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1.Introduction 

1.1  The alpha-beta hydrolase fold enzyme superfamily 

The alpha-beta hydrolase enzyme fold superfamily, which was first described in 1992 by Ollis, is one of the 

largest enzyme families.[1] Many diverse enzymes belong to this superfamily: esterases, lipases, hydroxynitrile 

lyases, glucosidases, proteases, epoxide hydrolases, haloalkane dehalogenases, perhydrolases.[2,3]  

These superfamily members are structurally similar enzymes. They preserve their structural fold even though 

they do not necessarily share significant sequence similarity. These enzymes catalyze different reactions 

(Table 1). They contain eight-stranded β-sheets surrounded by α-helices. β-sheets are mostly parallel except 

the second antiparallel β sheet (Figure 1).[1,4] They all have a nucleophile-histidine-acid catalytic triad with an 

oxyanion hole that stabilizes the transition state during catalytic reaction. The active site nucleophile is 

located in the nucleophile elbow, the most conserved structure in the fold. The nucleophile is mostly serine. 

However, haloalkane dehalogenases and epoxide hydrolases have the serine replaced by an aspartate.[2,3,5] 

Table 1. Examples of α/β-hydrolase fold superfamily enzymes with their active site nucleophiles and substrates. The 

table was modified from Holmquist et al.[3] 

Enzyme 
Nucleophile in 

catalytic triad 
Reaction 

Esterases Ser  

Lipases Ser 

 

Haloalkane 

dehalogenases 
Asp  

Epoxide 

hydrolases 
Asp  

Perhydrolases Ser  

C-C hydrolases Ser 
 

Hydroxynitrile 

lyases 
Ser 
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Figure 1. Structure of α/β-hydrolase fold superfamily.  The structure contains eight β-sheets covered by α-helices, 

presented by arrows and cylinders, respectively. Catalytic triad residues are shown as red spheres. The figure is modified 

from Lord et al.[6]  

The ability of different enzymes in superfamilies to catalyze different reactions can be explained by enzyme 

evolution.[7,8] Although enzymes, known as specialized biocatalysts, are widely known for their specificity, 

catalytic promiscuity is an exciting deviation from the classical concept. Catalytic promiscuity refers to the 

ability of an enzyme to catalyze a reaction distinct from that for which it has been selected. Furthermore, the 

catalytic promiscuity suggests that diverse enzymes in superfamilies with overlapping promiscuous activities 

are evolutionarily related.[9–11] Jensen first indicated the connection between promiscuity and evolution. 

According to Jensen, ancestral enzymes have broad specificity, and gene duplication has led to diverse 

enzyme functions in today’s modern enzymes.[10–12] 

Different evolutionary methods have been suggested for evolving a novel function. The first model was 

proposed by Ohno,[13] later named “Mutation During Non-Functionality” (MDN) model.[14] In this 

neofunctionalism model, after gene duplication, when one of the copies preserves its original function, the 

other copy can accumulate mutations to gain a new function. However, the problem of this model is the new 

function can be lost by deletion or nonsense mutations and by the so-called genetic drift.[15,16] Then, the 

“Duplication, Degeneration, Complementation” (DDC) model[17] and the “Escape from Adaptive Conflict” 

(EAC) model[18], which are based on sub-functionalization, were introduced. These two models suggested 

multifunctional ancestral enzymes in contrast to the MDN model. After gene duplication, the EAC model has 

adaptive mutations, and the DDC model has neutral mutations to evolving a new function.[16] The more likely 

path, the Innovation–Amplification–Divergence (IAD) model, has been proposed by Bergthorsson 

(Figure 2).[19,20] Generally, the IAD model suggests that ancestral enzymes possess minor secondary activity in 

addition to its major activity. When it becomes useful, this secondary activity will be amplified as a new 

function by positive selection.  

The α/β-hydrolase fold enzyme superfamily is a well-known example of divergent evolution of enzymes. Even 

though they have a common structural framework, they perform different catalytic reactions.[1,9] Members 

of the family diverge from a common ancestor which possesses promiscuous activities. Then, the ancestral 

enzyme evolves into today’s specialized enzymes by natural selection. These specialized enzymes have either 

new functions or promiscuous activities from a common ancestor. One main enzymatic function can be a 

promiscuous function for other members of the family during the evolution process. Therefore, promiscuous 

activities provide a starting point for novel enzyme functions.[9–12,21,22] Hence, catalytic promiscuity plays a 

vital role in understanding enzyme evolution and design of new enzyme functions. Additionally, ancestral 

sequence reconstruction of enzymes is a beneficial strategy to investigate evolution.[23,24]  
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Figure 2. Innovation–Amplification–Divergence (IAD) model for enzyme evolution. The promiscuity of the ancestral 

enzyme (green) becomes important with an environmental change (innovation). Then, amplification occurs if the side 

function of the promiscuous enzyme is beneficial (duplication). Finally, with divergence, the promiscuous activity is 

preserved or evolved to a new function (yellow).[20] 

 Haloalkane dehalogenases 

Halogenated compounds are major pollutants in the environment due to their use as pesticides, herbicides, 

and chemical warfare agents. In addition to the human-made haloalkanes, halogenated compounds are 

produced on a large scale by haloperoxidases and methyl-halide transferases in plants and aquatic 

environments.[25,26] Since these compounds, especially chlorinated haloalkanes, threaten public life and the 

environment, eliminating this toxicity is important.[27–29] Haloalkane dehalogenases (HLDs), which catalyze 

the hydrolysis of haloalkanes to the corresponding alcohols, halide ions, and protons, can be a valuable and 

environmentally friendly solution for the elimination of haloalkanes.[30,31] 

The first enzymatic dehalogenation of haloalkanes was reported by Janssen in 1984.[32] Janssen and co-

workers demonstrated 1,2-dichloroethane dehalogenation using crude extracts of the soil-growing 

bacterium Xanthobacter autotrophicus GJ10 and isolated the first haloalkane dehalogenase, DhlA.[33,34] After 

this first discovery, different dehalogenases have been described. Structural and functional characterization 

of novel haloalkane dehalogenases is attractive for enlightening evolutionary processes and developing a 

better understanding of how these enzymes work. DhaA from Rhodococcus sp.[35] and LinB from 

Sphingomonas paucimobilis UT26[36] are the other well-studied haloalkane dehalogenases. Additionally, 

different dehalogenases have been described in the literature, from marine,[37–39] archaeal,[40] and 

eukaryotic[41] organisms. 

After identification of the gene encoding DhlA[42] and crystallization studies[43,44], the mechanism of 

haloalkane dehalogenases became more apparent. HLDs belong to the α/β-hydrolase fold enzyme 

superfamily. Despite conservation of the main α-β domain, the cap domains differ, leading to diversity among 

dehalogenases (Figure 3).[3,45] HLDs have catalytic triad residues, an oxyanion hole, and halide-stabilizing 

residues.[46]  
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Figure 3. Topology diagram of haloalkane dehalogenases. a, less conserved, variable cap domain. b, α/β-hydrolase fold 

main domain. Red dots and blue dots indicated catalytic triad and halide binding residues, respectively. For the catalytic 

triad, the nucleophile is Asp, non-conserved acid residue can be Asp or Glu.[31] 

The mechanism involves a two-step reaction. The first step is the formation of an alkyl-enzyme (ester) 

intermediate via an SN2 nucleophilic substitution by attack on halogen bound carbon by the nucleophilic 

aspartate oxygen. The leaving halide is stabilized by halide-stabilizing tryptophan residues (Trp125 and 

Trp175 in the case of DhlA). The second step is the hydrolysis of the ester intermediate by a water molecule, 

activated by histidine and a charge-relay acid residue (Figure 4).[31,47] Studies on the role of catalytic residues 

showed the positions of some catalytic residues are variable in haloalkane dehalogenases. For example, the 

charge relay acid, Asp260 in the catalytic triad of DhlA, corresponds to Glu130 and Glu132 in the case of LinB 

and DhaA, respectively. One of the halide-stabilizing residues in DhlA (Trp125) close to the active site is also 

preserved in DhaA (Trp107) and LinB (Trp109). However, the other one, Trp175, is variable for other 

dehalogenases, in DhaA it is Asn41 and in LinB Asn38.[31,46,48] 

 

Figure 4. Catalytic mechanism of haloalkane dehalogenases.[31] The first step is the formation of the alkyl-enzyme 

intermediate by nucleophilic attack of the nucleophilic aspartate on the halocarbon. The second step is the hydrolysis 

of the covalent alkyl-enzyme intermediate by a water molecule activated by a histidine and a charge-relay acid, in this 

case glutamate. The residue numbering shown corresponds to DhaA. 
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The classification of dehalogenases based on phylogenetic analysis resulted in three main subgroups, HLD-I, 

HLD-II, HLD-III. Differences in the catalytic pentad and structure-function relationship leads to the differences 

between these subgroups. HLD-I enzymes like DhlA have a Trp-Trp pair for halide stabilization and use an 

aspartate as charge relay acid. HLD-II enzymes, including DatA, DbeA, DbjA, DhaA, DmbcA, and LinB, use an 

Asn-Trp pair for halide stabilization and a glutamate as charge relay acid. HLD-III enzymes like DmbC and DrbA 

also have an Asn-Trp halide-stabilizing pair but use an aspartate as charge relay acid.[45] One of the other 

classifications is based on substrate specificity, using what is termed substrate specificity groups (SSGs). This 

classification divided haloalkanes into four groups, SSG-I, SSG-II, SSG-III, and SSG-IV.  DhlA, DhaA, and LinB 

are in SSG-I. DmbA from Mycobacterium bovis 5033/66[49] in SSG-II, DrbA from Rhodopirellula baltica SH1[50] 

in SSG-III, and DmbC from the same organism with DmbA, Mycobacterium bovis 5033/66[50] in SSG- IV. The 

phylogenetic classification does not correlate with substrate specificity classification. This is because active 

site configuration and access tunnels play a crucial role in substrate specificities, while phylogenetic analysis 

depends on sequence similarity. The substrate specificity classification study also indicated that 1-

bromobutane, 1-iodopropane, 1-iodobutane, 1,2-dibromoethane, and 4-bromobutanenitrile are universal 

substrates for haloalkane dehalogenases (Figure 5).[51] Additionally, Daniel et al. found novel substrates for 

dehalogenases using in silico screening, and they showed that activities towards some of these compounds 

are comparable to those towards the universal substrates.[52] 

 

 

Figure 5. Universal substrates for haloalkane dehalogenases. 

Due to HLDs having broad substrate specificity and being relatively stable, they are used in various 

applications.[28] Treating groundwaters[53] contaminated with 1,2-dichloroethane[54] or 1,2,3-

trichloropropane,[55,56] detecting halogenated pollutants as a biosensor,[57,58] decontamination of warfare 

agents (sulfur mustard)[29], synthesis of building blocks for organic synthesis,[59] and cell imaging by protein 

tagging[60,61] are important application areas.  

Finding new haloalkane dehalogenase activities in mutant and metagenome libraries are important. 

Therefore, several assays have been established and reported in the literature to detect dehalogenase 

activity. Gas chromatography-mass spectrometry (GC-MS), an analytical gold standard, analyzes 

substrate/product concentrations.[62,63] However, GC methods are time-consuming and therefore 

inappropriate in the case of screening of many substrates and variants. The most popular colorimetric assay 

is the Iwasaki assay.[64] The Iwasaki assay relies on detecting halide ions using a toxic mercury derivative 

(mercuric thiocyanate), which is one of the drawbacks of this assay. One of the other approaches is quenching 

of fluorescence of 6-methoxy-N-(3-sulfopropyl)-quinolinium by halides.[65] Alternatively, pH assays are also 

commonly based on monitoring proton release. These assays are rapid and easy to handle, but reliability can 

be a problem since pH can be changed by other factors.  One of the best-known pH assays is the phenol red 
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assay.[66] Other pH indicators such as bromothymol blue,[67] and 8-hydroxypyrene-1,3,6-trisulfonic acid 

(HPTS)[68] have been described. 

1.1.2 Epoxide hydrolases 

Epoxide hydrolases (EH) hydrolyze epoxides, which are 3-membered cyclic compounds, to their 

corresponding vicinal diols.[69] Jerina et al. reported this activity in mammalian cells[70] and Brooks and co-

workers showed enzymatic hydrolysis of epoxides.[71] Many epoxide hydrolases have since been described 

from different organisms including mammals[72], plants[73], insects[74], yeast[75], and bacteria[76,77]. Microsomal 

and soluble epoxide hydrolases are the most studied epoxide hydrolases from mammalian tissues. These 

epoxide hydrolases are mostly responsible for xenobiotic metabolism. Apart from these, cholesterol, 

leukotriene A4, and hepoxilin epoxide hydrolases have been described for mammals.[72,78] However, due to 

the limited production of enzymes from mammalian cells, microbial epoxide hydrolases are more often used 

in biocatalytic applications.[79] 

The first structure of the epoxide hydrolase from Agrobacterium radiobacter (EchA) was solved in 1999.[80] 

Structural studies showed that most of the epoxide hydrolases belong to the α/β-hydrolase fold superfamily. 

They consist of a main domain with a catalytic triad and a cap domain with two ring-opening tyrosine residues 

for substrate activation (Figure 6).[69,81] Some of the epoxide hydrolases are exceptions from the α/β-

hydrolase fold. Therefore, they do not belong to the α/β-hydrolase fold superfamily. They have a different 

fold and different mechanisms. For example, Leukotriene A4 epoxide hydrolase has an untypical EH fold. It 

has three domains and zinc in the active site and is a member of the zinc metallohydrolase superfamily.[82,83] 

Limonene 1,2-epoxide hydrolase has a single domain and belongs to the NTF2-like superfamily.[83]  

 

Figure 6. Topology diagram of epoxide hydrolases. a, variable cap domain. b, α/β-hydrolase fold main domain. Red dots 

show the catalytic triad and blue dots show the ring-opening residues.[31] 

The general mechanism of epoxide hydrolases includes two steps. The first step is the formation of a 

hydroxyalkyl-enzyme intermediate, resulting from the epoxide ring-opening nucleophilic attack by the 

catalytic triad nucleophilic aspartate residue. Two tyrosine residues, Tyr152 and Tyr215 (EchA), assist by 

binding and activating the substrate. The second step is the hydrolysis of the covalent intermediate by a water 

molecule activated by histidine and a charge-relay acid residue. Finally, the product diol is released 



Introduction 

7 
 

(Figure 7).[84] In contrast to halohydrin dehalogenases which can accept azide, halides, etc. as nucleophiles, 

epoxide hydrolases can only accept water as a nucleophile. 

 

 

 

Figure 7. Catalytic mechanism of the Agrobacterium radiobacter epoxide hydrolase (EchA).[84] The first step is the 

formation of the hydroxyester intermediate by a nucleophilic attack of the nucleophilic aspartate on the epoxide. The 

second step is the hydrolysis of the covalent hydroxyester intermediate by a water molecule activated by histidine and 

the charge-relay acid, aspartate.  

Several assays are suitable for the detection of epoxide hydrolase activity. Gas chromatography and liquid 

chromatography (HPLC) can be used to detect substrate depletion or product formation. Although these 

methods are sensitive, they are time-consuming and therefore less practical for screening large libraries. 

Thus, fast and easy to run assays are needed. Therefore, numerous assays have been developed in the past. 

One of the well-known assays is a colorimetric adrenaline assay.[85] In the adrenaline assay, the produced 

vicinal diol reacts with sodium periodate, resulting in an oxidized product. The remaining sodium periodate 

oxidizes adrenaline to the colored product adrenochrome. [85,86] Besides, other periodate-coupled assays have 

been developed. One of them relies on detecting periodate cleavage of diols’ products ketones and aldehydes 

by Schiff’s reagent, resulting in a magenta dye.[87] The first fluorogenic assay for epoxide hydrolase activity 

was based on the formation of a fluorescent umbelliferone by β-elimination after periodate oxidation.[88] The 

other fluorogenic assay relies on measurement of remaining periodate with carboxyfluorescein after vicinal 

diol cleavage.[89] 

Studies of mammalian epoxide hydrolases mostly focused on their biological aspects, except for a few studies 

on organic synthesis. However, epoxide hydrolases from microbial sources are of significant interest for 

biocatalytic applications. These ubiquitous enzymes are valuable biocatalysts for organic synthesis due to 

their advantages, such as being cofactor independent and having high enantioselectivity.[90] Epoxide 

hydrolases convert epoxides, which are highly reactive, toxic, and unstable compounds, into less reactive and 

stable diols.[69,91] Due to their importance in biocatalysis, discovering new epoxide hydrolases and engineering 

them are highly desired.[69,92,93]  
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Cystic fibrosis transmembrane conductance regulator inhibitory factor  

Cystic fibrosis transmembrane conductance regulator (CFTR) inhibitory factor (Cif) from Pseudomonas 

aeruginosa[94] is, like other epoxide hydrolases, a homodimeric α/β-hydrolase fold  enzyme with a typical 

catalytic triad.[94] Its active site motifs share more features with haloacetate dehalogenases than with typical 

epoxide hydrolases. In fact, phylogenetic analyses put Cif not within the canonical epoxide hydrolases but at 

the boundary separating epoxide hydrolases from haloacetate dehalogenases.[69,95,96] The haloacetate 

dehalogenases are closely related to epoxide hydrolases and also use a catalytic aspartate as nucleophile.[94] 

When the structure of Cif was solved in 2010, the most closely related structure was that of a fluoroacetate 

dehalogenase, FAc-DEX FA1, from the Burkholderia sp. strain FA1. The catalytic triads of these two structures 

aligned well.[94] Interestingly, Cif uses a noncanonical Tyr-His pair for epoxide ring-opening rather than the 

typical Tyr-Tyr pair. Nucleophilic attack by the catalytic aspartate Asp129 is facilitated by coordination of the 

epoxide oxygen by His177 and Tyr239, which polarizes the epoxide ring.[96,97] Cif's noncanonical Tyr-His pair 

is a characteristic of HADs[97] and its His177 residue is also present in the structure of FAc-DEX FA1[94].  

These properties seem to make Cif an interesting starting point for engineering dehalogenase activity into an 

epoxide hydrolase scaffold.  

1.1.3 The evolutionary relationships between epoxide hydrolases and haloalkane 

dehalogenases 

As already stated, both haloalkane dehalogenases and epoxide hydrolases are members of the α/β-hydrolase 

fold superfamily.[3] Janssen and co-workers first stated that these enzymes have sequence similarities.[42] They 

presumably originate from a common ancestor.[98] They have very similar catalytic mechanisms, and both 

accept epihalohydrins as substrates, attacking the distinct C-O or C-X bonds, respectively. Apart from the 

other members of α/β-hydrolase fold superfamily, these two enzymes have an Asp as an active site 

nucleophile, rather than Ser. An acid nucleophile (Asp) is required for cleavage of C-halogen or C-O bonds to 

obtain alkyl-enzyme intermediates as hydrolysable esters, rather than the ethers that would result from 

attack by a nucleophilic serine.[3]  

Phylogenetic studies also showed that these two enzyme families are evolutionarily related.[45,69] Bert van Loo 

used epoxide hydrolases, haloalkane dehalogenases and haloacetate dehalogenases for phylogenetic 

analyses. One group included both epoxide hydrolases and haloalkane dehalogenases, which indicates that 

they are evolutionarily related. One of the differences in their structure is the presence of a ring-opening 

tyrosine pair. While it is responsible for substrate binding and activation in epoxide hydrolases, it is not found 

in haloalkane dehalogenases. Furthermore, X in the HGX motif of the oxyanion hole is an aromatic amino acid 

in epoxide hydrolases, but for haloalkane dehalogenases, X is more hydrophilic or charged residue.[69] Another 

study by Chovancova et al. made a classification of haloalkane dehalogenases using phylogenetic analysis and 

indicated that they share a common ancestor with fluoroacetate dehalogenases.[45] 

Laboratory-based evolution studies between family members assist in understanding the evolutionary 

relationship within the superfamilies. One example can be to convert an esterase into an epoxide hydrolase 

by redesigning the active site as achieved in our group. Since the epoxide hydrolases have Asp in their catalytic 

triad and esterases use Ser, one of the changes was substitution in the catalytic triad, changing Ser to Asp. 

Also, two tyrosine residues were introduced into the esterase, which is essential for epoxide hydrolase 

activity. However, for interconversion, additional substitutions were needed on the loop based on structural 

analysis.[99] Another example is switching the esterase activity into a hydroxynitrile lyase activity[100] and vice 

versa with three substitutions in the active site.[101]  
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Since ancestral enzymes were promiscuous and specialized into modern enzymes, ancestral sequence 

reconstruction is another option to understand natural evolution of enzymes. Devamani et al. showed that a 

hydroxynitrile lyase ancestral enzyme has catalytic promiscuity. In addition to lyase activity, it also has 

esterase activity.[102] Furthermore, they compared the ancestral and modern hydroxynitrile lyases’ structures. 

They indicated that the larger active site of the ancestral enzyme assists in substrate orientation. This 

substrate orientation led to increasing the catalytic promiscuity.[103] Recently, one of the exciting studies was 

reported by Chaloupkova. They designed an ancestral enzyme, named AncHLD-RLuc derived from haloalkane 

dehalogenases and a Renilla luciferase. AncHLD-RLuc was tested for both, 29 dehalogenase substrates and 

RLuc’s natural substrate coelenterazine. It was promiscuous with both hydrolase and monooxygenase 

activities. It was reported that a single point mutation (Ala54Pro) of RLuc gained dehalogenase activity by 

changing the halide/oxygen-stabilizing residue orientation.[24] Additionally, AncHLD-RLuc catalytic efficiency 

was improved about 7,000 fold by using InDel libraries and transplantation of key fragments.[104]  

Lastly, an important study from our group showed that the epoxide hydrolase from Corynebacterium sp. C12 

(CorEH) possesses promiscuous dehalogenase activity, especially for bromoalkanes. CorEH showed 

dehalogenase activity for 1-bromobutane, 1-bromohexane, 1,2-dibromoethane, 1-iodobutane, and 1-

iodohexane. The study suggested that Trp100 of CorEH is a halide-stabilizing tryptophan and essential for 

substrate binding since mutations at this position led to a loss of both epoxide hydrolase and dehalogenase 

activities. These findings support the hypothesis that the epoxide hydrolases and haloalkane dehalogenases 

could have had a promiscuous common ancestor with both activities, since we now know that both activities 

can be catalyzed by a single protein.[105] 

1.2   Protein engineering 

Protein engineering is used to modify enzymes that are used as biocatalysts. These biocatalysts have been 

used in crude, purified or immobilized forms or as whole-cell systems for more than a hundred years for many 

applications.[106] These attractive natural catalysts provide many advantages, showing high selectivity, and 

having mostly inexpensive resources. However, problems in difficult reaction conditions are often a main 

limitation of enzymes. At this point, protein engineering is a powerful source of overcoming these problems 

by modifying the enzyme and changing their properties on demand to make them ideal biocatalysts.[107] 

Protein engineering comprises rational design and directed evolution or both (Figure 8).[108]   

Rational design relies on detailed structural information of the enzymes and uses site-directed mutagenesis. 

