQSWYEWRHVIPPLAEHYRVIAPDLRGYGDS

DKPESVESYTLDEMADDLAALLDSLGVGEKVTLVGHDWGGVVAYHLALRHPDRVKKLVIMNAVVPSLPRGPRTHPTQCRAYWFFFQQPGVA

ERLISSNNPKKFLKNLLTGWGRPDAFTEEELDAYVNCFSKPGARTAMLNFYRAMLRNELTEAWLEAHRKIDVPVLLIWGEGDPVISPELLEEWR

KKYVPNNLTVKTIPDCGHFVQEEKPEEVAQAILEFLKKARP  

Amino acid sequence of Brno157 

MGSSHHHHHHSSGLVPRGSHMSTDPLMTGFEHRHVEVNGVRIHYVEGGPGPPVLLLHGNPQTWYEWRHVIPKLAEHYTVIAPDLRGYGDS

DKPASHTGYSKRTMADDLVELMNHLGYGEKFAVVGHDWGAVVAYHLALKHPDRVTKLVIMEAIIPSFAMWEHTGPTAFHWFFFAQPDVPE

RLIAANDPEYFLKHLLTGWHAGRPDAFTPEALDEYVRCFSKPGAIHAMCEDYRAMLRNEHNEAWLEAGRKIDVPVLVLWGERGIGPEDPLEA

WRKWADNVTAGAVPDCGHFLPEEKPDEVAEALLEFLARHRPA  
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