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Abstract 

 

Alpha-hydroxy ketones are important building blocks for production of pharmaceuticals, as 

chiral auxiliaries or natural products. The aim of the project was to study the potential coupled 

reaction production of α-hydroxy ketones in vivo, using an epoxide hydrolase (StEH1) from 

potato and an alcohol dehydrogenase (ADH-A) from Rhodococcus ruber. Results from the 

project conclude that in vivo synthesis of 2-hydroxyacetophenone by adding racemic styrene 

oxide is viable inside E. coli BL21-AI pREP4. Substituted substrates or larger amount of styrene 

oxide are less viable in vivo due to high toxicity. Two plasmids were constructed, 

pETDuetADHC1B1StEH1 and pETDuetADHC1StEH1 allowing dual expression of StEH1 

and two mutants ADHC1B1 (F43H Y54L) or ADHC1 (F43H). 
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Kan kemikalier produceras med hjälp av biomassa? 

Populärvetenskaplig sammanfattning 

Isac Söderlund 

 

Idag produceras mycket av våra syntetiska kemikalier på ett sätt som ger mycket restprodukter. 

Produktionen går ofta ut på att blanda flera kemikalier tillsammans som får reagera och skapa 

önskad produkt. Väldigt ofta ger detta tillvägagångsätt inte full omvandling och kan innebära 

farliga arbetsmiljöer. Inom traditionell produktion används också ofta tungmetaller i samband 

med produktion och dessa är i regel mindre bra för miljön. 

Då undrar man, är det möjligt att undvika eventuella onödiga restprodukter och tungmetaller? 

Svaret på den frågan är ja! Det finns idag många processer där man utnyttjar biomassa till 

produktion av kemikalier, denna typ av process kallas biokatalys. Inom dessa processer 

utnyttjar man att bakterier eller jäst kan producera en produkt genom att mata dessa med 

kemikalier. Ett exempel på en sådan process är ölproduktion, där man utnyttjar jäst att 

producera alkohol genom att mata den med socker. Det som händer inuti jästen är att specifika 

proteiner som även kallas enzymer, omvandlar sockret till energi och ger alkohol som 

restprodukt, i en syrefri miljö.  

Målet med detta projekt var att se om det gick att producera kemikalier som är bland annat bra 

byggstenar inom läkemedelsproduktion med hjälp av bakterien E. coli. I projektet lyckades 

bakterien att uttrycka två enzymer som kan konvertera den enklare och billiga molekylen 

styrenoxid till en dyrare och mer komplex molekyl. Genom att mata bakterierna med styrenoxid 

kunde det påvisas möjligt att producera den användbara och mer komplexa molekylen i mindre 

skala. 

Med dagens tekniker är det alltså möjligt att få bakterier och jäst att producera användbara 

kemikalier på ett sätt där man kan undvika tungmetaller och farliga restprodukter. I framtiden 

kanske även denna strategi kommer användas för storskalig produktion av kemikalier som ett 

steg i att få en mer miljövänlig produktion av kemikalier. Detta sätt att producera kemikalier på 

vore mer hållbart än de traditionella metoderna. 
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Abbreviations 

a.a. amino acids 

acyloins α-hydroxy ketones 

ADH alcohol dehydrogenase 

APS ammonium persulfate 

BSA bovine serum albumin 

DNA deoxyribonucleic acid 

EH epoxide hydrolase 

F43H histidine at position 43 instead of a phenylalanine  

HPLC high performance liquid chromatography 

IPTG isopropanyl β-D-1-thiogalactopyranoside 

LB lysogeny broth 

PCR polymerase chain reaction 

rpm revolutions per min 

StEH1 Solanum tuberosum epoxide hydrolase 1 

SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis  

TRIS tris(hydroxymethyl)aminomethane 

TAE tris, acetic acid and EDTA 

TEMED tetraethylethylenediamine 

Y54L leucine at position 54 instead of a tyrosine 

2TY 2x Tryptone Yeast extract, microbial growth medium 
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1 Introduction 

1.1 Biocatalysis 

In synthetic chemistry a biochemical approach using enzymes as catalysts is stated as 

biocatalysis. The field of biocatalysis takes advantage of enzymes or whole cells in synthetic 

chemistry by engineering nature’s catalysts for certain purposes [1, 2]. 