Thus, this approach generates small libraries. Because of enzyme complexity, the success rate of this 

approach is often not high.[109,110] Directed evolution has emerged as an alternative approach and became a 

treasured method for protein engineering. It is based on mimicking nature by laboratory evolution. In 2018, 

this method’s importance was crowned with the Nobel Prize in Chemistry to Frances H. Arnold.[111] On the 

contrary to rational design, directed evolution requires no prior structural information. It is based on random 

mutagenesis such as error-prone PCR. However, it generates larger libraries and screening of these libraries 

is time-consuming and requires significant efforts.[109,112,113] In addition, semi-rational approaches use the 

target positions with saturation mutagenesis to generate more focused, smart libraries.[114] One of the 

approaches is ancestral sequence reconstruction (ASR). This retro approach mostly generates novel 

properties such as thermostability or broad substrate scope since ancestral proteins generally have 

promiscuity and higher stability than modern enzymes.[115–117] 

Screening of generated or metagenome libraries is challenging. Different techniques have been developed to 

beat this drawback based on generating focused libraries and the development of high-throughput screening 
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techniques.[109,113] Regarding the more focused library design, Reetz and co-workers proposed the 

‘Combinatorial Active site Saturation Test’ (CAST) based on saturation mutagenesis on focused positions near 

the binding pocket by using the 3D structure of the enzyme.[118] Another example is using reduced amino acid 

alphabets, where degenerate codons (like NDT) encode the same number of residues as codons. [119] 

Reliable screening methods are important after library design. Agar plate screening is a straightforward 

method that relies on the incubation of colonies with the desired substrate. Substrate conversion with a visual 

signal indicates colonies which are expressing the desired improved enzyme. Even though this method is easy, 

it is often hard to see differences in activities between variants.[120] 

 

Figure 8. Protein engineering approaches with techniques spanning from random mutagenesis and directed evolution 

to rational design and site-directed mutagenesis (Figure from Balke et al., 2018).[108] 

The most common format is spectrophotometric and fluorometric measurement using microtiter plates. 

Microtiter plate screening can be used in whole-cell and cell lysate form. Even though they are not considered 

high-throughput, since the screening capacity is less than ~104 variants per day with this method[120], it is 

possible to screen larger libraries in a short time when it is automated with a robotic system.[121] For example, 

Fibinger et al. developed a selection assay for haloalkane dehalogenases, based on growth in the presence of 

toxic substrates.[122]  

Desired for an ultrahigh-throughput screening method, one example can be a fluorescence-activated cell 

sorting (FACS), based on reporting the enzyme activity with a fluorescent reporter in a single cell. It also has 

found applications in surface display, product entrapment and in vitro compartmentalization.[123] It is possible 

to screen ~109 variants using FACS.[120] 

1.2.1 Microfluidic droplet screening 

A more recent development is droplet-based microfluidic screening which is an effective method for protein 

engineering studies. It has many advantages compared to conventional methods. It has a high sensitivity, low 

reagent consumption (nanoliter, femtoliter scale), reducing the cost and facilitating the ultrahigh-throughput 

screening of libraries. Moreover, this miniaturization technology offers independent control of each droplet. 

However, the assay that will be used for screening should be compatible with microfluidic droplets.[124] 
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Tawfik and Griffith pioneered a method called in vitro compartmentalization using water-in-oil emulsions, 

inspired by nature.[125] Since then, in vitro compartmentalization was used for the selection of large libraries 

to get new and/or improved variants.[126] Using this method combined with microfluidic systems made the 

droplet generation more precise and enabled ultrahigh-throughput screening to be more quantitative. 

Water-in-oil droplets can be generated using microfluidic chips which allows controlled and monodisperse 

droplets which have sizes in the range of femtoliters to nanoliters. These small size monodisperse droplets 

makes assays more sensitive, more reliable and reproducible.[127] After droplet generation, additional 

reagents can be added by pico-injection using an electric field.[128,129] Surfactant use is important to provide 

droplet stability. Surfactants are amphiphilic molecules and prevent droplet coalescence by stabilizing the 

droplet interface.[130] Most importantly, surfactants need to be biocompatible with the oil and aqueous phase 

for biochemical studies.[130,131] 

  Mutant library            Expression               Droplet generation         Incubation             Sorting 

(a)  (b)         (c)                (d)                 (e) 

Figure 9. Typical workflow of microfluidic droplet system for protein engineering (Figure from Fu et al., 2021).[132] 

a) library generation, b) expression of generated mutant library, c) droplet generation by encapsulation of library in 

water-in-oil droplets, d) on-chip or off-chip incubation of droplets for enzyme reaction with substrate, e) if active 

enzymes are expressed, droplets can be sorted based on their signals (usually fluorescence or absorbance). 

The droplet-based screening can be done based on fluorescence or absorbance measurements. However, 

fluorescence measurement is commonly use due to faster readout with high sensitivity and selectivity. 

Several enzymes have been screened using fluorescence readout. For example, a study from Baret and co-

workers highlighted a sorting system named fluorescence-activated droplet sorter (FADS) based on the same 

principle as FACS for a β-galactosidase enzyme screening. In FADS, fluorescent droplets which contain active 

enzymes are used for sorting.[133] Agresti et al. used a FACS-based droplet screening system for directed 

evolution on horseradish peroxidase and screened for higher catalytic activity using water in oil droplets in a 

microfluidic system. In addition to finding a useful variant, they also compared robotic and microfluidic 

systems. According to them, using microfluidic screening reduced the cost 1 million-fold and decreased the 

total time screening from ~ 2 years to ~7 hours.[134] FADS sorting single emulsions is easy to produce and 

provides high sensitivity. Furthermore, FADS background contamination is less than FACS due to single 

emulsion stability.[135] On the other hand, FACS-based sorting can be used in case of double emulsions, water-

in-oil-in-water droplets which allows to work in an aqueous system and the possibility to sort using standard 

flow cytometry equipment.[136] Apart from fluorescence-based sorting using FACS or FADS, Gielen et al. 

demonstrated absorbance-activated droplet sorting (AADS) for a phenylalanine dehydrogenase.[137] Zurek et 

al. used the same absorbance readout in a microfluidic screening  system for an amine dehydrogenase.[138] 

With this absorbance-activated droplet sorter (AADS), microfluidic screening applications can be broadened 

also for a colorimetric assay readout within microfluidic screening. Apart from those there are other detection 

systems available, such as mass spectrometry,[139] surface-enhanced Raman spectroscopy,[140] 

electrochemical detections[141] and nuclear magnetic resonance-based methods[142]. However, fluorescence 

is commonly used to sort libraries.
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2. Scope of the thesis 

In this thesis, one of the goals is to develop a new assay for dehalogenase activity. Although several 

established assays had been available for the determination of dehalogenase activity, a new assay was 

needed due to their disadvantages. For example, a well-known halide detection-based assay, the Iwasaki 

assay, is not very sensitive and uses toxic chemicals like mercuric thiocyanate. The other standard assay is the 

universal phenol red pH assay, which is not sensitive enough and not reliable since the pH can easily change 

due to other factors like cellular metabolism. Therefore, developing a new assay for dehalogenase screening 

has been aimed to provide a safer, reliable, and more sensitive method than the existing assays to find new 

or improved enzymatic activities. The new assay will be used for screening of enzyme mutant libraries 

generated to find improved dehalogenase activity and for measuring their activities. 

Also, there are no efficient screening methods for haloalkane dehalogenases in terms of larger libraries. Using 

water-in-oil droplet screening in protein engineering is becoming popular since it has many advantages over 

classical screening methods. Most importantly, this technology makes screening ultrahigh-throughput which 

is more attractive for screening directed evolution and metagenomic libraries. Therefore, the new established 

halide assay compatibility into this technology is aimed to be investigated for dehalogenases. The setup of 

microfluidic assays generally comprises three steps, droplet generation, incubation for the assay, and sorting. 

However, compatibility, stability and leakage tests must be investigated.  

One of the central themes of the thesis is investigating the interconversion between haloalkane 

dehalogenases and epoxide hydrolases, that both belong to the α/β-hydrolase fold enzyme superfamily. 

Furthermore, they have very similar catalytic mechanisms and the interconversion of epoxide hydrolase and 

haloalkane dehalogenase activities presents an excellent model system for studying the mechanisms 

underlying catalytic promiscuity and the evolution of novel enzyme functions. This topic was studied before 

in the Bornscheuer group, but because of insufficient results, it has been taken up again. New variants of the 

epoxide hydrolase Cif that showed minor dehalogenase activity could be improved by PROSS design and 3DM 

analysis.  
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3. Results 

3.1  Development of a halide assay for dehalogenases 

3.1.1 Halide-oxidation assay principle  

The assay principle of the ‘halide oxidation assay’ (HOX) relies on the haloperoxidase-catalyzed 

oxidation of chloride, bromide, and iodide. In the presence of these halide ions, a haloperoxidase 

catalyzes the oxidation of halide ions to their corresponding hypohalous acids using hydrogen peroxide 

as a mild oxidant. Then, these hypohalous acids oxidize aminophenyl fluorescein (APF), resulting in a 

bright fluorescent dye, fluorescein, which can be detected at 525 nm. With haloalkane dehalogenases, 

haloalkanes are converted to their corresponding alcohol with halides and protons released. Halides 

are detected by HOX assay.[143] 

Haloperoxidases are particularly interesting as they catalyze the two-electron oxidation of halides, 

using hydrogen peroxide as a mild oxidant and forming the corresponding hypohalous acids as 

products. The vanadium-dependent haloperoxidase from Curvularia inaequalis (CiVCPO) was selected 

for this assay because of its properties. CiVCPO is highly stable at room temperature in the presence 

of hydrogen peroxide, in contrast to heme-dependent haloperoxidases, which are often inactivated 

because of undesired heme group oxidation at low hydrogen peroxide concentrations.[144–147] 

Furthermore, CiVCPO can be easily expressed recombinantly in E. coli.[144]   

The selection of a fluorogenic probe is critical in terms of detecting the signal. Aminophenyl fluorescein 

(APF) was chosen because it reacts very rapidly and selectively with HOX. APF is also stable in the 

presence of H2O2.[148] 

For the assay development, calibration curves for bromide, chloride and iodide were studied and 

detection limits were determined. Then the HOX assay was combined with dehalogenase enzymes. 

DhlA and DhaA were used as model dehalogenases. The recombinant His-tagged dehalogenases were 

expressed in Escherichia coli, purified by immobilized metal affinity chromatography, and dialyzed to 

remove chloride and imidazole from the purified proteins. Finally, for assay validation, the HOX assay 

was compared with a gas chromatography-mass spectrometry (GC-MS) method. 
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Figure 10. The principles of HOX assay.[143] A) in the presence of active haloalkane dehalogenases, haloalkanes 

hydrolyze to the corresponding alcohols, protons and halide ions, X-. B) The halide ion and a proton react with 

the peroxovanadate cofactor, forming an intermediate that C) reacts with water to release the hypohalous acid 

(HOX). D) Hydrogen peroxide re-oxidizes the vanadate to peroxovanadate, completing the haloperoxidase 

catalytic cycle. E) Oxidation of aminophenyl fluorescein by the hypohalous acid results in the formation of 

fluorescein, a bright fluorescent dye that can be detected at nanomolar concentrations. This figure was taken 

from our HOX assay publication.[143] 

3.1.2 Investigation of wild-type vanadium-dependent chloroperoxidase from 

Curvularia inaequalis for HOX assay  

CiVCPO was recombinantly expressed in E. coli BL21(DE3) from the pBAD-VCPO vector and purified by 

following the established protocol from literature.[146] Partially purified enzymes were dialyzed to 

remove chloride and stored in the presence of sodium orthovanadate for activation. The specific 

activity of CiVCPO preparations was determined using the monochlorodimedone assay[147] and was 

found to be 223 U/mg. 

One of the critical steps for the HOX assay was the buffer choice since phosphate inhibits the 

CiVCPO.[149] However using orthovanadate with hydrogen peroxide prevents the enzyme’s inhibition 

by phosphate.[149] Thus, 20 mM phosphate buffer with 1 mM orthovanadate was selected for the HOX 

assay. Amines can react with hypohalous acid and may interfere with the HOX assay.[149,150] Initially, 

the storage buffer of CiVCPO was 50 mM Tris-H2SO4 buffer. To eliminate the inhibition effect of Tris-

H2SO4 buffer in the assay, the storage buffer was desalted to result in a phosphate buffer. This desalting 

increased the fluorescence signal both for 1 µM chloride and for 1 µM bromide, especially for chloride 

with more than a three-fold increase in signal (Figure 11).  
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Figure 11: Inhibition of the HOX assay by Tris-H2SO4. The CiVCPO originally contained 50 mM Tris-H2SO4, which 

inhibited the HOX assay for both A) chloride and B) bromide. The final concentration of Tris- H2SO4 in the assay 

mixture was 2.5 mM. Desalting into 50 mM phosphate buffer, pH 8.0 using PD10 columns resulted in a signal 

increase both for chloride and bromide. Values plotted are means with standard deviation (n=3). This figure was 

taken from our HOX assay publication.[143] 

3.1.3 Influence of H2O2 in the HOX assay 

Different concentrations of H2O2 were tested up to 10 mM to obtain a higher signal for the assay. 

However, there were no significant differences between 2 mM H2O2 and higher concentrations after 

90 min (Figure 12). Thus, 2 mM H2O2 was selected for use in the assay. Due to the higher concentration 

of H2O2 being more damaging to the cells, using the lowest possible concentration of H2O2 was another 

reason for selecting 2 mM. 

 

Figure 12. The fluorescence signal from the HOX assay at different H2O2 concentrations. 40 µL reaction containing 

25 µM APF, 1.8 U/mL CiVCPO, different concentrations of H2O2 (1 mM, 2 mM, 5 mM, 10 mM), 1 µM bromide and 

1 mM sodium orthovanadate in 20 mM phosphate buffer, pH 6.0. Final concentrations of H2O2 in the assay are 

shown. Fluorescence measurement was done (λemission = 525nm, λexcitation = 488 nm). The control reaction was 

without H2O2 addition which gave a very low background after 90 min. All tested H2O2 concentrations gave 

approximately the same signal (n=3). 
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3.1.4 Influence of APF concentrations 

The fluorescence signal is related to fluorescein production from the fluorogenic probe, aminophenyl 

fluorescein. Thus, to increase the reaction signal, higher aminophenyl fluorescein concentrations were 

studied in the reaction. However, increasing the APF concentration did not increase the fluorescence 

signal (Figure 13). Three APF concentrations, 25 µM, 50 µM, and 75 µM (final concentrations in the 

assay), gave approximately the same value. Thus, 25 µM APF in the reaction was continued to be used.  

 

Figure 13. The fluorescence signal from the HOX assay at different final concentrations of the fluorogenic probe, 

aminophenyl fluorescein (APF), 25 µM, 50 µM and 75 µM. 40 µL reaction solution contained 1.8 U/mL CiVCPO, 2 

mM H2O2, 10 µM bromide and 1 mM sodium orthovanadate in 20 mM phosphate buffer, pH 6.0. Fluorescence 

measurement was done (λemission = 525nm, λexcitation = 488 nm) (n=3).  

3.1.5 Determination of the detection limits of halides 

Since sensitivity is an important parameter for assay development, calibration curves of halides were 

studied (Figure 14). Detection limits were determined using different concentrations of chloride, 

bromide, and iodide. Furthermore, detection limits of the HOX assay were compared to the Iwasaki 

assay and the lucigenin-based collisional quenching assay, which were studied by the Damborsky group 

at Masaryk University, Brno (Czech Republic). 
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Figure 14. 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 were 1 μM for chloride, 20 nM for bromide, and 1 μM 

for iodide. This figure was taken from our HOX assay publication.[143] 

As shown in Figure 14, the fluorescence signal increased with halide addition. As expected, the 

background fluorescence signal was very low for the control reactions, which contained no halide. The 

detection limits were found to be 20 nM for bromide, 1 µM for chloride, and 1 µM for iodide. Due to 

the higher reactivity of HOBr with APF, rather than with HOCl and HOI, sensitivities were different for 

each halide.[151–154] The HOX assay’s detection limits allows to quantify lower concentrations of halides 

compared to other alternative assays. The 1 µM detection limits for chloride and iodide make the HOX 

assay 50 to 150-fold and 30-fold more sensitive than existing halide assays, respectively. The 20 nM 

detection limit for bromide makes its sensitivity even three orders of magnitude higher than the known 

alternative assays (Table 2). 

Table 2. Comparison of detection limits of the HOX assay with the Iwasaki and the Lucigenin assays. The Table 

was taken from our HOX assay publication.[143] 

 Cl- Br- I- 

Iwasaki assay 156 µM 29 µM 36 µM 

Lucigenin assay 49 µM 63 µM 35 µM 

HOX assay 1 µM 20 nM 1µM 

3.1.6 HOX assay with dehalogenases 

After defining the detection limits, the HOX assay was verified for the detection and quantification of 

dehalogenase activity. The recombinant His-tagged haloalkane dehalogenase, DhaA was used to 

hydrolyze different concentrations of 1-bromobutane, ranging from 0 to 2.5 mM. Since these 

millimolar concentrations were higher than the detection range, samples were diluted 1000-fold in the 

final halide assay. 
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After hydrolysis of 1-bromobutane, the HOX assay was used to quantify the amount of bromide formed 

(Figure 15). Increasing 1-bromobutane concentrations resulted in a linear fluorescence increase. This 

indicated that the HOX assay is suitable for quantifying the amount of product produced by 

dehalogenase reactions.  

 

Figure 15. The fluorescence signal from the HOX assay is directly proportional to the amount of dehalogenase 

product formed. The dehalogenase DhaA was used to hydrolyze different concentrations of 1-bromobutane 

completely. The HOX assay was then used to quantify the amount of bromide produced. A 1/1000 dilution of the 

dehalogenase reaction into the HOX assay reaction mixture containing 25 µM APF, 2 mM H2O2, 2.5 U/mL CiVCPO, 

and 1 mM sodium orthovanadate in 20 mM phosphate buffer, pH 6.0 was used. Quantifying the amount of 

product generated by the dehalogenase reactions can be done using HOX assay. The figure was taken from our 

HOX assay publication.[143] 

3.1.7 Comparison of the HOX assay to a standard GC-MS method 

After showing that the HOX assay can quantify dehalogenase activity, validation was done using a 

standard GC-MS method. Two model haloalkane dehalogenases, DhlA and DhaA, were used to 

determine specific activities against 1,2-dibromoethane, 1,2-dichloroethane, 1,3-dichloropropane, 1-

bromo-3-chloropropane, and 1-bromohexane.  

After the dehalogenase reactions, diluted samples were taken for the HOX assay and for the GC-MS 

assay. Quantification of the HOX assay, standard curves of bromide and chloride were prepared in the 

same way as for the dehalogenase reactions (Figure 16). These standard curves were used to quantify 

the bromide and chloride produced by dehalogenases. 

For the GC-MS method, calibration curves were prepared using standard series of each alcohol product 

and the retention time for each alcohol was determined. The retention times were 5.56 min for 2-

bromoethanol, 3.31 min for 2-chloroethanol, 9.5 min for 3-chloro-1-propanol, and 11.51 min for 1-

hexanol (Figure 17). The reaction products of DhlA and DhaA were quantified using the plots of peak 

area against product concentrations (Figure 18).  
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Figure 16. Standard curves for A) chloride B) bromide from the HOX assay allowed the dehalogenation of the five 

other substrates to be quantified as well. A 1/1000 dilution of the dehalogenase reaction into the HOX assay 

reaction mixture containing 25 µM APF, 2 mM H2O2, 2.5 U/mL CiVCPO, and 1 mM sodium orthovanadate in 

20 mM phosphate buffer, pH 6.0 was used. Each replicate is plotted as an individual data point (n=3). The Figure 

was taken from our HOX assay publication.[143] 
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Figure 17: GC-MS analysis of alcohol products, A) 2-bromoethanol product standard, the retention time was 5.56 

min. B) 2-chloroethanol product standard, the retention time was 3.31 min. C) 3-chloro-1-propanol product 

standard, the retention time was 9.5 min. D) 1-hexanol product standard, the retention time was 11.51 min. 

0.0 0.5 1.0 1.5 2.0 2.5
0

500

1000

1500

2000

[1-bromobutane] (mM)

R
F

U

0 5 10 15 20 25
0

100

200

300

[Cl-] (mM)

R
F

U

0 1 2 3
0

1000

2000

3000

[Br-] (mM)

R
F

U

A B C

2.8 3.2 3.6 4.0 4.4
0

5000000

10000000

15000000

TIC*1.00

2-chloroethanol
3

.3
1

2
HO

Cl

min

In
te

n
s
ity

3.0 4.0 5.0 6.0 7.0 8.0
0

5000000

10000000

15000000

20000000

25000000

TIC*1.00

2-bromoethanol

5
.5

6
2

HO
Br

min

In
te

n
s
ity

9.0 10.0 11.0 12.0 13.0 14.0 15.0
0

10000000

20000000

30000000

40000000

TIC*1.00

1
1

.5
1
1

HO

1-hexanol

min

In
te

n
s
ity

min

8.0 9.0 10.0 11.0 12.0
0

In
te

n
s
ity

5000000

10000000

15000000

20000000

TIC*1.00

9
.4

9
7

3-chloro-1-propanol

HO Cl



Results 

20 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18: Standard curves for GC-MS assay, A) 2-bromoethanol, B) 2-chloroethanol, C) 3-chloro-1-propanol, and 

D) 1-hexanol. GC-MS peak areas are plotted against alcohol concentration. Each replicate is plotted as a separate 

data point (n=3). The figure was taken from our HOX assay publication.[143] 

The specific activities of DhlA and DhaA against five different substrates were determined using both 

the HOX assay and the GC-MS method, and the methods compared to each other (Figure 19). Both 

assays gave approximately similar values, which means they are in good agreement. The control 

reactions, which have no substrate, gave low signals. With this comparison, the GC-MS method 

validated the HOX assay with very small standard deviations, demonstrating the method's excellent 

reproducibility. Moreover, it is notably shown that the HOX assay is reliable for quantifying 

dehalogenase assay. 
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Figure 19: HOX assay and standard GC-MS method comparison. The specific activities of the dehalogenases DhaA 

and DhlA for five different substrates were determined using the HOX assay and a GC-MS method. The values 

(expressed in nmol/s/(mg protein)), reveal very good agreement between the HOX and GC-MS assays. For the 

HOX assay, means of nine replicates are plotted with standard deviations (three reactions, each assayed in 

triplicate). For the GC-MS assay, means of three replicates are plotted with standard deviations. The figure was 

taken from our HOX assay publication.[143] 

3.1.8 Selective detection of bromide in the presence of chloride 

Since chloride is a common contaminant in the laboratory and generated a background signal since 

the HOX assay is highly sensitive for chloride, selective detection of bromide was investigated using 

the HOX assay in the presence of chloride. For this a commercial bromoperoxidase from Corallina 

officinalis was used. The reason for using bromoperoxidase instead of CiVCPO is its higher selectivity 

for bromide.[155,156] 

Figure 20. The fluorescence signal from the Corallina officinalis bromoperoxidase with 5 mM chloride and 10 µM 

bromide at different pH values. Conditions: 40 µL assay containing 25 µM APF, 2 mM H2O2, 2.1 U/mL wt-CiVCPO, 

halides (5 mM chloride or 10 µM bromide) and 1 mM sodium orthovanadate in 20 mM phosphate buffer with 

different pHs, 6.0, 6.5, and 7.0. Control reaction had no halide ions, thus no fluorescence signal occurred. After 

2 h of incubation, fluorescence was measured (λemission = 525nm, λexcitation = 488 nm). Values plotted are means 

with standard deviation (n=3).  
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As seen in Figure 20, the bromoperoxidase results in a higher signal for bromide, even using 10 µM 

bromide in contrast to 5 mM chloride, a much higher concentration of chloride.  The best results were 

obtained at pH 6.5 since it is the optimal pH-value for C. officinalis  bromoperoxidase.[157]  

To reduce signals coming from chloride ions, taurine addition was also tested since the assay is 

inhibited by amines, especially for chloride ions. Taurine can react with HOCl to form taurine 

chloramine (TauCl) and chloramines are less reactive than bromamines.[150] As shown in Figure 21, 

adding taurine resulted in a reduction of the signal resulting from 5 mM chloride. Thus, lower bromide 

concentrations can be detected in the presence of higher chloride concentrations using C. 

officinalis bromoperoxidase and further specificity is achieved by suppressing the signal from chloride 

using taurine.  

 

Figure 21. The fluorescence signal from Corallina officinalis bromoperoxidase with 5 mM chloride, 5 mM chloride 

with 25 mM taurine and 10 µM bromide at different pHs. 40 µL assay containing 25 µM APF, 2 mM H2O2, 2.1 

U/mL wt-CiVCPO, halides and 1 mM sodiumorthovanadate in 20 mM phosphate buffer, pH 6.0. After 2 h of 

incubation, fluorescence was measured (λemission = 525nm, λexcitation = 488 nm). Adding taurine suppressed the 

signal coming from chloride.  Values plotted are means with standard deviation (n=3). 

3.1.9 Iodide detection 

The HOX assay was not so sensitive for iodide, which gave a low fluorescence signal because of 

different reactivities of the hypohalous acids towards aminophenyl fluorescein.[156] Hence, the HOX 

assay was studied for iodide with two other dyes, o-phenylenediamine (OPD) and 3,3′,5,5′-

tetramethylbenzidine (TBM), which are converted to colored oxidation products. The main aim was 

testing these dyes’ ability to detect lower iodide concentrations. Both dyes worked for different iodide 

concentrations with a linear absorbance increase but did not give better results than the APF detection 

in terms of detecting lower iodide concentrations (Figures 22 and 23A). However, since the assay with 

TBM gave a higher absorbance signal with lower iodide concentrations, the assay was repeated with 

TMB using the C. officinalis bromoperoxidase instead of CiVCPO (Figure 23B). Using this 

bromoperoxidase made it possible to detect nanomolar concentrations, which makes the assay more 
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sensitive. Usually, fluorescence assays are more sensitive than colorimetric assays, but the APF 

specificity in the presence of highly reactive oxygen species played certainly a role in HOX assay.[156] 

 

 

 

 

 

 

 

Figure 22. The absorbance signal from CiVCPO with 25 mM o-phenylenediamine (OPD) dye. Conditions: 100 µL 

assay containing 25 mM OPD, 2 mM H2O2, 2.1 U/mL wt-CiVCPO, 0-10 µM iodide concentrations (final) and 1 mM 

sodium orthovanadate in 20 mM phosphate buffer, pH 6.0. After 1 h incubation, the endpoint absorbance was 

measured at 458 nm. Values plotted are means with standard deviation (n=3).  

   A       B 

Figure 23. The absorbance signal using 25 mM 3,3′,5,5′-tetramethylbenzidine (TBM) as chromogen. A) With 

CiVCPO B) With Corallina officinalis bromoperoxidase. Conditions: 100 µL assay containing 25 mM TMB, 2 mM 

H2O2, 2.1 U/mL wt-CiVCPO or 0.3 U/mL CoVBPO, 0-5 µM iodide concentrations (final) and 1 mM sodium 

orthovanadate in 20 mM phosphate buffer, pH 6.0 (wt-CiVCPO) pH 6.5 CoVBPO.  After 1 h incubation, the 

endpoint absorbance was measured at 650 nm. Values plotted are means with standard deviation (n=3).  

3.1.10 Investigation of in vitro-synthesized protein using the HOX assay  

To overcome difficulties in protein expression, proteins may be synthesized in vitro using cell-free 

transcription and translation systems. These systems are easy to manipulate. It has advantages for 

difficult-to-express proteins, such as toxic proteins, due to the higher toxic tolerance, since there are 

no living cells.[158,159] Hence, cell-free protein expression was performed using the PURExpress in vitro 

protein synthesis kit to see whether the HOX assay could be used to measure the activities of 
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dehalogenases expressed in vitro, without purification. Three selected model dehalogenases, DhlA, 

DhaA, and DmmA, were expressed from the pET-11a-DhlA, pET-21b-DhaA, and pET-24a-DmmA 

vectors, respectively. An empty pET-24a vector was used as a negative control (Figure 24). Besides the 

HOX assay, a pH-based assay was also used for comparison.[68] In this pH-based assay, a derivative of 

8-hydroxypyrene-1,3,6-trisulphonic acid (HPTS) was used to observe the fluorescent change with 

changing pH.  

 

 

 

 

 

 

 

 

 

Figure 24. SDS-PAGE analysis of the in vitro transcription and translation system-based synthesis of DhlA 

(36 kDa), DhaA (34 kDa), and DmmA (34 kDa) using the PURExpress kit. An empty pET-24a vector was used as a 

negative control. Pierce Unstained Protein MW Marker (ThermoFisher Scientific, Darmstadt, Germany) was used 

for estimating protein sizes (lane M). Red dots indicate the recombinantly expressed dehalogenases, which 

appear as bands not visible in the negative control reaction. 

Activity tests were done using the HOX assay and the HPTS assay. Activities for all positive controls 

(DhaA, DhlA, and DmmA) could be detected using the HOX assay (Figure 25), using only 0.25 µL of each 

PURExpress reaction. The HPTS assay results were not as clear as those obtained using the HOX assay. 

For the HTPS assay, all samples, even the negative controls, resulted in a change in fluorescence 

(Figure 26). This could be optimized by dialyzing the PURE reactions against the HPTS reaction buffer, 

which would allow more enzymes to be used without adding extra buffer, which interferes with pH 

assays. For the HOX assay, formation of 2-bromoethanol by the recombinant dehalogenases was 

confirmed by GC-MS (Figure 27). These results are very useful and promising for proteins which are 

hardly solubly expressed in vivo. 
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Figure 25: Fluorescence signal using 0.25 µL samples of the PURExpress in vitro protein synthesis reactions in the 

HOX assay. An empty pET-24a vector served as negative control for in vitro transcription-translation. A HOX assay 

without addition of the PURExpress mixture was used as an additional negative control. Conditions: 40 µL 

reaction containing 1.8 U/mL CiVCPO, 2 mM H2O2, 0.25 µL samples of the PURExpress and 1 mM sodium 

orthovanadate in the 20 mM phosphate buffer, pH 6.0. After adding 10 mM substrate, an increased fluorescence 

signal for all dehalogenase reactions was observed. Fluorescence measurement was done at: λemission = 525nm, 

λexcitation = 488 nm. 

 

Figure 26: Fluorescence signal using 0.25 µL samples of the PURExpress in vitro protein synthesis reactions in the 

HPTS assay. An empty pET-24 vector served as negative control for in vitro transcription-translation reactions. 

Additional negative controls were control 1 without enzyme, control 2 without substrate, and control 3 with 

neither substrate nor enzyme.  
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A       B 

 

C       D 
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Figure 27: GC analysis for confirmation of the dehalogenase reaction product, 2-bromoethanol. A) A 2-

bromoethanol product standard (retention time of 5.9 min). B) DhlA. C) DhaA. D) DmmA. E) empty pET-24 vector 

as negative control.  

3.2 Microfluidic applications of the dehalogenase assay 

Next, the compatibility of the newly developed HOX assay with microfluidic droplets was investigated. 

The HOX assay with dehalogenases contains two independent reactions with different pH optima. For 

dehalogenases, pH 8.0-9.0 is ideal while pH 6.0 is more suitable for the haloperoxidase-catalyzed 

reaction. Since a droplet assay would be better at one condition with every component pre-mixed to 

avoid pico-injection, a triple mutant of CiVCPO[144] was used to oxidize halides. Whereas CiVCPO has 

better activity at acidic pHs, it was reported that a triple mutant of CiVCPO (P395D/L241V/T343A) has 
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40 times higher brominating activity than wild-type VCPO and eight times higher brominating activity 

than VBPO from Ascophyllum nodosum at basic pH values. This is because changing the electron 

density on the vanadate in the mutant CiVCPO increased the halogenating activity at alkaline pH 

values.[144] When considering that most of the dehalogenases work better at alkaline pH[28], this mutant 

is a better candidate than the wild-type due to its higher activity at basic pH values. Thus, droplets can 

be screened without adding reagents by pico-injection after droplet generation.  

 Investigation of a mutant of CiVCPO  

Thus, this triple mutant of the CiVCPO was recombinantly expressed in BL21(DE3) from the pBAD-VCPO 

vector and purified by following protocols described in the literature (section 6.2.5).[146] The enzyme 

was dialyzed to remove chloride and stored in the presence of sodium vanadate for activation. The 

specific activity of the CiVCPO preparation was determined using the monochlorodimedone assay 

(Section 6.2.11) and found to be 138.45 U/mg. The HOX assay with this mutant CiVCPO was tested at 

pH 8.0 towards 1,2-dibromoethane (Figure 28) and compared to wild-type CiVCPO (Figure 29). 

Moreover, standard curves were determined for different chloride and bromide concentrations at pH 

8.0 (Figure 30). Since the mutant CiVCPO was modified for better bromide activity at pH 8.0, lower 

concentrations of bromide can be detected. A lower signal was obtained for mM concentrations of 

chloride.   

 

Figure 28. Fluorescence signal obtained in the HOX assay with the mutant CiVCPO at pH 8.0. Conditions: 40 µL 

assay solution containing 25 µM APF, 2 mM H2O2, 1.68 U/mL mutant CiVCPO, 0.46 mg/mL DhlA, 10 mM 1,2-

dibromoethane sodium orthovanadate in 20 mM phosphate buffer, pH 8.0. Control 1 indicates a reaction without 

DhaA. Control 2 indicates a reaction without the substrate 1,2-dibromoethane. Reactions were performed in 

triplicate and plotted with standard deviation.  
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Figure 29. Comparison of the fluorescence signal from the HOX assay with wild-type and mutant CiVCPO at pH 

8.0 towards 1,2-dibromoethane. Conditions: 40 µL assay solution containing 25 µM APF, 2 mM H2O2, 1.68 U/mL 

mutant CiVCPO, or 1.97 U/mL CiVCPO, 0.1 mM bromide, 1 mM sodium orthovanadate in 20 mM phosphate 

buffer, pH 8.0. Control indicates a reaction without haloperoxidase.  Fluorescence measurement was done after 

1 h incubation (λemission = 525nm, λexcitation = 488 nm) (n=3). 

 

     A        B 

 

Figure 30. Standard curves for A) bromide and B) chloride for the mutant CiCVPO. 40 µL assay solution containing 

25 µM APF, 2 mM H2O2, 1.68 U/mL mutant CiVCPO, different concentrations of bromide or chloride, 1 mM 

sodium orthovanadate in 20 mM phosphate buffer, pH 8.0. The fluorescence measurement was done after 1 h 

incubation (λemission = 525nm, λexcitation = 488 nm). Reactions were performed in triplicate and plotted with 

standard deviation. 

 Investigating assay compatibility in droplets 

To investigate the HOX assay compatibility with microfluidic droplets, a first experiment was done by 
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dehalogenase (DhlA) served as positive and negative controls, respectively. Chlorobutane was used as 

substrate.  

Reaction mixtures in the aqueous phase were mixed with one of the microfluidic oils, HFE-7500, in 

Eppendorf tubes to get an overall idea of suitability for a microfluidic assay. After overnight incubation, 

shaking at 800 rpm, reaction mixtures were investigated by quantitative and qualitative analyses. 

Overnight incubation resulted in a visible color change for the positive control (I) containing DhlA, 

suggesting that the dehalogenase assay was compatible with the microfluidic oil HFE-7500 in the sense 

that the reaction product, fluorescein, did not diffuse into the oil. The negative control (II) without 

DhlA, did not change color (Figure 31A). Besides color change confirmation, due to the fluorescein 

formation, the fluorescence of the aqueous phases was measured. These quantitative results 

correlated with the visible observation. After overnight incubation, the fluorescence signal of the 

sample with DhlA was significantly higher, fluorescence did not increase for the control reaction. These 

results indicated that the fluorescent probe APF and the product fluorescein stays in the aqueous 

phase and detection is possible. 

 

A                                                    

 

 

 

 

 

B 

 

 

 

 

 

 

 

 

Figure 31. A) image after o/n incubation of the reaction mixtures. Red arrows indicate the aqueous phases. 

Reactions contained 25 µM APF, 2 mM H2O2, 1.68 U/mL of the mutant CiVCPO, 1 mM sodium orthovanadate in 

20 mM sodium phosphate (pH 8.0). B) the fluorescence signal from the aqueous phase. I indicates the positive 

control reaction with dehalogenase DhlA. II indicates the negative control reaction without dehalogenase.  
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The same reaction mixtures were tested in the polydisperse emulsions that were generated by 

vortexing and visualized on the same microscope slide. The surfactant Pico-Surf™ (1%) was used to 

stabilize the aqueous droplets in HFE-7500.  

 

 
Figure 32. Image of fluorescent droplets from the complete reaction (I) and the non-fluorescent droplets from 
the control reaction, without dehalogenase (II).  

These polydisperse droplets showed APF and fluorescein stay in the aqueous phase and gave a 

fluorescent signal using the microfluidic oil HFE-7500. A clear difference can be observed between the 

positive and negative control under the microscope (Figure 32). Based on these initial results, it 

seemed likely that an assay implementation in droplets would be possible.  

3.2.3 Investigating APF compatibility with different microfluidic oils 

Use of the right oil/surfactant combination is important since it can affect water-in-oil droplet stability 

and/or product leakage. For successful detection in droplets, the fluorogenic probe must stay in the 

aqueous phase and not partition into the oil phase. Thus, selecting a suitable microfluidic oil is critical. 

There are different types of oil, such as mineral oil, hydrocarbon oils, silicone oils, and fluorinated oils. 

However, fluorinated oils are currently the standard due to their biocompatibility. Also, insolubility of 

many organic compounds in fluorinated oils (compared to hydrocarbon oils), reduces partitioning into 

the oil phase and leakage between droplets.[130]  

Three fluorinated oils, HFE-7500, FC-40, and FC-770, were studied for water-oil partitioning of APF at 

different pH values (Figure 33). If the APF diffused to the oil, the fluorescence signal from the reaction 

with remaining APF in the aqueous phase and bleach would be reduced depending on the diffusion 

rate.  

II I 
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Figure 33. APF compatibility with different microfluidic oils at different pHs. Conditions: 25 µM APF in 200 µL of 

buffers (20 mM) with different pH, mixed with 1500 µL microfluidic oils, HFE-7500, FC-40, or FC-770 and vortexed 

at maximum speed for 45 min. Aqueous samples were taken before (I) and after vortexing (HFE-7500 (II), FC-40 

(III), FC-770 (IV)) and fluorescence measurement was done (λemission = 525nm, λexcitation = 488 nm) after adding 30 

µM NaOCl.  

FC-40 was not suitable for the assay since APF quantitatively diffused into the oil phase at all pH values 

tested. For FC-770, partial diffusion into the oil was observed when the pH was decreased. However, 

in the case of HFE-7500, APF remained in the aqueous phase at pH 7.0 and 8.0 even after extensive 

mixing. Thus, HFE-7500 was selected for use at pH 7.0 or higher. 

To investigate how long APF remains in the aqueous phase, the same experiment was done at different 

incubation times (Figure 34).  After incubation of APF in various buffers (pH 5.0-pH 8.0) with HFE-7500, 

time samples were taken at 2 h, 4 h, and after 24 h, and fluorescence was measured after addition of 

NaOCl to the aqueous supernatant.  

Figure 34. Time-dependent APF compatibility using HFE-7500. Conditions: 25 µM APF in 200 µL of a solution of 

different buffers (20 mM) at different pH values (pH 5.0-pH 8.0), mixed with 1500 µL HFE-7500 and shaking at 

800 rpm. Aqueous samples were taken at different time points and fluorescence measurement was done (λemission 

= 525nm, λexcitation = 488 nm) after adding 30 µM NaOCl. 
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These results confirmed the compatibility of APF with HFE-7500. However, it is obvious from these 

results that a longer incubation time increased the diffusion of APF into the oil phase for all pH values 

tested. The best result was obtained at pH 8.0 because the highest signal was observed and 87% of the 

signal remained after 24 h of incubation (Figure 34).  

3.2.4 Investigation of leakage between droplets  

Leakage is a complex phenomenon that is still not fully understood. Even if the fluorogenic probe stays 

in the aqueous phase, it is vital to see if the halides or the final product fluorescein remain in the 

droplets. Thus, leakage tests were done based on the generation of two populations of droplets with 

and without the investigated component. After droplets were mixed and incubated together, they 

were visualized to see if leakage had occurred.  

To investigate the overall reaction, one droplet population was made of the complete dehalogenase-

HOX assay reaction mixtures that produce fluorescein for testing the product leakage. The other 

population was without dehalogenase, which should not give the fluorescence product. These two 

populations were incubated with different HFE-7500 sets. After 24 h incubation droplets were 

visualized.  

A             B                   C 

 

Figure 35. Fluorescence images after incubating two droplet populations in HFE-7500 with 1% AZ2C as a 

surfactant. A) without substrate B) with 200 mM 1-chlorobutane C) with 200 mM 1,2-dibromoethane. The one 

population included DhaA, H2O2, the mutant CiVCPO, sodium orthovanadate and APF in phosphate buffer, pH 

8.0. The other droplets (negative control population) did not contain DhaA. After 24 h incubation together, 

droplets were visualized under the Olympus macro fluorescence stereoscope using an MVXRFA Mercury Lamp 

(Olympus, Tokyo, Japan) as an excitation source and a fluorescence camera (Hamamatsu C11440, Tokyo, Japan). 

As expected, non-fluorescent droplets were obtained in the absence of substrate (A). Fluorescent (DhaA) and 

non-fluorescent droplets (without DhaA) were observed after incubation with substrate. This indicates no 

leakage between two populations of droplets. 

These droplet images showed no leakage into oil or other droplets regarding the reaction components 

and the product, fluorescein. Since the solubility of most hydrocarbon organic compounds is low in 

fluorinated oil, components tend to stay in the aqueous phase. However, small hydrophobic molecules 

are known to diffuse into fluorinated oils.[154] Furthermore, it is obvious that the fluorescein product is 

visible even after a longer incubation time and can be distinguished from the negative control droplets 
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without dehalogenase. Positive droplets can be identified for both substrates. However, the signal for 

1-chlorobutane is lower than that for 1,2-dibromoethane. This difference can be explained as DhaA is 

more active towards the brominated substrate and the mutant CiVCPO works better with bromide 

ions. These results also demonstrated that the HOX assay works in droplets with purified 

dehalogenases. 

The other leakage test was done with chloride and bromide ions. In each case, two populations of 

droplets were generated. One population included 1 mM bromide or 50 mM chloride, while the other 

population was a control without halide ions. After mixing and incubating two populations of droplets 

together for 24 h, the droplet mixtures were visualized (Figure 36). 

 

A  B 

 

 

Figure 36. Fluorescence images after incubation of two populations of droplets together in HFE-7500 for 24 h. A) 

with 50 mM chloride, B) with 1 mM bromide. Populations contained 50 mM chloride or 1 mM bromide and 25 

µM APF, 1.84 U/mL mutant CiVCPO-mutant mutant and 2 mM H2O2 in sodium phosphate buffer, pH 8.0. These 

populations were mixed with negative control droplets, without halide ions. After 24 h incubation together, 

droplets were visualized using the Olympus macro fluorescence stereoscope using an MVX-RFA Mercury Lamp 

(Olympus, Tokyo, Japan) as an excitation source and a fluorescence camera (Hamamatsu C11440, Tokyo, Japan). 

The leakage test for halide ions also demonstrated no significant leakage between droplets and 

correlated with the previous test. Even for a higher concentration of chloride ions, the fluorescence 

signal is not as effective as for bromide ions, which can be explained by the mutant-CiVCPO having a 

higher activity with bromide ions at higher pH values.  
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3.2.5 Whole-cell assay in microtiter plates and droplets 

Next, the whole-cell compatibility of the HOX assay in droplets was investigated. Based on the 

reasoning that the final dehalogenase concentration inside a droplet would greatly influence this assay, 

various final optical densities were studied for the whole-cell assays (Figure 38). The relationship 

between droplet size and the final optical density when a single cell is encapsulated in such a droplet 

is demonstrated in Figure 37. Thus, a final OD600 of 0.4 corresponds to one cell per 5 picolitre droplet 

(diameter of approximately 21.5 µm). An OD600 of 0.4 and lower cell suspension were then studied. 