Cells and enzymes have been used as biocatalysts in fermentation of bread and wine production 

for centuries. Cells were later found useful in alteration of chemicals other than fermentation 

by addition of plant extracts or microbes. In the 1980s gene technology was applied to protein 

engineering, allowing for expression and cloning of certain enzymes in host organisms. Later 

methods such as ‘directed evolution’ made it possible to introduce site-directed mutations and 

produce large libraries of mutants. These libraries could later be screened for acceptance of 

different chemical compounds altering the enzyme toward the desired substrate. Altering the 

acceptance of new substrates provides a potential production of optically active compounds that 

are of great importance in chemical and pharmaceutical industries [3-5]. 

Today there are several tools to engineer enzymes and pathways to modify enzymes to get a 

broader substrate spectrum. Biocatalysis provides a better environmental alternative to non-

natural catalysis in chemical synthesis. Being able to run reactions at regular pressure and in 

water-based solvents, reducing waste products such as heavy metals used in metallo-catalysts 

in organic synthesis. There are several large-scale processes using biocatalysis for the 

production of stereoselective chiral compounds. Introducing several enzymes together can 

generate cascade reactions and facilitate one-pot reactions that enable production of more 

complex molecules from simple starting materials [3-5]. It also makes it possible to skip the 

isolation and purification of substrate intermediates which save time and lower costs [6].  

Isolated enzymes are considered a more practical choice since less catalyst mass per volume is 

needed to be added to the reaction mixture and therefore easier to remove. Potential diffusion 

issues are also avoided and enzymes generally tolerate tougher conditions than cells. On the 

other hand, several enzymes use co-factors which are generally expensive to produce. By 

running reactions in vivo the cell can regenerate co-factors and costs can be reduced [3-5]. 

1.2 Metabolic- and protein engineering 

Directed evolution toward specific properties is of great importance in engineering or screening 

for new biocatalysts. Site-directed mutagenesis, a method that introduces specific mutations 

into protein sequences, has been used for 40 years since introduced as a method 1978. It was 

one of the first methods to be used in altering of enzymes that allowed mutations of specific 

residues in the active site of enzymes [7]. Because of limiting properties using site-directed 

mutagenesis (only making specific changes in a protein sequence), site-directed saturation 

mutagenesis was later evolved. This progressive method producing random mutations into 
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several specific sites gives a whole library of mutations that could later be screened for desired 

properties using degenerate oligonucleotides [8]. Another method used in directed evolution is 

error-prone PCR introducing mutations through imperfect DNA polymerase amplification. 

Also, recombination techniques can be used as strategy to introduce mutations [9].  

Metabolic engineering is commonly used for alteration of host organisms by constructing new 

metabolic pathways using DNA recombinant technologies. Tuning genes or introducing new 

DNA to an organism can generate new orthogonal pathways in the host. The genetic material 

that is inserted into the new host could be from a foreign organism or the original genetic 

material from the host but optimized toward the expression system [10].  By introducing new 

metabolic pathways it is possible to produce chemicals and biofuels in a more sustainable way 

than traditional production using fossil fuel resources. In the scope of metabolic engineering 

addition of totally new pathways can be introduced or by just altering expression of existing 

genes. In order to produce the desired component more efficiently, a combination of deleting 

other genes that could interfere or slow down the process are a strategy used as well to maximize 

the yield [11].  

1.3 Green chemistry 

The green chemistry concept was coined in the early 1990s with the goal to lower the amount 

of hazardous compounds and waste products produced. A framework with 12 principles was 

presented to improve future production materials and products in chemistry. Biocatalysis is a 

viable technology and also a green technology. With the improvement of methods in metabolic 

and protein engineering it has enabled optimization of existing enzymes and discovery of 

completely new reactions making it possible to develop sustainable production by design [12-

14]. 

The biocatalytic approach uses organic catalysts that are biodegradable, and reactions are done 

at ambient temperature and pressure thus preventing waste products. Enzymes are generally 

low in toxicity, contributing to less hazardous syntheses, and is also a renewable feedstock. 

Biocatalysis reactions are done at mild conditions making biocatalysis energy efficient and safe. 

Biocatalysis tend to have safer solvents and auxiliaries than other methods due to usually 

running catalysis in water solutions. As for designing safer chemicals and design of degradation 

it is not really relevant because it relates to the product and not the process [12-14].  
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2 Project description 

Alpha-hydroxy ketones (acyloins) can be used as building blocks for production of 

pharmaceuticals, as chiral auxiliaries or natural products [15]. The aim of the project is to study 

the potential coupled reaction production of α-hydroxy ketones in vivo, using an epoxide 

hydrolase from potato (StEH1) and an alcohol dehydrogenase derived from Rhodococcus ruber 

(ADH-A) (Fig. 1). Both enzymes have been well studied by the Widersten group [15-20] and 

directed evolution techniques have been applied for ADH-A to alter the acceptance of aryl-

substituted diols [15]. The reaction has been shown by the group to work in vitro and now it 

will be carried out in vivo. As this will be carried out within cells, the goal is that the co-factor 

NAD+ will be regenerated by the normal metabolism of the bacteria host cell. 

 

Figure 1. Overview of introduced reaction pathway starting with racemic styrene oxide (1) which is hydrolyzed by StEH1 

producing (R)-1-phenyl-1,2-ethanediol. (2) The diol is subsequently oxidized by NAD+ into the acyloin 2-

hydroxyacetophenone, the reaction is catalyzed by alcohol dehydrogenase [21]. 

Firstly, the gene encoding the ADH-A will be cloned using PCR and then the epoxide hydrolase 

and ADH-A will be cloned into the plasmid pETDuet-1, which contains two cloning cassettes 

and is designed for co-expression of two target genes. Secondly, a small-scale expression of the 

constructed plasmid will be carried out using E. coli BL21-AI (pREP4) to check expression of 

the enzymes. If both enzymes are expressed in a sufficient amount an experiment will be carried 

out to produce acyloins from starting material styrene oxide. 

 

Figure 2. Two substituted substrates, 1-phenyl-(4-chloro)oxirane and 1-phenyl-(4-fluoro)oxirane tested for production of 

substituted ketones [21]. 
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Furthermore, two para-substituted styrene derivatives (Fig. 2) will be investigated if they are 

accepted as substrates in the described reaction in vivo to enable production of corresponding 

para-substituted acyloins. 

2.1 Epoxide hydrolase 

Epoxide hydrolases (EH) make up a class of enzymes that hydrolyse epoxides to the resulting 

vicinal diols that are more water-soluble (Fig. 3). The functions of EHs vary but some are 

included in detoxification of xenobiotics and drug metabolism in mammalians. The EHs can be 

found in mostly all types of organisms, everywhere from bacteria to fungi, invertebrates, plants 

and mammals [16, 20]. 

 

Figure 3. A general reaction for epoxide hydrolases (EHs), where EH opens the three-membered ring by hydrolysis and 

produces the corresponding diol [21]. 

Most characterized EHs are found in the α/β-hydrolase fold family [22, 23], The α/β-hydrolase 

EHs consist of two domains, a lid and a core. The core domain consists of a central eight-

stranded β-sheet flanked by α-helices. The lid consists primarily of a helical domain and in EHs 

this domain contains two tyrosine residues participating to catalysis as acids facilitating opening 

of the epoxide ring. Hydrolysis of the substrate is carried out in a two-step mechanism [16]. As 

a first step the substrate binds the epoxide ring to the two tyrosine hydroxyl groups on the lid 

domain (Tyr154/Tyr235). When the substrate is positioned, a nucleophilic attack is carried out 

by an aspartate (Asp105), attacking one of the carbon atoms producing a temporary ester bond 

with the substrate. A histidine (His300) in the active site activating a water molecule attacking 

the temporary ester bond results in hydrolysis of the ester and foundation of the vicinal diol 

product [22, 17] 
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Figure 4. Structure of Solanum tuberosum epoxide hydrolase 1. It consists of a lid seen as orange (A) and a core seen in purple 

(B) (pdb: 2CJP) [24]. 

One variant of EH is the Solanum tuberosum epoxide hydrolase 1 (StEH1) with a molecular 

mass of 37 kDa with a corresponding His-tag attached. StEH1 has a monomeric structure. Two 

domains comprise the monomer, a small, flexible lid domain and a larger core domain (Fig. 4) 

[16]. 

In this project this enzyme is used to produce (R)-1-phenyl-1,2-ethanediol from racemic styrene 

oxide.  