First, the whole-cell experiment was done in a microtiter plate, afterwards in monodisperse droplets. 

Figure 37. The relationship between droplet size and the optical density corresponding to one cell per droplet. 

The values are based on the volumes of the droplets and the assumption that OD600 = 1 corresponds to an average 

of 5x108 cells/mL. The OD600 and consequently the final enzyme concentrations are higher for smaller droplets. 

Droplets employed for FADS-based screening are generally in the range of 15 μm to 25 μm, defining the scope 

of optical densities that are needed to be tested for the whole-cell assays. 

 

Figure 38. The fluorescence signal from the whole-cell HOX assay at different concentrations of cells (DhaA or 

empty pET-21b) using 1,2-dibromoethane. Stock cell suspensions of OD600 = 8, 4, 2 and 1 were prepared by 

dilution of washed cells expressing DhaA or the empty pET-21b vector in sodium phosphate buffer, pH 8.0. 

Additional controls were reactions without cells or without substrate. The cell dilutions were mixed into the 

reaction mixture, containing 25 µM APF, 2 mM H2O2, 1.68 U/mL mutant CiVCPO, and 1 mM sodium 

orthovanadate in 20 mM phosphate buffer, pH 8.0. After adding 10 mM 1,2-dibromoethane, fluorescence was 

measured (λemission = 525nm, λexcitation = 488 nm).  

0

500

1000

1500

2000

2500

0 10 20 30 40 50 60 70 80 90

R
FU

time (min)

DhaA OD 0.4 DhaA OD 0.2 DhaA OD 0.1 DhaA OD 0.05

pET21 OD 0.4 pET21 OD 0.2 pET21 OD 0.1 pET21 OD 0.05

no cell no substrate



Results 

35 
 

 

Figure 39. The fluorescence signal from the whole-cell HOX assays using different concentrations of cells (DhaA 

or empty pET-21b vector) using 1-chlorobutane as substrate. Stock cell suspensions of OD600 = 8, 4, 2 and 1 were 

prepared by dilution of washed cells expressing DhaA or empty pET-21b in sodium phosphate buffer, pH 8.0. 

Additional controls were reactions without cells or without substrate. These cell solutions were mixed into a 

reaction containing 25 µM APF, 2 mM H2O2, 1.68 U/mL mutant CiVCPO, 1 mM sodium orthovanadate in sodium 

orthovanadate in 20 mM phosphate buffer, pH 8.0. After adding 10 mM 1-chlorobutane, fluorescence was 

measured (λemission = 525nm, λexcitation = 488 nm).  

As shown in Figures 38 and 39, there was virtually no background from control reactions using cells 

transformed with the empty pET-21b vector or from controls where cells or substrate were excluded. 

For 1,2-dibromoethane, DhaA containing cells gave strong signals even within one-hour, which implied 

that single-cell assays in droplets should be possible. In contrast, no significant signal was produced for 

1-chlorobutane in 90 min. Due to the haloperoxidase needing more time to convert chloride ions at 

higher pH values, a longer incubation can result in higher fluorescence. After a longer incubation time, 

fluorescence signals were obtained for 1,2-dichloroethane with DhaA containing cells (Figure 39). 

The whole-cell assay in droplets was investigated using ~20 µm droplets since a final OD600 of 0.4 

corresponds to one cell per ~20 µm droplet, a final OD600 of 0.2 corresponds to approximately one cell 

in every two droplets, or an average occupancy of about 0.5. According to the Poisson distribution, this 

means that approximately 65% of the droplets should be empty, 27% should contain a single cell, and 

the rest would contain two or more cells. A microfluidic chip was used for droplet generation 

(Figure 40). Water-in-oil droplets were formed using two aqueous phases. Phase 1 contained the assay 

mixture (2 mM H2O2, 1.84 U/mL mutant CiVCPO-mutant, 25 µM APF, and 1 mM sodium orthovanadate 

in 20 mM phosphate buffer, pH 8.0). Phase 2 contained the cells, either expressing DhaA or with the 

empty pET-21b vector as negative control. The droplets were visualized under the microscope after 

incubation with HFE-7500/Pico-Surf containing 200 mM DBE for 1 h. However, no fluorescent droplets 

were observed. Some possible reasons could explain this observation. First, the substrate's diffusion 

rate from the oil phase into the aqueous can be slow, so the reaction needs time to produce 

fluorescence. The second reason can be cell sedimentation during the droplet generation since the 

flow rates are extremely low (about 15 µL per hour); the cell suspension spends much time in the 

syringe before most droplets are formed and can cause sedimentation. The third reason can be that 
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excessive hydrolysis of a large amount of substrate results in a drop in pH, which quenches the 

fluorescence of fluorescein and results in leakage. The final reason can be that if the fluorescein 

concentration increases too much, quenching can be observed.[148] 

 

A) B) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 40. Generation of droplets A) a 20 µm three-inlet chip, with a flow-focusing junction. B) droplet formation. 

Hamilton gas-tight syringes were connected via syringe needles to polyethylene tubing (ID 0.38 mm, OD 1.09 

mm). High precision neMESYS syringe pumps from CETONI GmbH were used. Average flow rates were 15 µL/h 

for each aqueous phase and 300 µL/h for the oil phase, resulting in a 1:10 ratio of aqueous:oil flow rates. Aqueous 

phases were combined in a 1:1 ratio by using equal flow rates. HFE-7500 containing 2% Pico-Surf were used as 

the oil and surfactant. 

To solve the problem, in addition to 200 mM 1,2-dibromoethane, one set of droplets was incubated 

with a higher substrate concentration, 600 mM 1,2-dibromoethane. Droplets were visualized under the 

microscope after 1 hour and overnight incubation. No fluorescent droplets were observed for either 

substrate concentration (200 mM or 600 mM 1,2-dibromoethane).  

Nevertheless, apart from these droplet experiments, the remaining solutions were removed from the 

syringes after droplet formation and mixed in a 1:1 ratio, followed by the addition of 1,2-

dibromoethane (since this was not in the reaction mixture, but in the oil). Fluorescence was measured 

using a microtiter plate reader. Surprisingly, a signal was obtained for DhaA while there was no signal 

for the control reactions (Figure 41). This result demonstrated that assay components or cells are not 

the reason for the assay not working in 20 µM droplets. 
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Figure 41. Fluorescence values of the whole-cell assay with OD600 0.4 (final) cell solutions with 10 mM 1,2-

dibromoethane. These are the same reaction components (including the cells) used for droplet (~20 µm) 

generation (i.e., the solutions were taken from the syringes and transferred to a microtiter plate).  

Next, the droplet size was investigated. The whole-cell assay was done in ~70 µm droplets generated 

on-chip as an intermediate stage in scaling the assay down to 20 µm droplets. As before, two 

populations of droplets were generated using a microfluidic chip. Since the droplets are so large, single-

cell encapsulation is impossible as this would result in a final OD600 of 0.01, far below the acceptable 

range for the assay. Therefore, a final OD600 of 0.4 was used, which corresponds to about 35 cells per 

70 µm droplet. At this occupancy, virtually no droplet can be empty, so that two droplet populations 

had to be produced separately, one containing DhaA cells, the other containing the cells with the empty 

pET-21b vector. These two populations were mixed after formation to simulate a situation where 

droplets have either active or inactive variants. After droplet generation (Figure 42), these two 

populations were incubated with 1,2-dibromoethane and 1-chlorobutane, and droplets were visualized 

after about 90 minutes and again after overnight incubation. 

 
A            B      

 
 
 
 
 
 
 
 
  
 
 

Figure 42. Whole-cell assay in larger (~70 µm) droplets, generated on a microfluidic chip. Droplet formation at 

the flow-focusing junction (A) and droplets at the outlet (B) are shown. 
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Figure 43. Images of droplets from the whole-cell assay after 90 min incubation under different conditions. A) 

DhaA population incubation with 200 mM 1,2-dibromoethane, droplets were fluorescent. B) both DhaA and pET-

21b populations were mixed and incubated together with 200 mM 1,2-dibromoethane. The DhaA population 

droplets became fluorescent. 

A                                 B 

 

 
 
 
 
 
 
 

Figure 44. Images of droplets from the whole-cell assays with 1,2-dibromoethane after overnight incubation. A) 

Separate incubation of cells with an empty pET-21b vector (I) or expressing DhaA (II) populations. B)  Incubation 

of a mixed population of DhaA expressing cells and those with an empty pET-21b vector, with 200 mM 1,2-

dibromoethane. In both A and B, two distinct populations with low and high fluorescence can be seen.  

Regarding Figure 43, even though the whole-cell experiment did not work in 20 µm droplets, the assay 

worked in ~70 µm droplets. After 90 min incubation, significant fluorescence was obtained for the DhaA 

population compared to the pET-21b control population. Even after incubation of the mixed 

populations, the difference is apparent (Figure 43B). However, even though this difference was still 

noticeable after separate incubation overnight (Figure 44), the background increased when incubated 

together. This is presumably due to leakage of the fluorescein from positive (DhaA) droplets to the 

negative (pET-21b) droplets in a long term. However, fluorescein leaks only slowly[160] and it is not 

certain that this is the explanation.  

I II 
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Figure 45. Images of droplets from whole-cell assays with 200 mM 1-chlorobutane after overnight incubation of 

a mixture of DhaA containing cells and the empty pET21b vector control populations. A clearly fluorescent 

population was not obtained after 90 min or after overnight incubation.  

3.2.6 Investigating the effect of Percoll  

Use of density adjusting media is necessary to minimize cell sedimentation and facilitate uniform cell 

encapsulation. Thus, the effect of using density media in the reaction was investigated in microtiter 

plates. The addition of Percoll (25%) reduced the signal of the DhaA containing cells by about 20% 

(Figure 46).  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 46. The fluorescence signal from the whole-cell HOX assay with and without density media using 1,2-

dibromoethane as substrate. 25% Percoll was used as a density medium with DhaA containing cells and those 

with the empty pET-21b vector. Conditions: 40 µL assay solution containing 25 µM APF, 2 mM H2O2, 1.84 U/mL 

mutant CiVCPO, cell suspensions (final OD600 0.4), 10 mM 1-bromobutane, and 1 mM sodium orthovanadate in 

20 mM phosphate buffer, pH 8.0 with and without Percoll (25%). Fluorescence measurement was done after 

overnight incubation (λemission = 525nm, λexcitation = 488 nm).  
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3.2.7 Investigating H2O2 in droplet assay  

Since H2O2 concentration in the assay can be toxic for cells[161,162], cells were grown with different 

concentrations of H2O2. Figure 47 shows that using 2 mM H2O2 has an inhibitory effect on growth but 

does not cause cell death. A high concentration of H2O2 (10 mM) was toxic and inhibited growth 

completely. 

 

 

Figure 47. The fluorescence signal from the whole-cell HOX assay with different H2O2 concentrations in the growth 

media to see the effect on cell growth. Increasing H2O2 concentrations caused a negative effect on cell growth 

because of its toxicity. 

To obtain cell survival in droplets, controllable H2O2 delivery was investigated as a way of minimizing 

toxicity. Since it is well known that water can osmotically diffuse through fluorinated oils, the ability of 

hydrogen peroxide to diffuse through HFE-7500 was investigated. Two polydisperse droplet 

populations were generated by vortexing. One population contained the whole-cell assay reaction 

mixture without H2O2 and dibromoethane, while the second contained only H2O2. The droplet 

populations were mixed and then incubated in HFE-7500 containing 1% Pico-Surf, with and without 

1,2-dibromoethane. Visual droplet image showing fluorescent and non-fluorescent droplets means 

H2O2 delivery from one population to another is possible (Figure 48). Therefore, the toxicity of H2O2 

for the cell can be minimized by delivering hydrogen peroxide for only a brief period after the longer 

dehalogenase reaction incubation is over. 
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Figure 48 Images of droplets from controllable H2O2 delivery between two droplet populations which were 

generated by vortexing. After 1 h incubation with 1,2-dibromoethane in HFE-7500 containing 1% Pico-Surf, 

droplets were visualized under the microscope (I). Non-fluorescent droplets were observed in the condition 

without substrate incubation (II). Fluorescent droplets indicated that H2O2 delivery can be possible between 

droplets osmotically. 

3.3 Generating dehalogenase activity in an epoxide hydrolase scaffold 

3.3.1 Selection of Cif as an epoxide hydrolase 

This project was initiated by Michael Fibinger during his doctorate studies in the Bornscheuer 

group.[163] 3DM analyses of the variants were done by Ioannis Pavlidis (former postdoc in the 

Bornscheuer group). 

To introduce dehalogenase activity into an epoxide hydrolase scaffold, first studies were done with 

EchA, from Agrobacterium radiobacter AD1 as an initial scaffold but failed to introduce dehalogenase 

activity.[163] For selecting a better epoxide hydrolase scaffold, alternative epoxide hydrolases were 

investigated and Cif (3KD2) was selected as the starting scaffold for engineering dehalogenase activity 

since it was most tolerant to introduction the mutations required for stabilizing the dehalogenation 

transition state based on Rosetta studies. 

Cif variants based on Rosetta design and error-prone PCR were investigated using the Iwasaki and 

phenol red assays, using the universal dehalogenase substrates 1,2-dibromoethane, 1-bromobutane, 

1-iodopropane, 1-iodobutane, and 4-bromobutanenitrile. Two variants, Cif22 (F63N/I130W/ 

W133A/A154F/H177A/F203L/S235L/Y239A) and Cif23 (F63N/I130W/W133A/A154F/H177A/S235L/ 

Y239A), had very low dehalogenase activity, as already reported by Michael Fibinger (Table 3).[163]  

Table 3. Activities of Cif variants Cif22, Cif23 and wild-type Cif toward common dehalogenase substrates using 

the Iwasaki assay. This study was done by Michael Fibinger.[163]  

Substrate Activities [nmol min-1 mg-1] 
Abiotic rate 
[mM/min] 

 Cif-wt Cif22 Cif23  
1,2-dibromoethane n.d./n.s. n.d./n.s. 2.24 6.42E-05 

1-bromobutane n.d./n.s. n.d. 2.98 1.44E-04 

1-iodopropane n.d./n.s. n.d./n.s. 3.39 8.05E-05 

1-iodobutane n.d./n.s. 1.14 n.d. 4.43E-05 

4-bromobutyronitrile n.d./n.s. n.d./n.s. n.d./n.s. 1.22E-04 

II I 
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To increase the minor dehalogenase activities of Cif22 and Cif23, new mutations were introduced in 

this work, which were based on a 3DM analysis. Using the α/β-hydrolase fold 3DM database, 

correlating mutations among epoxide hydrolases and dehalogenases were investigated. Strong 

correlations were found between position 153 for dehalogenases and positions 136 and 269 

(Figure 49). A high correlation was found in the pairs Leu136-Asn153 (32%), Phe136-Glu153 (22%) and 

His136-Asp153 (17%). In case of correlation with position 269, Asn153-Asp269 (43%), Glu153-Gly269 

(25%) and Asp153-Gly269 (23%) were found. Most epoxide hydrolases have the pair Asn153-

Asp269/Glu269, however in Cif this pair is Glu153-His269. Since the most abundant pairs were Asn153-

Asp269 and Leu136-Asn153 and these mutations were not present in Cif22 and Cif23, the mutations 

Glu153Asn, His269Asp and Tyr136Leu were selected for introduction into the Cif scaffold.  

 

 

 

Figure 49: A) Position correlation network for dehalogenases following the numbering of Cif. Dark colors indicate 

strong correlations, while lighter colors indicate weaker correlations. B) Correlating positions visualized in the 

structure of Cif wt (PDB ID: 3KD2). The catalytic nucleophile (D129, orange) and base (H297, cyan) are also shown.  

3.3.2 Generation and expression of variants  

As it was found that Cif23 accepts more substrates (1,2-dibromoethane, 1-bromobutane, and 1-

iodopropane), Cif23 was selected for further activity optimization. Cif23 variants based on the 3DM 

analysis described above were generated using site-directed mutagenesis (using the QuikChange 

method). Since expression and purification of Cif variants was problematic, different strategies were 

tried, such as using different cell lines, media, temperatures, and chaperones to overcome the 

expression problem. None of these approaches were successful. Therefore, the PROSS server[164] was 

used to enhance the stability and soluble expression of Cif23. First, a homology model of Cif23 was 
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made using SWISS-MODEL, with the structure of wild-type Cif (PDB code: 3KD2) as the template 

structure. This model was used as an input for the algorithm and four independent runs that have 

different residues fixed were submitted (Table 4). By fixing these residues, PROSS could not alter these 

residues and thus avoided changes to critical residues that could impair activity. Selected designs 

(Table 5) from the PROSS output that bear 17-41 substitutions (section 8.2), were ordered as synthetic 

genes from Twist Bioscience and cloned into the pET-28a vector using FastCloning.[165]  

Table 4. Fixed residues for each run. *Since the PROSS designs usually contain mutations at residues H177 and 

Y239, these positions were fixed to avoid inadvertent changes to enzyme function. 

Run Specific residues to fix 

A Nothing fixed 

B Catalytic triad (Asp129, Glu153, and His 297) fixed 

C Catalytic triad and all mutations for Cif23 were fixed 

D Catalytic triad and H177 and Y239 fixed* 

 

Table 5. Selected PROSS designs and the corresponding number of mutations (section 8.2). 

Designs  Number of 
mutations 

D3 17 

D5 24 

D7 38 

B7 41 

C1 21 

3.3.3 Investigation of Cif variants using the HOX assay 

Even though the expression experiment resulted in a soluble expression problem, activities of all 

variants were tested using the whole-cell HOX assay (Figure 50). The whole-cell assay was used 

because of its advantages, such as using proteins without purification and stability of proteins in vivo. 

Judging from whole-cell assays, the PROSS designs had higher activity or expression than Cif23 variants 

based on the 3DM analysis (Figure 50). Since the designs seemed comparable at this stage, the D7 

PROSS design was selected for further investigation. Since the E153N-H269D variant of Cif23 gave a 

stronger fluorescence signal, these two mutations were introduced into the D7 PROSS design. In 

addition to the E153N-H269D mutation pair, Y136L-E153N and Y136L-E153N-H269D were also 

introduced using site-directed mutagenesis. The effects of these mutations were investigated using 

the whole-cell HOX assay (Figure 51). 
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Figure 50. The fluorescence signal from the whole-cell HOX assay for the variants created by 3DM and PROSS 

design towards 1-bromobutane. Cultures expressing DhlA and DhaA were used as positive controls and the pET-

28a vector and wild-type Cif served as negative controls. Conditions: 40 µL assay solution contained 25 µM APF, 

2 mM H2O2, 1.84 U/mL mutant CiVCPO, cell suspensions (final OD600 of 0.4), 10 mM 1-bromobutane, and 1 mM 

sodium orthovanadate in 20 mM phosphate buffer, pH 8.0. Fluorescence measurement was done after overnight 

incubation (λemission = 525nm, λexcitation = 488 nm). The fluorescence signals for PROSS designs were significantly 

higher than those for 3DM-derived mutations.  

 

  

 

 

 

 

 

 

 

 

 

Figure 51. The fluorescence signals from the whole-cell HOX assays for selected designs (Cif23, Cif23 E153N-

H269D, Cif23 Y136L-H269D, Cif23 Y136L-E153N-H269D, D7, D7 E153N-H269D, D7 Y136L-H269D, D7 Y136L-

E153N-H269D). The pET-28a vector and wild-type Cif were used as negative controls which gave low background 

signal. Conditions: 40 µL assay solution containing 25 µM APF, 2 mM H2O2, 1.84 U/mL mutant CiVCPO, cell 

suspensions (final OD600 of 0.4), 10 mM and 1-bromobutane, and 1 mM sodium orthovanadate in 20 mM 

phosphate buffer, pH 8.0. Fluorescence measurement was done after overnight incubation (λemission = 525nm, 

λexcitation = 488 nm).  

 
The E153N-H269D pair increased dehalogenase activity in both Cif23 and D7, demonstrating the 

validity of this 3DM prediction. This result warrants further discussion because Glu153 is the charge-
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relay acid of Cif's catalytic triad. Therefore, mutation of this residue to asparagine might be expected 

to impair catalytic activity. Introduction of the similar E153Q mutation into wild-type Cif was previously 

shown to make epoxide hydrolase activity indistinguishable from autohydrolysis, suggesting complete 

inactivation despite the fact that some enzymes retain a low level of activity when the charge-relay 

acid is neutralized.[97] Thus assuming that the H269D mutation compensates for the E153N mutation 

and effectively moving the charge-relay acid from position 153 to position 269, the single mutants 

E153N and H269D of Cif23 and D7 were generated using site-directed mutagenesis. This would not be 

unprecedented. Mutation of Asn148 of DhlA (equivalent to Cif's Glu153) to glutamate (N148E) led to 

a loss of activity and stability, revealing this residue to be structurally important. This is supported by 

the uncommon torsions of the Asn148 residue. Surprisingly, the N148E mutant regained dehalogenase 

activity when a D260N mutation was also introduced. This effectively shifts the charge relay acid from 

Asp260 to Asn148.[166] 

These variants were expressed by using the PURExpress in vitro transcription and translation system. 

The variants were then investigated using the HOX assay (Figure 52). Surprisingly, the E153N 

substitution by itself did not result in a dramatic loss of activity as would be expected from 

neutralization of the charge-relay acid. In fact, E153N increased the dehalogenase activity of both Cif23 

and D7 without the need of introducing H269D as a compensatory mutation. In Cif23 and D7, the effect 

of E153N-H269D is slightly greater than the effect of E153N alone but E153N clearly makes the major 

contribution. The small contribution made by H269D does not support the hypothesis that it effectively 

takes over the role of a charge-relay acid. These results may be interpreted as the first half reaction 

(dehalogenation) being significantly slower than the second half reaction (hydrolysis of the alkyl-

enzyme intermediate), explaining why the presence or absence of the charge-relay acid makes little 

difference in the overall rate.  
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Figure 52: The fluorescence signals from the HOX assay using PURExpress samples from in vitro protein synthesis 

reactions (Cif23, Cif23 E153N, Cif23 H269D, Cif23 E153N-H269D, D7, D7 E153N, D7 H269D, D7 E153N-H269D). 

An empty pET-28 vector was the negative control. Conditions: 40 µL assay solution containing 25 µM APF, 2 mM 

H2O2, 1.84 U/mL mutant CiVCPO, 1 µL samples of the PURExpress reaction, 10 mM and 1-bromobutane, and 

1 mM sodium orthovanadate in 20 mM phosphate buffer, pH 6.0. Fluorescence measurements were done after 

1 h incubation (λemission = 525nm, λexcitation = 488 nm). DmmA was not expressed freshly, thus an activity 

comparison was not possible with DmmA. 