2.2 Alcohol dehydrogenase 

Redox reactions are very common in biochemistry and essential for all life processes. Enzymes 

catalyzing this class of reactions on alcohols can be divided into three major groups of 

oxidoreductases; NAD(P)-dependent alcohol dehydrogenases, NAD(P)-independent alcohol 

dehydrogenases and FAD-dependent alcohol oxidases [25]. 

 

 

Figure 5. General reaction for alcohol dehydrogenase using either secondary alcohols or ketones as substrates. Ketones are 

reduced into secondary alcohols and secondary alcohols are oxidized into ketones [21]. 
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The most studied group contains zinc-dependent ADHs. These enzymes consist of 

approximately 350 residues per subunit and can be dimers or tetramers. The second group are 

the zinc-independent ADHs, which have shorter polypeptide-chains of approximately 250 

residues. The last group of ADH contains the iron-activated ADHs [25]. 

 

Figure 6. (A). Alcohol dehydrogenase ADH-A C1B1 is a homodimeric structure, like the wild type in its active form. A crystal 

representation of the enzyme is indicated in the picture. (B) View of the active site of one subunit. Dissimilar residues from the 

wild type that have been mutated are shown as sticks (pdb: 6ffz) [24]. 

Alcohol dehydrogenases (ADH) are involved in a wide range of reactions and are found in most 

tissues. ADHs are able to produce alcohols in reductive reactions and generate oxidized co-

factors, such as NAD+ (Fig. 5). It is of course also possible for ADHs to catalyze the opposite, 

oxidative reaction where the substrate is an alcohol and a co-factor e.g. NAD+ is reduced to 

NADH. This results in a product of a ketone or aldehyde [25]. 

The ADH-A from the bacterium Rhodococcus ruber (DSM 44541) is an NAD(P)+-dependent 

alcohol dehydrogenase. This ADH enzyme gives great yields and is also good at producing 

enantiomeric pure alcohols. With these properties, ADH-A has been identified as promising to 

be used for production of ketones or secondary alcohols in chemical- and pharmaceutical 

industry applications [26].    

ADH-A is a homo-dimer, where each subunit has a molecular weight of 38 kDa [20]. ADH-A 

has been expressed in E. coli previously and has been shown to be fully functional when using 

E. coli as host organism [27]. 
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Figure 7. Mutant ADH-A C1B1 and ADH-A wild type was aligned together comparing mutated sites. Wild type of ADH-A 

(green) have residues F43 and Y54 and these sites have been mutated into H43 and L54 in C1B1 (blue). As seen in the figure 

these mutations enlarge the active site (pdb: 6ffz and 3JV7) [24]. 

ADH-A mutants ADH-A C1B1 (F43H, Y54L) seen as crystal representation in Fig. 6 and 

ADH-A C1 (F43H) have been shown to accept aryl substituted vicinal diols. These mutations 

enlarge the active site, which explains why these mutations increase the enzyme’s activity with 

vicinal diols. Changing a phenylalanine to a histidine gives a structural change (Fig. 7). The 

side-chain of H43 points in a different direction as compared to the benzyl group of F43, making 

the H43 side-chain point toward the NAD+ away from the substrate-binding site. Overall this 

enlarges the active site [15]. 

The other mutation, leucine (L54) was inserted instead of a tyrosine (Y54), located 

perpendicular to the first mutation (H43). The mutation enlarges the active site volume further. 

An enlarged substrate binding pocket may allow the substrate to bind more easily to the active 

site, which is seen as an increase of kcat. ADH-A C1B1 is enantioselective towards (R)-1-

phenyl-1,2-ethanediol and shows almost no activity toward the other enantiomer (S)-1-phenly-

1,2-ethanediol. The overall catalytic efficiency (kcat/Km) remains the same for ADH-A C1B1 

compared to ADH-A wild type and C1 mutant because Km increases at the same time as kcat. 

Potential inhibitory effects of substrates on the ADH-A is dependent by high substrate 

concentrations, usually limited by solubility. By having lower binding affinity toward the 

substrate, the inhibitory effect is also lowered. The catalytic efficiency can be more accurately 

measured with kcat using a high substrate load because [ES] approaches [E]tot. So, from a 

biocatalytic perspective a higher kcat is more favorable than a lower Km. ADH-A C1 displays a 

lower kcat than ADH-A C1B1, but a lower Km [15].  
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3 Materials and Methods 

Materials and methods are described together in one text. For all centrifugation steps of a 

volume of 2 ml or less a MICRO STAR 17 centrifuge from VWR was used. 

3.1 Protein purification 

pETDuetADHC1stEH1 were transformed into electrocompetent strain BL21-AI pREP4 E. coli 

using electroporation, 12.5 kV/cm. Transformed cells were transferred to conical tubes and 

grown at 30 ºC for 90 min. After incubation 100 µl of cells were plated onto lysogeny broth 

(LB) (1.0 % (w/v) tryptone, 0.5 % (w/v) yeast extract, 1.0 % (w/v) NaCl, 1.5 % (w/v) Agar) 

plates containing 100 µg/ml ampicillin, 30 µg/ml kanamycin and grown overnight at 37 ºC. 

One colony was transferred to 2.5 ml 2TY (1.6 % (w/v) tryptone, 1.0 % (w/v) yeast extract, 0.5 

% (w/v) NaCl) containing 100 µg/ml ampicillin, 30 µg/ml kanamycin and incubated at 30 ºC, 

200 rpm for 6 h. 350 µl of cell culture were then transferred to 35 ml of autoclaved 2TY with 

100 µg/ml ampicillin, 30 µg/ml kanamycin and grown overnight at 30 ºC, 200 rpm. 2 ml was 

transferred to 500 ml autoclaved 2TY and grown at 30 ºC, 200 rpm. OD600 measurements were 

performed every hour until OD600 reached a value of 0.3. Protein expression was induced by 

addition of IPTG and L-arabinose with final concentration of 1 mM and 0.04 % (w/v). After 

induction the cell culture was grown overnight at 30 ºC, 200 rpm. 

Cells were centrifuged in a JA-14 rotor for 15 min at 5000 x g, 4 ºC. After centrifugation the 

supernatant was thrown away. The pellet was resuspended in 20 ml Lysis buffer (Binding 

Buffer (20 mM imidazole, 500 mM NaCl, 20 mM sodium phosphate), EDTA free complete 

tablet, Roche (protease inhibitor), 0.02 mg/ml DNase I) using a homogenizer and later lysed 

using cell disruptor Z plus series from Constant systems Ltd. The lysate was then centrifuged 

for 60 min, 27216 x g with JA-25.50 rotor. The supernatant was transferred to a new 50 ml 

conical tube. Chelating Sepharose fast flow gel from GE Healthcare containing Ni2+ that was 

pre-equilibrated with Binding Buffer (20 mM imidazole, 500 mM NaCl, 20 mM sodium 

phosphate, pH 7.5) was added to the lysate and incubated under stirring for 90 min. 

The gel-lysate mixture was then added to a chromatography-column. The flow-through was 

collected in a conical tube (FT). 20 ml of washing buffer (500 mM NaCl, 100 mM imidazole, 

20 mM sodium phosphate, pH 7.5) was added three times and collected (W1, W2, W3). After 

the wash, 2 x 5 ml Elution Buffer (500 mM NaCl, 300 mM imidazole, 20 mM sodium 

phosphate, pH 7.5) was added to elute the protein and the fractions were collected (E1, E2). 

The eluted fractions were pooled and concentrated to 2.5 ml. This sample was then desalted 

using a PD10-column with Sepharose G-25 gel pre-equilibrated with desalting buffer (100 mM 

sodium phosphate, 10 µM (w/v) zinc sulfate, and pH 7.5). Concentrated sample was added and 

then 3.5 ml desalting buffer was added and the eluted fraction was collected as final sample (F). 

2 µl of each sample (Ly, FT, P, W1, W2, W3, E1, E2, and F) were added to 8 µl of milliQ in a 

PCR-strip after collection of each step. 
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Ten µl of SDS-loading buffer (0.5 M Tris-HCl pH 6.8, 25 % (v/v) glycerol, 2 % (w/v) SDS, 

0.01 % (w/v) bromophenol blue, 5 % (v/v) β-mercaptoethanol) were added to all samples in the 

PCR-strip and Mw marker (2 µl from GE-healthcare + 8 µl water). Samples were boiled at 95 

ºC for 5 min before 10 µl was added to the SDS-PAGE. The gel was run at 200 V, 250 mA, for 

50 min. The gel was stained with staining solution containing 1 tablet Coomassie Brilliant Blue 

R-250 applied from VWR, 60 % (v/v) methanol diluted 1:1 with 20 % (v/v) acetic acid. After 

staining the gel was de-stained with de-staining solution (10 % (v/v) acetic acid, 20 % (v/v) 

methanol). pETDuetADHC1B1StEH1 was produced as described above but with a purification 

volume of 40 ml culture batch. 