The calculation of specific activities was not possible due to uncertain concentrations of the translated 

proteins. Therefore, the HiBiT-tag (VSGWRLFKKIS) was added to the Cif variants (Cif-wt, Cif23, Cif23 

E153N-H269D, D7, D7-E153N, D7 H269D, and D7 E153N-H269D). The HiBiT-tag protein of interest can 

express in a cell and then be used for quantifying or at least normalizing expression levels of the 

variants by generating luminescence using Nano-Glo HiBiT lytic detection system. However, the 

planned studies could not be completed because of a lack of time and will form the basis for a future 

study.
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4 Discussion 

4.1  Development of a halide assay for dehalogenases 

Since screening is an important step of protein engineering, sensitive and accurate enzyme assays are 

critical. There are several assays available for haloalkane dehalogenases. For example, the phenol red 

assay, a pH-based assay, is universal, but its sensitivity is not good. Furthermore, pH is easily changed 

by factors other than enzymatic dehalogenation, reducing the reliability of the assay, especially for low 

activities and for whole-cell assays. On the other hand, the more common Iwasaki assay for halide 

detection involves the use of mercury thiocyanate, making the assay toxic and dangerous to use. 

Furthermore, the assay generates hazardous waste, which is complicated to dispose of. Thus, we 

established an alternative assay for the detection of dehalogenase activity, based on halide oxidation 

by haloperoxidases. This new assay is much more sensitive than all alternative dehalogenase assays 

reported so far and is much safer. The only potentially critical chemicals used are orthovanadate, as a 

cofactor of vanadium-dependent haloperoxidases, and hydrogen peroxide, a component of many 

common household products. Moreover, since the HOX assay is designed for halide detection, it can 

also be used for detecting the activities of other halide-producing enzymes (Section 8.1).[143] 

The selection of the haloperoxidase and the fluorescent probe was an important step. Haloperoxidases 

are classified by the halides they can oxidize, and the vanadium-dependent chloroperoxidase 

from Curvularia inaequalis (CiVCPO) was selected since it can oxidize chloride, bromide, and iodide 

ions. Additionally, the high stability of CiVCPO was an advantage. The protein is stable during 

purification, and in fact isopropanol is used to precipitate contaminating proteins. Most importantly, 

it is much more stable in the presence of hydrogen peroxide than, for example, heme-based 

haloperoxidases. Aminophenyl fluorescein (APF) was chosen to detect the reactive HOX species 

because of its selectivity for HOX (compared to hydrogen peroxide). 

CiVCPO can lose about 50% of its original activity in the presence of phosphate buffer due to phosphate 

competing with vanadate in the active site. However, using even a low concentration of H2O2 leads to 

the formation of pervanadate, for which the enzyme has a much higher affinity than for vanadate, 

eliminating the inhibition of the enzyme by phosphate. Thus, 20 mM phosphate (pH 6.0), 

supplemented with 1 mM of orthovanadate was used for the HOX assay. Amines are known to 

interfere with the reaction between APF and hypohalous acids. Hypohalous acids react with amines 

and result in the formation of chloramines and bromamines. Bromamines are more reactive than 

chloramines. Since the standard CiVCPO storage buffer is 50 mM Tris-H2SO4, this needed to be 

excluded. Desalting the CiVCPO into 50 mM phosphate buffer (pH 8.0) eliminated the inhibition and 

increased the signal for both chloride and bromide (Figure 11).  

Most importantly, the sensitivity of the HOX assay is up to three orders of magnitude higher than 

currently available alternatives. Detection limits of 20 nM for bromide and 1 μM for chloride and iodide 

show that the HOX assay is very useful for detecting low dehalogenase activities, especially for 

debromination, since it was possible to detect less than a picomole of bromide ions. Furthermore, this 

new assay is useful for quantifying enzymatic dehalogenation activity since it can be used for specific 

activity measurement. These measurements were compared with a well-established GC-MS method. 
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Two model haloalkane dehalogenases (DhaA from Rhodococcus rhodochrous NCIMB13064 and DhlA 

from Xanthobacter autotrophicus GJ10) were assayed using five different substrates (1,2-

dibromoethane, 1,2-dichloroethane, 1,3-dichloropropane, 1-bromo-3-chloropropane, and 1-

bromohexane). This GC-MS validation confirmed that the HOX assay can be used reliably to quantify 

the formation of halides by dehalogenases.  

One of the essential considerations for the HOX assay, because of its high sensitivity, is that all reagents 

used must be as free of contamination by halides as possible. Contamination with halides can happen 

easily, especially for chloride, since chloride is commonly used in purification buffers and cell culture 

media, even in pH meters. Thus, halide-free buffers need to be carefully prepared and working with 

the purest reagents and water available are essential. Two assays were developed to solve the chloride 

contamination problem. Bromide detection in the presence of chloride was achieved using 

bromoperoxidase instead of chloroperoxidase due to fact that the bromoperoxidase can oxidize 

bromide and iodide but not chloride. It was shown that 10 µM bromide could be detected in the 

presence of 5 mM chloride. Also, taurine addition suppresses the signal resulting from chloride, 

because taurine chloramine is formed, which does not rapidly oxidize APF.[150,167] This makes selective 

bromide detection possible. Another improvement focused on more sensitive iodide detection. For 

this, two other dyes, o-phenylenediamine (OPD) and 3,3′,5,5′-tetramethylbenzidine (TBM), were 

investigated. Both dyes worked for iodide detection, but TMB made detection of lower iodide 

concentrations possible. The important point is that nanomolar concentrations of iodide could be 

detected using TMB with the bromoperoxidase instead of the chloroperoxidase. Most probably, the 

bromoperoxidase selectivity for iodide is higher than that of the chloroperoxidase (Figure 21). 

The newly developed HOX assay was already successfully used in two significant studies: Using the 

HOX assay and the modified HOX assay for iodide detection with 3,3′,5,5′-tetramethylbenzidine (TBM), 

Schuiten and co-workers showed that the epoxide hydrolase from Corynebacterium sp. C12 (CorEH) 

can dehalogenate 1-bromobutane, 1-bromohexane, 1,2-dibromoethane, 1-iodobutane, and 1-

iodohexane.[105] Another important study used the iodide-specific HOX assay to identify improved 

halide methyltransferase (HMT) variants which have higher activity against the tested alkyl iodides.[166] 

In this study, the selective detection of iodide in the presence of high chloride concentrations simplified 

the screening of NNK libraries using crude cell lysates that did not need to be dialyzed before screening. 

This is also an important point because it obviates the extensive dialysis of enzymes against chloride-

free but vanadate-containing buffers, since vanadate is toxic and needs to be carefully disposed of.  

Since the formation of insoluble aggregates, known as inclusion bodies, is a major challenge when 

trying to express recombinant proteins in heterologous hosts like E. coli, proteins may be synthesized 

in vitro using cell-free transcription and translation systems. Thus, the HOX assay usage with in vitro 

synthesized protein without purification was investigated. Three model haloalkane dehalogenases, 

DhlA, DhaA, and DmmA, were expressed in vitro using the PURExpress system. The HOX assay was 

successfully used to detect the activity of these dehalogenases towards 1,2-dibromoethane. These 

results were also confirmed by using GC-MS to detect 2-bromoethanol, the other product of the 

enzymatic dehalogenation of 1,2-dibromoethane. 
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4.2  Microfluidic application of the dehalogenase assay 

The newly developed HOX assay has higher sensitivity and is a much safer method than the currently 

available dehalogenase assays. One of the important features of this assay is its suitability for 

microfluidic applications, which is in fact the original reason it was developed. The assay produces a 

fluorescent product, which allows single-cell assays to be conducted in water-in-oil droplets, followed 

by detection and sorting using FADS (or double emulsion sorting by FACS). However, for successful 

application in droplets, other issues needed to be investigated, such as stability and leakage of 

components in droplets.  

Simultaneous encapsulation of all reaction components in microdroplets has the advantage of avoiding 

complex subsequent pico-injection steps. Therefore, it would be useful to find the same working 

conditions for dehalogenase and haloperoxidase. The triple mutant CiVCPO (P395D/L241V/T343A) was 

selected to use it instead of the wt CiVCPO. The reasons behind this selection were that most of the 

dehalogenases work better at alkaline pH values[28] and the mutant CiVCPO has a higher bromination 

activity at pH 8.0, with a 100-fold increased turnover number[144]. Thus, the mutant CiVCPO 

compatibility with the assay was investigated. First, the HOX assay was tested using 1,2-

dibromoethane with wild-type CiVCPO and the mutant CiVCPO at pH 8.0. As expected, at alkaline pH, 

the laboratory evolved variant of CiVCPO had higher activity. Wild-type CiVCPO has higher affinity for 

bromide at acidic pH values, which can be explained by the organism's natural habitat being acidic with 

low bromide concentrations. Thus, wild-type CiVCPO has a higher affinity for bromide at acidic pH 

values.  

The stability and leakage of droplets between the oil and water phases were key points for the droplet 

assay development. Selecting the right microfluidic oil and surfactant can provide droplet stability and 

minimize leakage of the probe and reaction products. Therefore, three different fluorinated 

microfluidic oils, HFE-7500, FC-40, and FC-770, were studied to find an oil compatible with the 

fluorogenic probe APF. The undesired diffusion of APF into the oil phase was very high in the case of 

FC-40, making FC-40 unsuitable for the assay. Even though FC-770 was better than FC-40, it was not 

comparable to HFE-7500. The best result was obtained with HFE-7500. To get more details about how 

long APF is retained in the aqueous phase in water-in-HFE-7500 droplets, different time points until 

24 h were investigated. Even after 24 h, 87% of the APF remained in the aqueous phase at pH 8.0 and 

this showed that HFE-7500 was suitable as a microfluidic oil.  

Studies on the leakage of assay components were done by mixing two populations of droplets. One 

population contained all the reaction components while the other population lacked the compound 

for which leakage was to be investigated. The first leakage experiment was done using droplets with 

all the reaction components, compared to a control population lacking the dehalogenase. Populations 

without dehalogenases did not convert substrates (beyond autohydrolysis) and no fluorescence was 

obtained from these droplets. After incubating two populations of droplets, visualization showed 

fluorescent and non-fluorescent droplets, which meant that there was no leakage of enzyme (in this 

case) between the droplets. Apart from these, a separate leakage assay was done in terms of halide 

leakage. Droplets with and without halides, with 1 mM bromide, or with 50 mM chloride, were 

generated. After an incubation time of 24h, the droplets were visualized. No leakage was observed, as 
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expected since halides are large, charged ions that are not expected to spontaneously diffuse over the 

fluorinated oil surrounding the droplets. These leakage tests confirmed that there is no halide leakage. 

Since the activity of a single cell needed to be detected for ultrahigh-throughput screening, the assay 

was investigated in a whole-cell format. An OD600 of 0.4 corresponds to one single cell per ~21.5 µm 

droplet. To test the model single-cell experiments for product detection, 20 µm and 70 µm water-in-

oil droplets were generated using an OD600 of 0.4 DhaA or pET-21b cells. Although the whole-cell assay 

worked for 70 µm droplets, it failed for 20 µM droplets. Overnight incubation or higher substrate 

(haloalkane) concentration (increased from 200 mM to 600 mM) did not result in a signal that could 

be visually confirmed by fluorescence microscopy. For 20 µm droplets, between the positive and 

negative control droplets no significant difference was observed. One reason can be the autohydrolysis 

of substrate or leakage in the long term. If it is leakage, this can be decreased by using less surfactant 

or another emulsion stabilizer such as biologically compatible fluorinated silica nanoparticles.[168,169] 

However, when taking into account the fact that the fluorescence signal was observed in 2 h, a long 

incubation time is not necessary; hence leakage should not be a problem. As a follow-up of my studies 

on this, collaborators at the ETH Zürich continued to work on this topic and the assay is now functional 

in 20 µm droplets. It turns out the problem was that too much fluorescein was formed, resulting in 

self-quenching. This phenomenon can also be seen in the supporting information published by 

Flemmig and co-workers[148], and the simple solution was to use less APF serving as fluorogenic probe 

(Zbynek Prokop and David Kovar, personal communication). 

Cell sedimentation can be a problem for 20 µm droplets since cells are denser than buffer and a lower 

flow rate for droplet generation is used, resulting in sedimentation of cells in the syringe before most 

droplets are formed. Thus, 25% Percoll was used as a density matching agent. This was investigated in 

the microtiter plate with DhaA containing cells and control cells with an empty pET-21b vector. The 

use of Percoll decreased the signal by about 25% (Figure 46). Because it prevents cell sedimentation, 

this is an acceptable decrease in assay sensitivity. Unfortunately, 20 µM droplets with Percoll could 

not be investigated (because we failed to microscopically detect the activity of dehalogenases in 20 µm 

droplets). Furthermore, these whole-cell experiments demonstrated that the assay works better with 

brominated substrates, whereas chlorinated substrates resulted in a lower signal. Most probably, this 

is because chloride is harder to oxidize at alkaline pH.  

After all stability, compatibility, and leakage tests, one major issue was cell viability during the assay. 

H2O2 is toxic to cells.[161,162] Even though a low concentration of H2O2 (2 mM) was used for the HOX 

assay, this concentration slightly affects cell growth (Figure 44). Therefore, we investigated the delivery 

of H2O2 from one population to another and showed that indeed hydrogen peroxide can diffuse 

between droplets (Figure 48), allowing it to be delivered briefly for detection purposes at the end of 

the dehalogenase assay. An alternative approach that was not investigated is the slow and gently 

formation of low concentrations of hydrogen peroxide using a low concentration of an oxidase like 

glucose oxidase. Apart from this, the cells do not need to survive, since the plasmid DNA can still be 

extracted or the relevant sequence part can be amplified by PCR.[170]  

Due to the applicability of the newly developed HOX assay to droplet-based ultrahigh-throughput 

screening, this method is highly promising for investigating larger directed evolution libraries or 
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metagenomic libraries to find novel/better dehalogenases (or other enzymes, like halide 

methyltransferases) that produce halides as products.  

4.3  Generating dehalogenase activity in an epoxide hydrolase scaffold 

Haloalkane dehalogenases and epoxide hydrolases are members of the /-hydrolase fold 

superfamily. Enzymes in this superfamily catalyze a broad range of chemically diverse reactions. 

Haloalkane dehalogenases and epoxide hydrolases are phylogenetically related and structurally 

homologous enzymes that use similar catalytic mechanisms. They both use an Asp-His-Asp/Glu 

catalytic triad with a nucleophilic aspartate residue for the SN2 attack on epoxides or haloalkanes. An 

important difference between the two catalytic activities is the oxyanion hole, which is made up of a 

Tyr-Tyr/His pair in epoxide hydrolases and a Trp-Trp/Asn pair in haloalkane dehalogenases. 

Furthermore, they both accept epihalohydrins as substrates, attacking the distinct C-O or C-X bonds, 

respectively. Thus, investigation of these activities’ interconversion was attempted since it is an 

excellent model system for studying the mechanisms underlying catalytic specificity and promiscuity 

and the evolution of novel enzyme functions.   

The background chemical hydrolysis of haloalkanes is much slower than that of epoxides, so 

dehalogenase assays are more reliable to detect low activities. Therefore, it is analytically simpler to 

introduce dehalogenase activity into an epoxide hydrolase than the other way around. Thus, the aim 

was to introduce dehalogenase activity into an epoxide hydrolase. The first choice for an epoxide 

hydrolase (in studies preceding the work for this PhD thesis performed by Dr. Fibinger and Dr. Davids 

in the Bornscheuer group[163,171]) was EchA from Agrobacterium radiobacter AD1 since it was a well-

studied epoxide hydrolase and its catalytic mechanism had been confirmed to proceed via a 

hydroxyalkyl-enzyme intermediate. Another attractive aspect of EchA was the presence of two 

tryptophan residues (W38 and W138) near the active site, which allowed dissociation constants to be 

determined by tryptophan-quenching experiments. Various mutants of EchA were created based on 

analyses of its crystal structure (PDB code: 1EHY) and comparison to DhlA. None of these variants had 

dehalogenase activity detectable by the Iwasaki assay, the phenol red assay, GC-MS or ITC 

measurements. Error-prone PCR and focused directed evolution based on structural analyses and site-

saturation mutagenesis did not yield any EchA variants with detectable dehalogenase activity. A 

potential explanation for the failed rational design is that the EchA crystal structure is unreliable since 

it has a glutamine residue blocking the active site. Therefore, alternative epoxide hydrolases were 

investigated. 

Cif (PDB code: 3KD2) was chosen as the starting scaffold for engineering dehalogenase activity based 

on Rosetta calculations. Although Cif is, like other epoxide hydrolases, an /-hydrolase-fold enzyme 

with a conserved catalytic triad, it shares more features with haloacetate dehalogenases than with 

typical epoxide hydrolases.[94,95,97] Cif was tested for both haloacetate dehalogenase and haloalkane 

dehalogenase activity because of its similarity to the haloacetate dehalogenases.  Variants of Cif were 

generated based on Rosetta design to look for variants with dehalogenase activity. Two variants, which 

were called Cif22 and Cif23, had minor dehalogenase activities, determined using the Iwasaki assay. 

These studies were performed by Dr Michael Fibinger.[163] Since these minor dehalogenase activities 
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are a major keystone for this project, increasing these activities was the aim of this thesis. As Cif23 

accepts more substrates, it was selected for further studies.  

Due to problems with expression and purification of the Cif variants, the PROSS server was used to 

identify mutants with enhanced stability and soluble expression of Cif23. Activities of selected PROSS 

designs were verified using the HOX assay. Even though no improvement in purification was observed, 

all PROSS designs showed activity (Figure 50), either because of the higher activity or better expression, 

demonstrating that the PROSS server algorithm worked for Cif23. 3DM mutations were also introduced 

to the selected design D7 (Table 5). In addition to these mutations, the single mutations E153N and 

H269D of Cif23 and D7 were studied since Glu153 is the charge-relay acid of Cif. 

As part of the catalytic mechanism of Cif, a covalent hydroxyalkyl-enzyme intermediate is formed after 

nucleophilic attack of the epoxide by Glu153. In most epoxide hydrolases, the second hydrolytic step 

is rate limiting, allowing the hydroxyalkyl-enzyme intermediate to accumulate to substantial, isolable, 

levels. Accumulation of the alkyl-enzyme intermediate is typical of epoxide hydrolases since the first 

SN2 step is faster than the hydrolytic half reaction.[96,172,173] However, Cif has a noncanonical reaction 

mechanism where hydrolysis is not the rate-limiting step. Therefore, the hydroxyalkyl-enzyme 

intermediate does not accumulate, as shown by MS measurements of quenched reactions.[97] An 

interesting aspect of the Asp-His-Asp/Glu triad enzymes is that the nucleophilic aspartate is not 

dependent on the His-Asp/Glu pair for activation, while the water, required for the second hydrolytic 

half reaction, is dependent on His-Asp/Glu for activation. This allows the two half reactions to be 

dissected in a way not attainable with Ser-His-Asp triad enzymes, since the serine needs to be activated 

for nucleophilic attack by the same His-Asp pair that activates the water. In Cif, an E153D substitution 

decreased activity by about 33%.[174] Neutralization of this residue by the E153Q substitution 

significantly inhibits hydrolysis of the alkyl-enzyme intermediate. By targeting the second hydrolytic 

half reaction with an E153Q mutant, substantial amounts of hydroxyalkyl-enzyme intermediate could 

be isolated using several different substrates.[96,97] After precipitation and chymotryptic proteolysis of 

the E153Q variant of Cif, the native peptide ion intensity is reduced by more than 80% compared to 

wild-type Cif. This decrease was accompanied by a ~100-fold increase in abundance of the 

hydroxyalkyl-adduct, which was present in only trace amounts for the wild type.[97] The formation and 

accumulation of several hydroxyalkyl-enzyme intermediates of E153Q Cif have been demonstrated not 

only by MS but by determining the crystal structures of >15 such adducts.[96]  

We suspect therefore that Cif23 and D7 variants are not so much affected by the E153N substitution 

because the first SN2 step is rate-limiting and therefore, inefficient hydrolysis of the hydroxyalkyl-

enzyme intermediate is not so deleterious to the overall dehalogenase activity. This notion would be 

in agreement with the observation that epoxide hydrolases and haloalkane dehalogenases attack C-O 

and C-X bonds, respectively, while not attacking the other bond if both are present on the same 

molecule.  

Interestingly, the rate-limiting step differs from one dehalogenase to another (and depends on the 

substrate[175]). For DhaA it is cleavage of the carbon-halogen bond and release of the alcohol product, 

for DhlA it is halide release, and for LinB it is hydrolysis of the alkyl-enzyme complex.[176–180]  

The observation that E153N enhances the dehalogenase activity of Cif23 and D7 might therefore be 

explained by an enhanced SN2 step resulting from subtle structural changes in the active site. In fact, 
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it has been suggested that the equivalent E153Q mutation of wild-type Cif might have exactly this 

effect. Since epibromohydrin contains both epoxide and halogen groups, the nucleophilic aspartate 

could potentially dehalogenate epibromohydrin, which would result in formation of a distinct adduct. 

Surprisingly, Bahl et al. did observe an adduct corresponding to the intermediate of the dehalogenation 

of epibromohydrin, albeit at <10% the intensity of the brominated intermediate (resulting from attack 

on the epoxide ring). Unfortunately, the data was not shown in the paper, but they claimed that "a low 

level of dehalogenating activity is clearly observed." They argued that the E153Q substitution might 

slightly influence the SN2 step, thereby slightly enhancing the dehalogenase activity of the enzyme. 

Thus, the altered active site, exposed to a 1000-fold molar excess of epibromohydrin, resulted in traces 

of dehalogenation adduct being observed despite the fact that Cif does not have the typical 

dehalogenase active site motifs.[97] Therefore, it is possible that the E153N mutation might similarly 

enhance the dehalogenation SN2 reaction in Cif23 and D7 mutants, but we currently have no proof of 

this.  

It is still unclear how the Cif23/D7-E153N-H269D catalyzes dehalogenation without a charge-relay acid. 

Neither Cif23 nor D7 have alternative acidic residues in the vicinity of the active site that could take 

over this function. This needs to be discussed because based on the literature[97,174] Glu153 is critical 

to Cif's (epoxide hydrolase) activity and the E153Q mutation completely inhibits epibromohydrin 

hydrolysis (indistinguishable from background hydrolysis). However, given the low activity of the wild-

type Cif with epibromohydrin (250 mU/mg reported by Bahl[94]) and the low sensitivity of the 

adrenaline assay employed, it is reasonable to assume that traces of residual activity would not have 

been detected.  

Looking at the crystal structure of the epibromohydrin-adducted E153Q, no electron density 

corresponding to the debrominated adduct was observed, in agreement with the low intensity of the 

MS signal for the adduct resulting from dehalogenation. However, the brominated adduct, resulting 

from the first half reaction of epoxide hydrolysis, occupied only about 60% of the E153Q Cif molecules 

in the crystal.[97] The observation that ~40% of the molecules were unoccupied by the hydroxyalkyl-

enzyme intermediate suggests some hydrolysis of the intermediate occurs even in the absence of 

E153-assisted catalysis, at a rate too slow to be detected by the adrenochrome assay (assuming that 

the protein would have been completely alkylated by the excess of substrate employed for co-

crystallization). This low level of spontaneous hydrolysis would explain why the Cif23 and D7 variants 

are active, and even more so, with the E153N substitution.  

Based on a structural comparison of Cif, D7-E153N-H269D, and DhlA, the H269D residue is not 

perfectly positioned to act as charge relay acid. The His269 residue is located in the sequence GGGHGG 

and therefore one idea is that the loop would be flexible and could move towards the catalytic histidine 

to act as charge-relay acid. However, such flexibility is a bad thing, since the charge-relay residue (like 

the other catalytic triad residues) is usually very rigid. Based on ~20 crystal structures of E153Q Cif 

adducts with various substrates, the His269 residue hardly moves at all, despite other structural 

rearrangements required to accommodate substrates of varying size and stereochemistry. This 

suggests that the GGGHGG loop is more rigid than one would expect, but the histidine (and therefore 

the aspartate introduced by H269D) is pointing in the wrong direction, away from the active site. 

Therefore, it seems unlikely that this H269D residue can move into position to act as a charge relay 

acid.  
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The glutamine of the E153Q mutant is in the same position as the wild-type glutamate and is hydrogen 

bonded to the backbone amides of Gly266 and Met272. Residues 170−172 on the β7 hairpin loop are 

displaced, with Gly171 exhibiting the largest shift (~5Å). This conformational shift has also been 

observed for the H207A mutant (4DMH) of Cif.[97] It is therefore possible that the E153N residue can 

slightly reposition the loop containing His269D, but it is not clear that this would mean it is better 

positioned for acting as charge-relay acid. One idea might be to try and reposition the new charge-

relay acid by changing the sequence of the GGGDGG loop. If this (or even trying an H269E mutant) 

succeeds in fixing the missing charge-relay acid, it is possible that the activity of the enzyme may be 

increased.  
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5 Summary 

Haloalkanes are serious environmental pollutants commonly employed as pesticides, herbicides, and 

chemical warfare agents. Although haloalkane production is performed mostly in the chemical 

industry, it also occurs naturally, mostly enzymatically (halide methyltransferases and 

haloperoxidases). Elimination of toxic haloalkanes is very important and using haloalkane 

dehalogenases is a promising and environmentally friendly way to achieve this.[53] Therefore, assays 

are needed for detecting dehalogenase activity either to find new enzymes or to generate laboratory-

evolved variants. In this thesis, a new assay for dehalogenase activity was developed based on halide 

detection. In this assay halides, as dehalogenase products, are oxidized under mild conditions using 

the vanadium-dependent chloroperoxidase from Curvularia inaequalis, forming hypohalous acids that 

are detected using aminophenyl fluorescein.[53] This new halide oxidation assay is much more sensitive 

than previously known assays, with detection limits of 20 nM for bromide and 1 μM for chloride and 

iodide. Validation of the assay was done by comparison to a well-established GC-MS method in terms 

of determining the specific activities of two dehalogenases towards five common substrates (Figure 5).  

The HOX assay was modified for iodide-specific detection by using two other dyes, o-

phenylenediamine (OPD) and 3,3′,5,5′-tetramethylbenzidine (TBM), instead of APF. Also, selective 

bromide detection in the presence of the common contaminant chloride was achieved by using a 

bromoperoxidase. Since the assay relies on halide detection, it is possible to use it for other halide-

producing enzymes (Section 8.1). For example,  the TMB-modified version was used for screening of 

halide methyltransferase libraries towards various alkyl iodides.[166] Furthermore, the HOX assay was 

used to identify promiscuous dehalogenase activity of the epoxide hydrolase CorEH from 

Corynebacterium sp. C12.[105] 

Moreover, studies showed that the HOX assay could be used with in-vitro synthesized protein. Selected 

dehalogenases, DhlA, DhaA, and DmmA, were synthesized in vitro and used in the assay; the product 

formation was also validated using GC-MS. In conclusion, the HOX assay can be used with purified 

protein, whole cells, or in vitro synthesized proteins. 

The HOX assay application in microfluidic droplets was investigated since an ultra-high-throughput 

assay for haloalkane dehalogenases is needed. This investigation showed no leakage of reaction 

components and products in the short term (~24 h), based on tests done on water-in-oil droplets 

generated by microfluidic chips. Even though 20 µM droplets were not working, 70 µM droplets were 

successful for assay implementation. Since the Damborsky group in Brno (CZ) and the deMello group 

in Zürich (CH), have large dehalogenase libraries and more experience in microfluidics, respectively, 

we collaborated with these groups to finalize implementation of the assay in an ultrahigh-throughput 

format. Since the studies are ongoing, final results could not yet be shown in this thesis. However, it 

can be noted that the issue with 20 µm droplets has been sorted out since our collaborators in Brno 

noticed that the low fluorescence of the droplets is actually caused by excessive accumulation of 

fluorescein, which is self-quenching, resulting in low fluorescence once the concentration exceeds 

1 µM. By lowering the APF concentration they could optimize the maximum amount of fluorescein 

formed, and a mutant library has now been successfully screened by our collaborators at the ETH.  
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The last topic of the thesis was an investigation of converting an epoxide hydrolase into a haloalkane 

dehalogenase. These studies focused on increasing the minor dehalogenase activity of two previously 

identified epoxide hydrolase (Cif) variants. These Cif variants hardly led to soluble proteins, the PROSS 

algorithm was used to increase soluble expression. New variants of Cif were generated using a 3DM 

analysis and the PROSS[164] design. The activities of these variants were determined with the newly 

developed HOX assay in a whole-cell format. Cif23 E153N-H269D and the PROSS D7 E153N-H269D 

variant, were found being active against 1,2-dibromoethane. Since the determination of enzyme 

concentration was hard to measure due to the expression/purification problem, specific activities 

could not be determined. To solve this problem, a HiBiT-tag was added to the selected variants for 

determining soluble expression. However, the planned studies could not be completed because of a 

lack of time and will form the basis for a future study.
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6 Materials & Methods 

6.1  Materials  

All chemicals and reagents were ordered from Sigma Aldrich (Steinheim, Germany), Merck (Darmstadt, 

Germany) and Carl Roth (Karlsruhe, Germany) if not stated otherwise. 

6.1.1 Equipment 

Table 6. Used equipment. 

Equipment Name Manufacturer 

Agarose gel 

electrophoresis 
Mini-sub cell GT Compact XS/S 

Bio-Rad (Munich, Germany) 

Biometra GmbH (Gottingen, 

Germany 

Balances 

PCB350-3 

PCB2500-2 

Explorer E14130 

MC1 Analytic AC 120S 

Kern & Sohn GmbH (Belingen, Germany) 

 

Ohaus (Parsippany, USA) 

Sartorius (Gottingen, Germany) 

Centrifuges 

Biofuge pico  
Biofuge 400R  
Multifuge 3S-R  
Fresco 17  
Sprout-Minizentrifuge  

Thermo Fisher Scientific (Waltham, USA)  
BiozymScientific (Oldendorf, Germany)  

Cleanbench HeraSafe KS15 
Thermo Fisher Scientific 

(Waltham, USA) 

Gas chromatography  
 

GC-2010(plus) incl. AOC-20i/s 
GCMS-QP2010  
 

Shimadzu (Duisburg, 

Germany 

Shimadzu (Duisburg, 

Germany 

Heating-/stirring plate  

 
RCT basic 

IKA Labortechnik (Staufen, 

Germany) 

Homogenization 
FastPrep-24 MP  
Sonopuls HD/UW 2070  

Biomedicals, Inc. (Eschwege, Germany)  
Bandelin (Berlin, Germany)  

Incubation shakers 
 

Incucell  
Unitron  
Multitron  

MMM Medcenter Einrichtungen  
GmbH (Gräfeling, Germany)  
HT Infors (Bibra, Germany)  

pH-meter 
pH211 Microprocessor  
 

Hanna Instruments (Kehl am Rhein, 
Germany)  
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Photometer  
 

Varioskan™ LUX Multimode plate 
reader  
NanoDropTM 1000 

(Thermo Fisher Scientific, Waltham MA) 

Peqlab (Erlangen, Germany) 

Power supply for 

electrophoresis 

EPS EV231 
Standard Power Pack 25 

Consort (Turnhout, Belgium) 

Biometra (Gottingen, 

Germany) 

Protein electrophoresis Minigel-Twin 010-130  
 

Biometra (Gottingen, 

Germany) 

Sterilization  
 

V-120 autoclave  
Laboklav  
Dry-Line oven  

Systec (Bergheim-Glessen, Germany)  
SHP Steriltechnik (Detzel, Germany)  
VWR International (Darmstadt, Germany)  

Thermocycler 

FlexCycler2 

FlexCycler 

DNA Engine TetradR 2 

Analytic Jena (Jena, 

Germany) 

Analytic Jena (Jena, 

Germany) 

BioRad (Hercules, USA) 

Thermoshaker Thermomixer comfort 
Eppendorf (Hamburg, 

Germany) 

UV table Benchtop UV Transiluminator UVP (Upland, USA) 

Vortex Vortex Genie 2 
Scientific Industries 

(Bohemia, USA) 

High-speed Camera Grasshopper3 FLIR, Pointgrey (Nashua, NH, USA) 

 

Table 7. Used kits. 

Kit Supplier 

innuPREP Plasmid Kit Analytik Jena AG (Jena, Germany) 

TaKaRa Chaperone Plasmid Set TaKaRa Bio Inc (Kusatu, Japan) 

PierceTM BCA-Assay Kit Thermo Fisher Scientific (Waltham, USA) 

PURExpress® In Vitro Protein Synthesis New England BioLabs Inc. (Ipswich, USA) 
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6.1.2 Strains 

Table 8. Used strains for cloning and expression studies. 

Strain Genotype Company 

Escherichia coli 
BL21(DE3) 
 

fhuA2 [lon] ompT gal (λ DE3) [dcm] 
ΔhsdS 

 

New England Biolabs 
(Beverly, MA, USA) 

 

Escherichia coli 
BL21 (DE3) Gold 

F- ompT hsdS(rB- mB-) dcm+ TetR 

gal λ(DE3) endA Hte 
 

Escherichia coli 

TOP10 

F´(lacIq, Tn10(TetR)) mcrA Δ(mrr-

hsdRMS-mcrBC) Φ80lacZΔM15 

ΔlacX74 recA1 araD139 Δ(ara leu) 

7697 galU galK rpsL (StrR) endA1 nupG 

Invitrogen (Carlsbad, 

CA, USA) 

Escherichia coli 

SHuffleRExpress 

fhuA2 lacZ::T7 gene1 [Ion] ompT 

ahpC gal λatt::pNEB3-r1-pNEB3- 

cDsbC (SpecR,IacIq) ΔtrxB sulA11 

R(mcr-73::miniTn10--TetS)2 

[dcm] R(zgb-210::Tn10 -- TetS) endA1 

Δgor Δ(mcrC-mrr)114::IS10 

New England 

Biolabs (Frankfurt 

am Main, Germany) 

 

6.1.3 Oligonucleotides 

Table 9. Used primers cloning and expression studies. 

Oligonucleotide Sequence 5’ to 3’ Description 

pET28a_1_forward GTGGCACACGACAGGGGCATCGCGAACACC 

Primers for 
3DM 

mutations on 
Cif23 variant 

pET28a_1 _reverse GGTGTTCGCGATGCCCCTGTCGTGTGCCAC 

pET28a_2_forward CGCCCGTCTGGTTTATATGGAAACTCCGATTCCGGAC 

pET28a_2_ reverse GTCCGGAATCGGAGTTTCCATATAAACCAGACGGGCG 

pET28a_3_forward CACGACTGGGGCATCAGGAACACCTACCCGATG 
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pET28a_3_reverse CATCGGGTAGGTGTTCCTGATGCCCCAGTCGTG 

pET28a_4_forward GTCTGGTTTATATGGAAATTCCGATTCCGGACGCCCG 

pET28a_4_reverse CGGGCGTCCGGAATCGGAATTTCCATATAAACCAGAC 

pET28a_5_forward CGCCCGTCTGGTTTATATGAATTTTCCGATTCCGGACG 

pET28a_5_reverse CGTCCGGAATCGGAAAATTCATATAAACCAGACGGGCG 

pET28a_6_forward GGGGCATCGCGAACACCTTACCGATGGTGGTTAAAAATC 

pET28a_6_reverse CCTGATTTTTAACCACCATCGGTAAGGTGTTCGCGATGCC 

pET28a_7_forward CCGGCGGTGGCGACGGTGGTATGGGC 

pET28a_7_reverse GCCCATACCACCGTCGCCACCGCCGG 

pET28a_8_forward CTTAGTAGCTCACGACAGGGGAATTGCAAATAC 

Primers for 

3DM 

mutations on 

D7 PROSS 

design 

pET28a_8_reverse GTATTTGCAATTCCCCTGTCGTGAGCTACTAAG 

pET28a_9_forward GGTGTATATGGAAACTCCTATCCCCGATG 

pET28a_9_reverse CATCGGGGATAGGAGTTTCCATATACACC 

pET28a_10_forward CGACTGGGGAATTAGAAATACTTACCCTATGG 

pET28a_10_reverse CCATAGGGTAAGTATTTCTAATTCCCCAGTCG 

pET28a_11_forward GGTGTATATGGAAATTCCTATCCCCGATGAC 
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pET28a_11_reverse GTCATCGGGGATAGGAATTTCCATATACACC 

pET28a_12_forward CGCTTGGTGTATATGAATTTTCCTATCCCCGATGAC 

pET28a_12_reverse GTCATCGGGGATAGGAAAATTCATATACACCAAGCG 

pET28a_13_forward GGAATTGCAAATACTTTACCTATGGTTGCTCAATATC 

pET28a_13_reverse GATATTGAGCAACCATAGGTAAAGTATTTGCAATTCC 

pET28a_14_forward CGGGTGGCGGGGACGGTGGCATG 

pET28a_14_reverse CATGCCACCGTCCCCGCCACCCG 

pET28a_insert_forward GGGAATTGTGAGCGGATAAC 

FastCloning 

primers for 

PROSS designs 

pET28a_insert_reverse CTTTGTTAGCAGCCGGATC 

pET28a _forward GATCCGGCTGCTAACAAAG 

pET28a _reverse GTTATCCGCTCACAATTCCC 

T7_forward CCCGCGAAATTAATACGACTCAC Sequencing 

primers for 

pET-based 

vector T7_reverse CTAGTTATTGCTCAGCGGT 

H1_forward CGGCTGTTCAAGAAGATTAGCTGATGAGATCCGGCTGCTAAC 
For HiBiT-

tagging 

H1_reverse CCAGCCGCTCACACCGCTCGAGCCGTGGTGGTGGTGGTGGTG 
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6.1.4 Media, buffers and solutions  

Table 10. Used media, buffers and solutions. 

Strain Genotype 

Kanamycin stock 
solution (in aq. 
dest.) 

50 mg/mL  

Ampicillin stock 
solution (in aq. 
dest.) 
 

100 mg/mL 

Chloramphenicol 
stock solution 
(in ethanol) 
 

100 mg/mL 

IPTG stock 
solution (in aq. 
dest.) 
 

1 M 

L-arabinose (in 
aq. dest.) 

1M 

Agarose gel (%1) 1 g agarose/100 mL of TAE buffer 

50x TAE buffer 

(pH 8.5)  

 

242 g Tris, 57.1 mL glacial acetic acid, 18.6 g EDTA  

in 1 L aq. dest. 

Lower Tris buffer 

(8.8) 

 

18.2 g Tris, 0.1 g SDS  

in 100 mL aq. dest. 

Upper Tris 

buffer (pH 6.8) 

 

6 g Tris, 0.1 g SDS  

in 100 mL aq. dest. 

10x Running 

buffer (SDS) 

 

30.3 g Tris, 10 g SDS, 144 g glycine  

in 1 L aq. dest. 

APS solution 

 

10% (w/v) ammonium persulfate 

 

Tfb1 (pH 5.8) 

 

100 mM RbCl, 50 mM MnCl2, 30 mM KOAc,  

10 mM CaCl2 

15% (w/v) glycerol 
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Tfb2 (pH 7.0) 

 

10 mM RbCl, 75 mM CaCl2, 10 mM MOPS  

15% (w/v) glycerol 

 

6.2  Methods 

6.2.1 Strain maintenance  

For short term storage, all strains were stored on agar plates with appropriate antibiotic as a selection 

marker at 4 oC. For long-term storage, 30% glycerol stocks of each transformant were prepared and 

stored at -80 oC.   

6.2.2 Preparation of overnight cultures  

For overnight culture preparation, 5 mL medium with 5 µL of the appropriate antibiotic (1000 X stock) 

were inoculated with single colonies from agar plates and incubated at 37 oC and 200 rpm overnight. 

6.2.3 Preparation of chemically competent E. coli cells  

100 mL LB medium were inoculated with an overnight culture of E. coli BL21(DE3) cells and incubated 

at 37 oC and 200 rpm until the optical density (600 nm) reached 0.4-0.6. Then cells were harvested by 

centrifugation at 4°C and 4,000 g for 15 min. The pellet was resuspended in 30 mL precooled Tfb1 

buffer and 3.2 mL MgCl2 was added to the suspension. After 15 min incubation on ice, centrifugation 

was done again at 4 oC and 4,000 g for 15 min and the supernatant was discarded. The cells were 

resuspended in 4 mL pre-cooled Tfb2 buffer and incubated on ice for another 15 min. Afterwards, 

50 µL cell suspension was aliquoted and frozen on liquid nitrogen and stored at -80 oC. 

6.2.4 Heat-shock transformation of E. coli cells 

About 50 ng of plasmid DNA or PCR product (for QuikChange or FastCloning) was mixed with thawed 

chemo-competent E. coli BL21(DE3) cells or TOP10 cells and incubated on ice for 30 min. Then the cells 

were heat shocked at 42 oC for 45 s in a water bath. Afterwards the cells were incubated on ice for 

5 min and 300 µL LB/SOC medium was added. After the cells were incubated at 37 oC, 180 rpm for 1h, 

cells were spread on LB agar containing the appropriate antibiotic and the plates were incubated at 

37 oC overnight. 

6.2.5 Cultivation, expression, and purification of recombinant proteins 

For expression of DhlA and DhaA, plasmids were transformed into chemo-competent E. coli BL21(DE3) 

cells and colonies selected on LB agar plates containing 100 μg/mL ampicillin. For expression, 1 L of LB 

medium containing 100 μg/mL ampicillin was inoculated with 10 mL of an overnight culture grown 

from a single colony in the same medium. Cultures were incubated at 37 °C, 180 rpm until an optical 

density (600 nm) of 0.4-0.6 was reached. Expression was then induced by the addition of isopropyl β-

D-1-thiogalactopyranoside (0.5 mM), followed by overnight incubation at 25 °C (160 rpm). Cells were 
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harvested at 4 °C by centrifugation at 4,500 g for 30 min and resuspended in 1 mL (per gram of cells) 

cold 20 mM sodium phosphate (pH 7.5) containing 1 mg/mL lysozyme and 1 mg/mL DNaseI. Cells were 

lysed on ice by ultrasonication (three cycles of 5 min at 60 % power and 50 % cycle setting). The lysate 

was clarified at 4 °C by centrifugation at 10,000 g for 1 h. The recombinant His-tagged proteins were 

purified by immobilized metal-affinity chromatography using Roti®garose-His/Ni Beads and the 

manufacturer’s protocol (Carl Roth GmbH + Co. KG, Karlsruhe, Germany). Purified proteins (~6 mL) 

were dialyzed three times (twice for 4 h and then once overnight) against 4.5 L of 50 mM phosphate 

buffer (pH 8.0) to remove chloride and imidazole. 

For expression of Cif variants (3DM mutations and PROSS designs), different incubation temperatures, 

different cell lines (BL21(DE3) Gold, SHuffle® Express) were used with same protocol below with the 

appropriate antibiotic (kanamycin). Co-expression of chaperones was done using the protocol from 

the TaKaRa Chaperone Plasmid Set manual (Takara Bio USA, Inc.). 

For pBAD vector expression (CiVCPO, CiVCPO triple mutant), 1 L of LB medium containing 100 μg/mL 

ampicillin was inoculated with 10 mL of an overnight culture grown from a single colony in the same 

medium. Cultures were incubated (180 rpm) at 37 oC until an optical density (600 nm) of 0.4-0.6 was 

reached. Expression was then induced by the addition of 0.02% L-arabinose, followed by incubation at 

25 oC for 24 h (160 rpm). Cells were harvested by centrifugation at 4,500 g for 30 min (4 °C) and 

resuspended in 1 mL (per gram of cells) cold 50 mM Tris-H2SO4 (pH 8.1) containing 2 mg/mL lysozyme, 

1 mg/mL DNaseI, and cOmplete™ protease inhibitor cocktail (Roche, Mannheim, Germany). Cells were 

then lysed on ice by ultrasonication (three cycles of 5 min at 60 % power and 50 % cycle setting). The 

suspension was allowed to cool on ice for five min between sonication cycles. The E. coli lysate was 

then clarified at 4 °C by centrifugation at 10,000 g for 1 h. The clarified lysate was transferred to a new 

tube, thoroughly mixed with an equal volume of 2-propanol, and incubated at 60 °C for 20 min. 

Precipitated proteins were removed by centrifugation at 10,000 g for 30 min (4 °C). The CiVCPO was 

then purified by chromatography on a 5 mL DEAE Sephacel column equilibrated with 50 mM Tris-H2SO4 

(pH 8.1). The column was washed with 25 mL of 50 mM Tris-H2SO4 (pH 8.1) and then with 25 mL of the 

same buffer containing 100 mM NaCl. Protein was eluted from the column using 50 mM Tris-H2SO4 

(pH 8.1) containing 1 M NaCl. The eluate (30 mL) was dialyzed three times (twice for 4 h and then once 

overnight) against 4.5 L of 50 mM Tris-H2SO4 (pH 8.1) supplemented with 100 μM sodium 

orthovanadate, which converts the purified apoenzyme to the active vanadium-bound holoenzyme. 

After finding that Tris-H2SO4 buffer inhibited the HOX assay, the purified CiVCPO was always first 

dialyzed against 50 mM sodium phosphate (pH 8.0) with 100 µM sodium orthovanadate before use. 

6.2.6 Cell-free protein expression 

Cell-free protein expression was performed using the PURExpress in vitro protein synthesis kit. The 

dehalogenases DhlA, DhaA, and DmmA were expressed from pET11a-DhlA, pET21b-DhaA, and pET24-

DmmA vectors and an empty pET-24a vector was used as a negative control.  

Solution A (10 µL) and solution B (7.5 µL) from the PURE kit were mixed with template DNA to a final 

concentration of 10 ng/µL plasmid DNA and the volume adjusted to 25 µL using Milli-Q water. After 

mixing gently, reactions were incubated at 37 oC for 2-3 hours using a thermocycler with the lid 

temperature set to 40 oC to prevent condensation on the tube caps. After incubation, 2.5 µL aliquots 
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were taken and analyzed by SDS-PAGE. The remaining reaction mixtures were dialyzed overnight 

against 50 mM phosphate buffer, pH 8.0, using Slide-A-Lyzer MINI Dialysis Devices (10K MWCO, 10-

100 µL, ThermoFisher Scientific, Darmstadt, Germany).  

6.2.7 Polymerase chain reaction (PCR) 

Site-directed mutagenesis 

For site-directed mutagenesis, Pfu Plus DNA polymerase (Roboklon, Berlin-Germany) was used. The 

standard PCR reaction components were: 5 µL 10 x Pfu buffer, 2 µL 5 mM dNTPs, 2.5 µL each of 10 mM 

forward and reverse primer, 10 ng plasmid or synthetic gene, 0.5 µL Pfu Plus DNA polymerase and 

water to reach 50 µL total volume. The PCR thermal profile was: 95 oC for 3 min, 25 cycles of 95 oC for 

30 s, 60 oC for 30 s, and 72 oC for 1 min/kb, followed by a final incubation at 72 oC for 7 min. 1 µL DpnI 

was added to PCR products and incubated 37 oC for 2 h and then at 80 oC for 20 min for inactivation of 

DpnI. 1.5 µL digested product was transformed into E. coli TOP10 cells and the mixture was plated onto 

LB agar plates containing 50 µg/mL kanamycin, followed by overnight incubation at 37 oC. 

FastCloning[165] 

Two independent PCRs were run for the pET-28a plasmid and for the PROSS design inserts. The PCR 

reaction was done with Q5 High-Fidelity DNA Polymerase and components were: 10 µL 5 x Q5 reaction 

buffer, 2 µL 5mM dNTPs, 2.5 µL of 10 mM forward and reverse primer, 10 ng plasmid or synthetic gene, 

0.5 µL Q5 High-Fidelity DNA Polymerase and water to reach 50 µL total volume. The PCR thermal profile 

was: 98 oC for 3 min, 25 cycles of 98 oC for 10 s, 55 oC for 30 s, and 72 oC for 30 s/kb, followed by a final 

incubation at 72 oC for 5 min. 1 µL DpnI was added to the vector PCR product. Vector and insert were 

mixed with 1:1 v/v ratio and incubated at 37 oC for 2 h and then at 80 oC for 20 min for inactivation of 

DpnI. 1.5 µL of the digested product was transformed into E. coli TOP10 cells and the mixture was 

plated onto LB agar plates (50 µg/µL kanamycin), followed by overnight incubation at 37 oC. 

HiBiT-tagging 

For HiBiT-tagging, insertion mutagenesis was done using the Q5 Site-Directed Mutagenesis Kit. 

Reaction components were 12 µL Q5 Hot Start High-Fidelity 2X Master mix, 1.25 µL of 10 mM forward 

and reverse primer, 10 ng template DNA and water to reach 25 µL total reaction volume. After mixing 

gently, reaction was run, 98 oC for 3 min, 25 cycles of 98 oC for 10 s, 62 oC for 30 s, and 72 oC for 30 s/kb, 

followed by a final incubation at 72 oC for 2 min. Then, 1 µL PCR product was mixed with 5 µL 2X KLD 

reaction buffer, 1 µL 10X KLD enzyme mix for kinase, ligase and DpnI treatment and 3 µL water. 5 µL 

of product was transformed into E. coli TOP10 cells and the mixture was plated onto LB agar plates (50 

µg/mL kanamycin), and incubated overnight at 37 oC. 

6.2.8 Plasmid isolation  

Plasmid isolation was done by following the protocol of the innuPrep Plasmid Mini Kit from Analytik 

Jena. After plasmid isolation, DNA concentration and purity determination were determined by UV-Vis 

photometry using a Nanodrop ND-100 (PeqLab (Erlangen, Germany). 



Materials & Methods 
 

66 
 

6.2.9 Agarose gel electrophoresis 

Agarose gel electrophoresis was used for separation of PCR fragments. Agarose gels (1%) were 

prepared in TAE buffer. For visualization, 1.5 µL RotiSafe dye (Carl Roth) was used in gel solution. The 

gel was run at 120 V for about 60 min after the samples were loaded onto the gel.  

6.2.10 SDS-PAGE 

Protein samples for expression and purification were analyzed using sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE). 5 µL of loading buffer was mixed with 20 µL sample 

and heated to 95 oC for 15 min. Then centrifugation was done at 10,000 g for 30 s and samples were 

loaded onto the gel with a protein ladder. The gel was run at 25 mA for approximately 1 h and stained 

using either Coomassie brilliant blue G250 overnight or commercial InstantBlue™ Protein Stain 

(Expedeon Inc., San Diego, USA) for 1 h. Afterwards, gels were incubated with destaining solution or 

water. 

6.2.11 Determining the specific activity of CiVCPO 

Specific activities of CiVCPO preparations were determined using the monochlorodimedone assay.[147] 

Reactions (600 μL) containing 42 μM monochlorodimedone, 100 μM bromide, 8.8 mM H2O2, and 1 mM 

orthovanadate in 20 mM sodium phosphate (pH 6.0) were initiated by addition of 10 μL purified 

CiVCPO (about 2-5 µg). The decrease in absorbance at 290 nm was monitored using a 1 cm-pathlength 

quartz cuvette and a JASCO V-550 spectrophotometer (JASCO, MD, USA).  

6.2.12 HOX assay using CiVCPO and aminophenyl fluorescein 

HOX assay reactions were 40 μl in volume and contained 2 mM H2O2, 25 μM aminophenyl fluorescein, 

1 mM sodium orthovanadate, 2.5 U/mL CiVCPO, and various halide concentrations in 20 mM sodium 

phosphate (pH 6.0 for chloride and bromide, pH 6.5 for iodide) with at least three and up to nine 

replicates of assays. Reactions were incubated at room temperature for 60 min before fluorescence at 

525 nm was measured by excitation at 488 nm using a Varioskan™ LUX plate reader (Thermo Fisher 

Scientific, Vantaa, Finland). Black 384-well plates were always used to prevent crosstalk between 

adjacent wells. Standard curves for chloride, bromide, and iodide were prepared by diluting stock 

solutions (2 μL) into a master mix containing all other assay components (38 μL).  

6.2.13 Dehalogenase assays 

Reactions (1 mL) containing 0.01 mg/mL DhaA and 1-bromobutane (0 to 2.5 mM) in 50 mM sodium 

phosphate (pH 8.0) were incubated at 30 °C, shaking at 800 rpm, for 1 h. After incubation, 10 μL 

phosphoric acid (42.5 %) was added to terminate the reactions.[181] Next, 10 μL aliquots of the 

terminated reactions were diluted 1/100 into 50 mM phosphate buffer (990 μL, pH 8.0). This dilution 

was performed in triplicate for each sample. Adding 4 μL of each diluted sample to a 36 μL HOX assay 

master mix resulted in an overall dilution of 1/1000 into the reaction mixture. Reactions were 

incubated at room temperature for 60 min before measuring and plotting fluorescence against the 

original concentrations of 1-bromobutane. 
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A similar approach was followed for determining the specific activities of the recombinant 

dehalogenases DhaA and DhlA. First, a series of standards (1 mL) containing chloride (0 to 25 mM) or 

bromide (0 to 3 mM) in 50 mM sodium phosphate (pH 8.0) was prepared. Standards were treated in 

the same way as dehalogenase reactions by incubating at 30 °C for 1 h (800 rpm), adding 10 μL 

phosphoric acid (42.5 %), and diluting 10 μL aliquots 1/100 into 50 mM sodium phosphate (990 μL, 

pH 8.0). The HOX assay was then performed by adding 4 μL of the diluted standards to 36 μL of master 

mix. The initial standards were thus diluted 1/1000 into the final assay mixtures. After incubation at 

room temperature for 60 min, fluorescence was measured and plotted against the concentrations of 

the original standards. All dehalogenase reactions for calculation of specific activities were performed 

in triplicate in 1 mL of 50 mM sodium phosphate (pH 8.0). Reactions contained 10 mM of either 1,2-

dibromoethane, 1,2-dichloroethane, 1,3-dichloropropane, 1-bromo-3-chloropropane, or 1-

bromohexane as substrate and were initiated by the addition of 10 μg DhaA or DhlA (final 

concentrations of 0.01 mg/mL). Reactions were incubated at 30 °C by shaking at 800 rpm for 30 to 

90 min and then terminated, diluted, and assayed exactly as for the calibration standards. For each of 

three replicate dehalogenase reactions, three dilutions and HOX assays were performed, resulting in a 

total of nine assay replicates for each combination of dehalogenase and substrate. The concentrations 

of halides produced were calculated using standard curves and used to express specific activities as 

nmol halide formed/s/(mg dehalogenase). The remaining volumes of the terminated dehalogenase 

reactions were used for calculation of specific activities using a GC-MS method. 

6.2.14 GC-MS analysis of dehalogenase reaction products 

Reaction products were quantified by comparison of product peak areas to standard curves for 2-

bromoethanol, 2-chloroethanol, 3-chloro-1-propanol, and 1-bromohexanol. Samples (200 μL) of the 

terminated dehalogenase reactions were taken and extracted by adding 200 μL tert-butyl methyl ether 

and vortexing at maximum speed for 1 min. The organic phase was then separated from the aqueous 

phase by centrifugation at 13,000 g for 5 min. Samples (1 μL) were analyzed using a GCMS-QP2010 SE 

device (Shimadzu, Duisburg, Germany) with a ZB-5MSi column (30m × 0.25 mm, thickness 0.25 μm). 

Injector temperature was 220 °C and a flow rate of 1.08 mL/min was used. Column temperature was 

initially at 33 °C for 8 min, increased at 10 °C/min until 150 °C, held at 150°C for 1 min, and finally 

increased at 25 °C/min until 200 °C was reached. Mass spectrometer ion source temperature was 

200 °C and interface temperature was 220 °C. Calibration curves were generated by preparing a 

standard series of each alcohol product in 1 mL of 50 mM sodium phosphate (pH 8.0). These standards 

were then treated with 10 μL phosphoric acid (42.5 %) before 200 μl portions were extracted using 

200 μL tert-butyl methyl ether and analyzed by GC-MS.  

6.2.15 o-phenylenediamine assay 

The OPD assay reactions (40 µL) contained 2 mM H2O2, 2.1 U/mL CiVCPO, 25 mM OPD, 1 mM sodium 

orthovanadate, and various iodide concentrations from 0 to 100 µM (final concentrations) in 20 mM 

sodium phosphate (pH 6.0). At least three replicates were performed. Reactions were incubated at 

room temperature for 60 min and endpoint absorbance was measured at 458 nm.  
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6.2.16 3,3',5,5'-Tetramethylbenzidine assay 

TBM assay reactions contained 2 mM H2O2, 2.1 U/mL CiVCPO or 0.3 U/mL bromoperoxidase from 

C. officinalis, 25 mM TMB, 1 mM sodium orthovanadate, and various iodide concentrations (0-5 µM 

iodide for CiVCPO and 0-0.5 µM iodide for bromoperoxidase from C. officinalis) in 20 mM sodium 

phosphate, pH 6.0 (for CiVCPO), pH 6.5 (for CoVBPO) with three replicates. Reactions were incubated 

at room temperature for 60 min and endpoint absorbance was measured at 650 nm.  

6.2.17 HPTS pH assay 

The reaction buffer (pH 8.0) contained 0.85 mM bis-tris propane, 1.15 mM tricine, and 20 mM NaCl. 

0.25 µL of PURExpress reactions (DhaA, DhlA, DmmA and empty pET-24a vector) samples were mixed 

with reaction buffer containing 10 µM 8-hydroxypyrene-1,3,6-trisulphonic acid (HPTS) and 10 mM 1,2-

dibromoethane. Control reactions without enzyme, without substrate, and without both substrate and 

enzyme were also performed. Fluorescence measurement was done at 520 nm, with excitation at 

410nm and 450 nm using black 384-well plates. The rationalized data (F450/F410) was plotted against 

time. 

6.2.18 Whole-cell HOX assay 

Due to the low soluble expression of Cif23 variants and PROSS designs, the HOX assay was used in 

whole-cell format to screen variants. For whole-cell experiments, overnight cultures of E. coli 

BL21(DE3) were used to inoculate 100 mL LB cultures (100 μg/mL ampicillin), followed by cultivation 

at 37 oC, shaking at 180 rpm. When the culture OD600 reached 0.6-0.7, 50 μl 1M IPTG (0.5 mM final 

concentration) was added for induction and the cells were cultivated overnight at 20 oC, shaking at 

180 rpm. The cells were harvested by centrifugation for 15 min at 4,500 g. Cells were then washed 

twice by resuspension in 20 mM phosphate buffer, pH 8.0. Finally, the cell pellets were resuspended 

and OD600 0.4 cell dilutions were prepared in 20 mM phosphate buffer (pH 8.0). 10 μL of OD600 0.4 cell 

dilutions were mixed into 200 µL reaction mixtures containing 1 mM H2O2, 1.84 U/mL CiVPCO-mutant, 

25 µM APF, and 1 mM orthovanadate in 20 mM sodium phosphate (pH 8.0). Next, 10 mM 1-

bromobutane was added. After overnight incubation, fluorescence at 525 nm was measured by 

excitation at 488 nm using a Varioskan™ LUX plate reader. In case of cell-free protein expression, 

instead of cell suspensions, PURExpress reactions were used.  

6.2.19 Investigating APF compatibility  

40 mM APF in various buffers (pH 5.0, 6.0, 6.5, 7.0, 7.5, 8.0) was mixed with the different microfluidic 

oils HFE-7500, FC-40, and FC-770. After vortexing at maximum speed for 45 min, solutions were briefly 

centrifuged. Then 20 μL samples were taken from the aqueous phase floating on the oil into 20 mM 

phosphate buffer, pH 7.0. Fluorescence at 525 nm was measured by excitation at 488 nm after addition 

of 30 μM NaOCl. After determining the appropriate microfluidic oil, which was HFE-7500, the 

experiment was repeated, taking different time samples at 2 h, 4 h, and 24 h.  
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6.2.20 Droplet generation 

For the droplet generation, 2.5 mL and 5 mL Hamilton gas-tight syringes, neMESYS Syringe Pumps 

(Cetoni), PFA tubing (1/16 x .020 x 50ft) and a Y-shape junction (thru hole 0.5 mm) was used. 20 mM 

phosphate buffer, pH 8.0 was used as an aqueous phase, HFE-7500 with 1%, Pico-surf or 1% AZ2C was 

used as an oil phase. 

For on-chip droplet generation, Hamilton gas-tight syringes were connected via syringe needles to 

polyethylene tubing (ID 0.38 mm, OD 1.09 mm). High precision neMESYS syringe pumps from CETONI 

GmbH were used. Average flow rates for experiments were 15 μL/h for each aqueous phase and 300 

μL/h for the oil phase, resulting in a 1:10 ratio of aqueous:oil flow rates. 
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M. Bartoš, I. Pavlík, I. Rychlík, et al., Appl. Environ. Microbiol. 2005, 71, 6736–6745. 

[50] A. Jesenská, M. Monincová, T. Koudeláková, K. Hasan, R. Chaloupková, Z. Prokop, A. Geerlof, J. 
Damborský, Appl. Environ. Microbiol. 2009, 75, 5157–5160. 



References 

73 
 

[51] T. Koudelakova, E. Chovancova, J. Brezovsky, M. Monincova, A. Fortova, J. Jarkovsky, J. 
Damborsky, Biochem. J. 2011, 435, 345–354. 

[52] L. Daniel, T. Buryska, Z. Prokop, J. Damborsky, J. Brezovsky, J. Chem. Inf. Model. 2015, 55, 54–
62. 

[53] D. B. Janssen, G. Stucki, Environ. Sci. Process. Impacts 2020, 22, 487–499. 

[54] G. Stucki, M. Thueer, Environ. Sci. Technol. 1995, 29, 2339–2345. 

[55] P. Dvorak, S. Bidmanova, J. Damborsky, Z. Prokop, Environ. Sci. Technol. 2014, 48, 6859–6866. 

[56] M. Pavlova, M. Klvana, Z. Prokop, R. Chaloupkova, P. Banas, M. Otyepka, R. C. Wade, M. 
Tsuda, Y. Nagata, J. Damborsky, Nat. Chem. Biol. 2009, 5, 727–733. 

[57] S. Bidmanova, R. Chaloupkova, J. Damborsky, Z. Prokop, Anal. Bioanal. Chem. 2010, 398, 
1891–1898. 

[58] S. Bidmanova, M. Kotlanova, T. Rataj, J. Damborsky, M. Trtilek, Z. Prokop, Biosens. 
Bioelectron. 2016, 84, 97–105. 

[59] A. Westerbeek, W. Szymański, B. L. Feringa, D. B. Janssen, ACS Catal. 2011, 1, 1654–1660. 

[60] G. V. Los, L. P. Encell, M. G. McDougall, D. D. Hartzell, N. Karassina, C. Zimprich, M. G. Wood, 
R. Learish, R. F. Ohana, M. Urh, et al., ACS Chem. Biol. 2008, 3, 373–382. 

[61] R. F. Ohana, L. P. Encell, K. Zhao, D. Simpson, M. R. Slater, M. Urh, K. V. Wood, Protein Expr. 
Purif. 2009, 68, 110–120. 

[62] H. Curragh, O. Flynn, M. J. Larkin, T. M. Stafford, J. T. G. Hamilton, D. B. Harper, Microbiology 
1994, 140, 1433–1442. 

[63] D. L. Bedard, H. M. Van Dort, Appl. Environ. Microbiol. 1998, 64, 940–947. 

[64] I. Iwasaki, S. Utsumi, T. Ozawa, Bull. Chem. Soc. Jpn. 1952, 226. 

[65] J. R. Marchesi, J. Microbiol. Methods 2003, 55, 325–329. 

[66] P. Holloway, J. T. Trevors, H. Lee, J. Microbiol. Methods 1998, 32, 31–36. 

[67] H. Zhao, in Dir. Enzym. Evol. (Eds.: F.H. Arnold, G. Georgiou), Humana Press, New Jersey, 2003, 
pp. 213–222. 

[68] S. Nevolova, E. Manaskova, S. Mazurenko, J. Damborsky, Z. Prokop, Biotechnol. J. 2019, 14, 
1800144. 

[69] B. van Loo, J. Kingma, M. Arand, M. G. Wubbolts, D. B. Janssen, Appl. Environ. Microbiol. 2006, 
72, 2905–2917. 

[70] D. Jerina, G. Guroff, J. Daly, Arch. Biochem. Biophys. 1968, 124, 612–615. 

[71] G. T. Brooks, A. Harrison, S. E. Lewis, Biochem. Pharmacol. 1970, 19, 255–273. 

[72] M. Arand, F. Oesch, in Enzym. Syst. That Metab. Drugs Other Xenobiotics (Ed.: C. Ioannides), 
John Wiley & Sons Ltd, Chichester, 2002, pp. 459–483. 

[73] E. Blee, F. Schuber, Eur. J. Biochem. 1995, 230, 229–234. 

[74] R. J. Linderman, R. M. Roe, S. V. Harris, D. M. Thompson, Insect Biochem. Mol. Biol. 2000, 30, 
767–774. 



References 

74 
 

[75] M. Arand, H. Hemmer, H. Durk, J. Baratti, A. Archelas, R. Furstoss, F. Oesch, Biochem. J. 1999, 
344, 273–280. 

[76] I. Osprian, W. Kroutil, M. Mischitz, K. Faber, Tetrahedron Asymmetry 1997, 8, 65–71. 

[77] Z. Liu, Y. Li, L. Ping, Y. Xu, F. Cui, Y. Xue, Y. Zheng, Process Biochem. 2007, 42, 889–894. 

[78] A. J. Fretland, C. J. Omiecinski, Chem. Biol. Interact. 2000, 129, 41–59. 

[79] A. Steinreiber, K. Faber, Curr. Opin. Biotechnol. 2001, 12, 552–558. 

[80] M. Nardini, I. S. Ridder, H. J. Rozeboom, K. H. Kalk, R. Rink, D. B. Janssen, B. W. Dijkstra, J. Biol. 
Chem. 1999, 274, 14579–86. 

[81] S. Barth, M. Fischer, R. D. Schmid, J. Pleiss, Proteins Struct. Funct. Genet. 2004, 55, 846–855. 

[82] M. Arand, A. Cronin, M. Adamska, F. Oesch, in Methods Enzymol., Elsevier, 2005, pp. 569–588. 

[83] M. Arand, A. Cronin, F. Oesch, S. L. Mowbray, T. Alwyn Jones, Drug Metab. Rev. 2003, 35, 
365–383. 

[84] A. Archelas, R. Furstoss, Curr. Opin. Chem. Biol. 2001, 5, 112–119. 

[85] D. Wahler, J. Reymond, Angew. Chemie Int. Ed. 2002, 41, 1229–1232. 

[86] V. S. Fluxá, D. Wahler, J.-L. Reymond, Nat. Protoc. 2008, 3, 1270–1277. 

[87] K. Doderer, S. Lutz-Wahl, B. Hauer, R. D. Schmid, Anal. Biochem. 2003, 321, 131–134. 

[88] F. Badalassi, D. Wahler, G. Klein, P. Crotti, J. Reymond, Angew. Chemie 2000, 39, 4067–4070. 

[89] K. Doderer, R. D. Schmid, Biotechnol. Lett. 2004, 26, 835–839. 

[90] A. Archelas, G. Iacazio, M. Kotik, in Green Biocatal. (Ed.: Ramesh N. Patel), John Wiley & Sons, 
Inc., 2016, pp. 179–229. 

[91] N. Bala, S. S. Chimni, Tetrahedron: Asymmetry 2010, 21, 2879–2898. 

[92] M. T. Reetz, C. Torre, A. Eipper, R. Lohmer, M. Hermes, B. Brunner, A. Maichele, M. Bocola, M. 
Arand, A. Cronin, et al., Org. Lett. 2004, 6, 177–180. 

[93] E. E. Ferrandi, C. Sayer, S. A. De Rose, E. Guazzelli, C. Marchesi, V. Saneei, M. N. Isupov, J. A. 
Littlechild, D. Monti, Front. Bioeng. Biotechnol. 2018, 6, 1–16. 

[94] C. D. Bahl, C. Morisseau, J. M. Bomberger, B. A. Stanton, B. D. Hammock, G. A. O’Toole, D. R. 
Madden, J. Bacteriol. 2010, 192, 1785–1795. 

[95] C. D. Bahl, D. R. Madden, Protein Pept. Lett. 2012, 19, 186–193. 

[96] K. L. Hvorecny, C. D. Bahl, S. Kitamura, K. S. S. Lee, B. D. Hammock, C. Morisseau, D. R. 
Madden, Structure 2017, 25, 697–707. 

[97] C. D. Bahl, K. L. Hvorecny, C. Morisseau, S. A. Gerber, D. R. Madden, Biochemistry 2016, 55, 
788–797. 

[98] M. Arand, D. F. Grant, J. K. Beetham, T. Friedberg, F. Oesch, B. D. Hammock, FEBS Lett. 1994, 
338, 251–256. 

[99] H. Jochens, K. Stiba, C. Savile, R. Fujii, J. Yu, T. Gerassenkov, R. J. Kazlauskas, U. T. 
Bornscheuer, Angew. Chemie Int. Ed. 2009, 48, 3532–3535. 

[100] S. K. Padhi, R. Fujii, G. A. Legatt, S. L. Fossum, R. Berchtold, R. J. Kazlauskas, Chem. Biol. 2010, 



References 

75 
 

17, 863–871. 

[101] D. M. Nedrud, H. Lin, G. Lopez, S. K. Padhi, G. A. Legatt, R. J. Kazlauskas, Chem. Sci. 2014, 5, 
4265–4277. 

[102] T. Devamani, A. M. Rauwerdink, M. Lunzer, B. J. Jones, J. L. Mooney, M. A. O. Tan, Z.-J. Zhang, 
J.-H. Xu, A. M. Dean, R. J. Kazlauskas, J. Am. Chem. Soc. 2016, 138, 1046–1056. 

[103] B. J. Jones, R. L. Evans, N. J. Mylrea, D. Chaudhury, C. Luo, B. Guan, C. T. Pierce, W. R. Gordon, 
C. M. Wilmot, R. J. Kazlauskas, PLoS One 2020, 15, e0235341. 

[104] A. Schenkmayerova, G. P. Pinto, M. Toul, M. Marek, L. Hernychova, J. Planas-Iglesias, V. Daniel 
Liskova, D. Pluskal, M. Vasina, S. Emond, et al., Nat. Commun. 2021, 12, 3616. 

[105] E. D. Schuiten, C. P. S. Badenhorst, G. J. Palm, L. Berndt, M. Lammers, J. Mican, D. Bednar, J. 
Damborsky, U. T. Bornscheuer, ACS Catal. 2021, 11, 6113–6120. 

[106] U. T. Bornscheuer, G. W. Huisman, R. J. Kazlauskas, S. Lutz, J. C. Moore, K. Robins, Nature 
2012, 485, 185–194. 

[107] C. P. S. Badenhorst, U. T. Bornscheuer, Trends Biochem. Sci. 2018, 43, 180–198. 

[108] K. Balke, A. Beier, U. T. Bornscheuer, Biotechnol. Adv. 2018, 36, 247–263. 

[109] N. J. Turner, Nat. Chem. Biol. 2009, 5, 567–573. 

[110] S. Lutz, S. M. Iamurri, in Protein Eng. Methods Protoc. (Eds.: U.T. Bornscheuer, M. Höhne), 
Routledge, New York, NY, 2018, pp. 1–12. 

[111] F. H. Arnold, Angew.Chem. Int. Ed. 2019, 58, 14420–14426. 

[112] U. T. Bornscheuer, M. Pohl, Curr. Opin. Chem. Biol. 2001, 5, 137–143. 

[113] M. T. Reetz, D. Kahakeaw, R. Lohmer, ChemBioChem 2008, 9, 1797–1804. 

[114] S. Lutz, Curr Opin Biotechnol. 2010 2010, 21, 734–743. 

[115] R. Furukawa, W. Toma, K. Yamazaki, S. Akanuma, Sci. Rep. 2020, 10, 15493. 

[116] Y. Gumulya, J. Baek, S. Wun, R. E. S. Thomson, K. L. Harris, D. J. B. Hunter, J. B. Y. H. 
Behrendorff, J. Kulig, S. Zheng, X. Wu, et al., Nat. Catal. 2018, 1, 878–888. 

[117] Y. Gumulya, E. M. J. Gillam, Biochem. J. 2017, 474, 1–19. 

[118] M. T. Reetz, L.-W. Wang, M. Bocola, Angew. Chemie Int. Ed. 2006, 45, 1236–1241. 

[119] M. T. Reetz, S. Wu, Chem. Commun. 2008, 43, 5499. 

[120] H. Leemhuis, R. M. Kelly, L. Dijkhuizen, IUBMB Life 2009, 61, 222–228. 

[121] M. Dörr, M. P. C. Fibinger, D. Last, S. Schmidt, J. Santos-Aberturas, D. Böttcher, A. Hummel, C. 
Vickers, M. Voss, U. T. Bornscheuer, Biotechnol. Bioeng. 2016, 113, 1421–1432. 

[122] M. P. C. Fibinger, T. Davids, D. Böttcher, U. T. Bornscheuer, Appl. Microbiol. Biotechnol. 2015, 
99, 8955–8962. 

[123] G. Yang, S. G. Withers, ChemBioChem 2009, 10, 2704–2715. 

[124] P.-Y. Colin, A. Zinchenko, F. Hollfelder, Curr. Opin. Struct. Biol. 2015, 33, 42–51. 

[125] D. S. Tawfik, A. D. Griffiths, Nat. Biotechnol. 1998, 16, 652–656. 



References 

76 
 

[126] A. D. Griffiths, D. S. Tawfik, Trends Biotechnol. 2006, 24, 395–402. 

[127] S. Neun, P. J. Zurek, T. S. Kaminski, F. Hollfelder, in Methods Enzymol., Elsevier Inc., 2020, pp. 
317–343. 

[128] A. R. Abate, T. Hung, P. Mary, J. J. Agresti, D. A. Weitz, Proc. Natl. Acad. Sci. 2010, 107, 19163–
19166. 

[129] E. M. Payne, D. A. Holland-Moritz, S. Sun, R. T. Kennedy, Lab Chip 2020, 20, 2247–2262. 

[130] J.-C. Baret, Lab Chip 2012, 12, 422–433. 

[131] C. Holtze, A. C. Rowat, J. J. Agresti, J. B. Hutchison, F. E. Angilè, C. H. J. Schmitz, S. Köster, H. 
Duan, K. J. Humphry, R. A. Scanga, et al., Lab Chip 2008, 8, 1632–1639. 

[132] X. Fu, Y. Zhang, Q. Xu, X. Sun, F. Meng, Front. Chem. 2021, 9, 1–9. 

[133] J. C. Baret, O. J. Miller, V. Taly, M. Ryckelynck, A. El-Harrak, L. Frenz, C. Rick, M. L. Samuels, J. 
B. Hutchison, J. J. Agresti, et al., Lab Chip 2009, 9, 1850–1858. 

[134] J. J. Agresti, E. Antipov, A. R. Abate, K. Ahn, A. C. Rowat, J. C. Baret, M. Marquez, A. M. 
Klibanov, A. D. Griffiths, D. A. Weitz, Proc. Natl. Acad. Sci. 2010, 107, 6550–6550. 

[135] D. Vallejo, A. Nikoomanzar, B. M. Paegel, J. C. Chaput, ACS Synth. Biol. 2019, 8, 1430–1440. 

[136] A. Zinchenko, S. R. A. Devenish, B. Kintses, P. Colin, M. Fischlechner, F. Hollfelder, Anal. Chem. 
2014, 86, 2526–2533. 

[137] F. Gielen, R. Hours, S. Emond, M. Fischlechner, U. Schell, F. Hollfelder, Proc. Natl. Acad. Sci. 
2016, 113, E7383–E7389. 

[138] P. J. Zurek, P. Knyphausen, K. Neufeld, A. Pushpanath, F. Hollfelder, Nat. Commun. 2020, 11, 
6023. 

[139] E. E. Kempa, C. A. Smith, X. Li, B. Bellina, K. Richardson, S. Pringle, J. L. Galman, N. J. Turner, P. 
E. Barran, Anal. Chem. 2020, 92, 12605–12612. 

[140] M. Hassoun, J. Rüger, T. Kirchberger-Tolstik, I. W. Schie, T. Henkel, K. Weber, D. Cialla-May, C. 
Krafft, J. Popp, Anal. Bioanal. Chem. 2018, 410, 999–1006. 

[141] H. Goto, Y. Kanai, A. Yotsui, S. Shimokihara, S. Shitara, R. Oyobiki, K. Fujiwara, T. Watanabe, Y. 
Einaga, Y. Matsumoto, et al., Lab Chip 2020, 20, 852–861. 

[142] H. Davoodi, N. Nordin, L. Bordonali, J. G. Korvink, N. MacKinnon, V. Badilita, Lab Chip 2020, 20, 
3202–3212. 
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8 Appendix 

8.1 A list of enzymes that use or produce halides according to the 

BRENDA[a] database 

  
Substrates Products 

E.C. # Enzyme Name Br− Cl− I− Br− Cl− I− 

1.10.3.2 Laccase   x    

1.11.1.10 Chloride peroxidase  x     

1.11.1.11 L-ascorbate peroxidase   x    

1.11.1.7 Peroxidase   x    

1.11.1.8 Iodide peroxidase   x    

1.11.1.B2 Chloride peroxidase (vanadium-containing) x x     

1.11.2.1 Unspecific peroxygenase x      

1.11.2.2 Myeloperoxidase  x     

1.13.11.49 Chlorite O2-lyase  x   x  

1.13.11.64 5-nitrosalicylate dioxygenase     x  

1.14.12.13 2-halobenzoate 1,2-dioxygenase    x x x 

1.14.13.1 Salicylate 1-monooxygenase      x 

1.14.13.22 Cyclohexanone monooxygenase   x    

1.14.13.50 Pentachlorophenol monooxygenase     x x 

1.14.19.49 Tetracycline 7-halogenase  x     

1.14.19.55 4-hydroxybenzoate brominase (decarboxylating) x      

1.14.19.56 1H-pyrrole-2-carbonyl-[peptidyl-carrier protein] chlorinase  x     

1.14.19.57 1H-pyrrole-2-carbonyl-[peptidyl-carrier protein] brominase x      

1.14.19.58 Tryptophan 5-halogenase  x     

1.14.19.59 Tryptophan 6-halogenase x x     

1.14.19.9 Tryptophan 7-halogenase x x     

1.14.20.14 Hapalindole-type alkaloid chlorinase x x     

1.21.1.1 Iodotyrosine deiodinase x x x   x 

1.21.1.2 2,4-dichlorobenzoyl-CoA reductase     x  

1.21.99.3 Thyroxine 5-deiodinase   x   x 

1.21.99.4 Thyroxine 5'-deiodinase   x   x 

1.21.99.5 Tetrachloroethene reductive dehalogenase  x   x x 

2.1.1.165 Methyl-halide transferase x x x x  x 

2.1.1.9 Thiol S-methyltransferase x x x    

2.5.1.18 Glutathione transferase    x x x 

2.5.1.47 Cysteine synthase     x  

2.5.1.63 Adenosyl-fluoride synthase  x     

2.5.1.94 Adenosyl-chloride synthase x x x  x  

3.1.1.42 Chlorogenate hydrolase    x   

3.8.1.10 2-haloacid dehalogenase (configuration-inverting)    x x  

3.8.1.2 (S)-2-haloacid dehalogenase    x x x 

3.8.1.3 Haloacetate dehalogenase     x  

3.8.1.5 Haloalkane dehalogenase    x x x 

3.8.1.6 4-chlorobenzoate dehalogenase     x  

3.8.1.7 4-chlorobenzoyl-CoA dehalogenase    x x x 

3.8.1.8 Atrazine chlorohydrolase     x  
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3.8.1.9 (R)-2-haloacid dehalogenase    x x  

4.4.1.16 Selenocysteine lyase     x  

4.5.1.1 DDT-dehydrochlorinase     x  

4.5.1.2 3-chloro-D-alanine dehydrochlorinase     x  

4.5.1.3 Dichloromethane dehalogenase     x  

4.5.1.4 L-2-amino-4-chloropent-4-enoate dehydrochlorinase     x  

[a] BRENDA is available at www.brenda-enzymes.org 

8.2  Amino acid sequences of proteins 

DhlA_pET-11a Haloalkane dehalogenase from Xanthobacter autotrophicus GJ10  

MINAIRTPDQRFSNLDQYPFSPNYLDDLPGYPGLRAHYLDEGNSDAEDVFLCLHGEPTWSYLYRKMIPVFAESGAR

VIAPDFFGFGKSDKPVDEEDYTFEFHRNFLLALIERLDLRNITLVVQDWGGFLGLTLPMADPSRFKRLIIMNACLMTD

PVTQPAFSAFVTQPADGFTAWKYDLVTPSDLRLDQFMKRWAPTLTEAEASAYAAPFPDTSYQAGVRKFPKMVAQ

RDQACIDISTEAISFWQNDWNGQTFMAIGMKDKLLGPDVMYPMKALINGCPEPLEIADAGHFVQEFGEQVAREA

LKHFAETEHHHHHH 

 

DhaA_pET-21b Haloalkane dehalogenase from Rhodococcus rhodochrous  

MSEIGTGFPFDPHYVEVLGERMHYVDVGPRDGTPVLFLHGNPTSSYLWRNIIPHVAPSHRCIAPDLIGMGKSDKPD

LDYFFDDHVRYLDAFIEALGLEEVVLVIHDWGSALGFHWAKRNPERVKGIACMEFIRPIPTWDEWPEFARETFQAF

RTADVGRELIIDQNAFIEGALPKCVVRPLTEVEMDHYREPFLKPVDREPLWRFPNELPIAGEPANIVALVEAYMNWL

HQSPVPKLLFWGTPGVLIPPAEAARLAESLPNCKTVDIGPGLHYLQEDNPDLIGSEIARWLPALHHHHHH   

  

DmmA_pET24a Haloalkane dehalogenase from  

MASSSEFPFAKRTVEVEGATIAYVDEGSGQPVLFLHGNPTSSYLWRNIIPYVVAAGYRAVAPDLIGMGDSAKPDIEY

RLQDHVAYMDGFIDALGLDDMVLVIHDWGSVIGMRHARLNPDRVAAVAFMEALVPPALPMPSYEAMGPQLGP

LFRDLRTADVGEKMVLDGNFFVETILPEMGVVRSLSEAEMAAYRAPFPTRQSRLPTLQWPREVPIGGEPAFAEAEV

LKNGEWLMASPIPKLLFHAEPGALAPKPVVDYLSENVPNLEVRFVGAGTHFLQEDHPHLIGQGIADWLRRNKPHAS

LEHHHHHH 

 

VCPO_pBADIII_Vanadium chloroperoxidase from Curvularia inaequalis 

MGSVTPIPLPKIDEPEEYNTNYILFWNHVGLELNRVTHTVGGPLTGPPLSARALGMLHLAIHDAYFSICPPTDFTTFLS

PDTENAAYRLPSPNGANDARQAVAGAALKMLSSLYMKPVEQPNPNPGANISDNAYAQLGLVLDRSVLEAPGGVD

RESASFMFGEAVADVFFALLNDPRGASQEGYHPTPGRYKFDDEPTHPVVLIPVDPNNPNGPKMPFRQYHAPFYGK

TTKRFATQSEHFLADPPGLRSNADETAEYDDAVRVAIAMGGAQALNSTKRSPWQTAQGLYWAYDGSNLIGTPPRF

YNQIVRRIAVTYKKEEDLANSEVNNADFARLFALVDVACTDAGIFSWKEKWEFEFWRPLSGVRDDGRPDHGDPFW

LTLGAPATNTNDIPFKPPFPAYPSGHATFGGAVFQMVRRYYNGRVGTWKDDEPDNIAIDMMISEELNGVNRDLR

QPYDPTAPIEDQPGIVRTRIVRHFDSAWELMFENAISRIFLGVHWRFDAAAARDILIPTTTKDVYAVDNNGATVFQ

NVEDIRYTTRGTREDREGLFPIGGVPLGIEIADEIFNNGLKPTPPEIQPMPQETPVQKPVGQQPVKGMWEEEQAPV

VKEAP 
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Cif_pET-28a Epoxide hydrolase from Pseudomonas aeruginosa 

MAEEFPVPNGFESAYREVDGVKLHYVKGGQGPLVMLVHGFGQTWYEWHQLMPELAKRFTVIAPDLPGLGQSEP

PKTGYSGEQVAVYLHKLARQFSPDRPFDLVAHDIGIWNTYPMVVKNQADIARLVYMEAPIPDARIYRFPAFTAQGE

SLVWHFSFFAADDRLAETLIAGKERFFLEHFIKSHASNTEVFSERLLDLYARSYAKPHSLNASFEYYRALNESVRQNAE

LAKTRLQMPTMTLAGGGHGGMGTFQLEQMKAYAEDVEGHVLPGCGHWLPEECAAPMNRLVIDFLSRGRGSHH

HHHH 

 

Cif23_pET-28a variant 

MAEEFPVPNGFESAYREVDGVKLHYVKGGQGPLVMLVHGNGQTWYEWHQLMPELAKRFTVIAPDLPGLGQSEP

PKTGYSGEQVAVYLHKLARQFSPDRPFDLVAHDWGIANTYPMVVKNQADIARLVYMEFPIPDARIYRFPAFTAQGE

SLVWAFSFFAADDRLAETLIAGKERFFLEHFIKSHASNTEVFSERLLDLYARSYAKPHSLNALFEYARALNESVRQNAE

LAKTRLQMPTMTLAGGGHGGMGTFQLEQMKAYAEDVEGHVLPGCGHWLPEECAAPMNRLVIDFLSRGRLEHH

HHHH 

 

D3_ pET-28a PROSSdesign 

MAEEFPVPPGFESAYREVDGVRLHYVIGGQGPLVVLIHGNGQTWYEWHQLMPELAKRFTVIAPDLPGLGQSEPPK

TGYSGEQVAAYLHKLARQFAPDRPFDLVAHDWGIANTYPMVVQYQDDIARLVYMEFPIPDDRIYRFPAFTAQGES

LVWAFSFFAADDRLAERLIAGKERFFLEHFIKSHASNTEVFSERLLDLYARSYAKPGSLRALFEYARALDESIRQNAELA

KTRLQMPTMTLAGGGHGGMGTFQLEQMKDYAEDVEGHVLPGCGHWLPEECAAPMNRLVIDFLSRGRLEHHHH

HH 

 

D5_ pET-28a PROSSdesign 

MAEEFPVPPGFESAYQEVDGVRLHYVIGGQGPLVVLIHGNGQTWYEWHQLMPELAKRFTVIAPDLPGLGQSEPPK

TGYSAEQVARYLHKLARQFAPDRPFDLVAHDWGIANTYPMVVQYQDDIARLVYMEFPIPDDRIYTFPAFTAQGESL

VWAFSFFAADDRLAERLIAGKERFFLEHFIKSHASNTEVFSERLLDEYARSYARPGALRALFEYARALDESIRQNAELA

KTRLQMPTMTLAGGGHGGMGTFQLEQMKEYAEDVEGHVLPGCGHWLPEECAEPMNRLVIDFLSRGRLEHHHH

HH 

 

D7_ pET-28a PROSSdesign 

MAEEFPVPPGFQSAYAEVDGVRLHYVIGGSGPLVVLIHGNGQTWYEWHQLMPELAKHFTVIAPDLPGLGQSEPPK

TGYSAEQVARYLHKLARQFAPDRPFDLVAHDWGIANTYPMVAQYQDDIARLVYMEFPIPDDSIYTFPAFTSQGESL

VWAFSFFAADNNLAERLIAGKERFFLEYFFKSHASNTEVFSERDLDEYARAYARPGALRALFEYARALPESIRQNAELA

KTRLQMPTMTLAGGGHGGMGTFQLEQMKQYADDVEGHVLPGCGHWLPEECAEPMNRLVIDFLARGRLEHHH

HHH 

 



Appendix 

82 
 

B7_ pET-28a PROSSdesign 

MAEEFPVPPGFQSAYAEVDGVRLHYVIGGSGPPVVLIHGNGQTWYEWHQLMPELAKHFTVIAPDLPGLGESEPPK

DGYSAEQVARYLHKLARQFGPDRPFDLVAHDWGIANTYPMVAQYQDDIARLVYMEFPIPDDSIYTFPAFTSQGESL

VWAFSFFAADNNLAERLIAGKERFYLEHFIKSHASNTEVFSPDDLDEYARSYAKPGALRALFEYARALDESIRQNAEL

AKTRLQMPTMTLAGGGHGGMGTFQLEQMKNYADDVEGHVLPGCGHWLPEECAEPVNRLVIDFLARGRLEHHH

HHH 

 

C1_ pET-28a PROSSdesign 

MAEEFPVPPGFESAYAEVDGVRLHYVIGGQGPLVVLVHGNGQTWYEWHQLMPELAKRFTVIAPDLPGLGQSEPP

KTGYSAEQVARYLHKLARQFAPDRPFDLVAHDWGIANTYPMVVQYQDDIARLVYMEFPIPDDRIYRFPAFTAQGE

SLVWAFSFFAADDRLAERLIAGKERFFLEHFIKSHASNTEVFSERLLDEYARSYAKPGALRALFEYARALDESIRQNAEL

AKTRLQMPTMTLAGGGHGGMGTFQLEQMKEYAEDVEGHVLPGCGHWLPEECAEPMNRLVIDFLSRGRLEHHH

HHH
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