3.2 Cloning of pETDuetADHC1B1StEH1 

Template DNA containing the ADH-A C1B1 gene and primers used for PCR were ordered 

from Invitrogen by Thermo Fisher Scientific (Table 1). 

Table 1. Primers used for PCR and amplification of gene fragment ADH-A C1B1. Primers were applied from Thermo Fisher 

Scientific.  

ADH-A 

forward 

TTT TTT CCA TGG AAG CCG TGC AGT ATA CCG AAA T 

ADH-A 

reverse 

TTT TTT AAG CTT TCA TTA ATG ATG ATG ATG ATG ATG CGG AAC AAC AAC 

ACC GCG ACC 

 

A PCR mixture with a total volume of 400 µl was prepared according to Table 2, the MgCl2 

was preheated and vortexed briefly before added to the mixture. The mixture was then divided 

into 8 PCR tubes. Amplification of the ADH-A C1B1 gene was performed using the PCR 

program described in Table 3, 40 cycles of step 2-4 and a gradient from 61-68 ºC. 

Table 2. All components used for the polymerase chain reaction. A  

total volume of 400 µl was produced and divided into 8 tubes. 

 

Solution Volume (µl) Final concentration 

Forward primer 4 1 µM 

Reverse primer 4 1 µM 

template DNA 22 5 ng/µl 

dNTP's 3.2 0.2 mM 

MgCl2 40 2.5 mM 

Taq buffer 40 1x 

Taq DNA polymerase 4 1 U/20µl 
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Amplification products were analyzed by adding 5 µl of each PCR product to new PCR-tubes. 

1 µl of loading dye was added to each sample. These were then added onto a 1 % (w/v) agarose 

gel (0.8 g agarose, 80 ml TAE-buffer, 8 µl 10000 x GelRedTM) and run for 60 min, 115 V. 

Subsequently, all samples were pooled and run on a 0.8 % (w/v) agarose gel (0.4 g agarose, 50 

ml TAE-buffer, 5 µl 10000 x GelREDTM) for 60 min, 115 V. The DNA-band was cut out from 

the gel using a scalpel and purified using GeneJET Gel Extraction Kit applied from Thermo 

Fisher Scientific. One volume of Binding Buffer was added to the gel and heated to 60 ºC and 

vortexed briefly until the gel got dissolved completely. 800 µl of gel solution was added to three 

GeneJET columns and centrifuged for 1 min at 17000 x g. The flow-through was discarded and 

an additional 100 µl of Binding Buffer was added and the sample was centrifuged 1 min at 

17000 x g. 700 µl of wash buffer was added and the samples was centrifuged for 1 min at 17000 

x g. The flow-through was discarded and the samples was centrifuged for an additional min. 

Eluted the DNA by adding 50 µl of autoclaved milliQ water and stored at -20 ºC.  

Table 3. PCR-program used for amplification of 

ADH-A gene fragment. 

 

Step Temperature (ºC) Duration 

(seconds) 

1 94 180 

2* 94 45 

3* 61-68 45 

4* 72 90 

5 72 300 

6 25 ∞ 

* Step 2-4 was run for 40 cycles 

3.2.1 Digestion of ADH-A C1B1 and pETDuet-1 

Restriction enzymes were provided by Thermo Fisher Scientific. 500 ng of amplified gene 

ADH-A C1B1 and 1000 ng pETDuet-1 vector from Novagen (Fig. 8) were digested using 0.2 

U/µl NcoI and 0.2 U/µl HindIII in Tango buffer (33 mM Tris-acetate, 10 mM magnesium 

acetate, 66 mM potassium acetate, 0.1 mg/ml BSA, pH 7.9) with a total volume of 50 µl. 

Digestion mixtures were incubated at 37 ºC for 60 min and then heat-inactivated at 80 ºC for 

20 min. The digested samples were then loaded onto a 0.8 % agarose gel and run for 60 min at 

115 V. The gel bands were later cut out and purified using GeneJet Gel Extraction Kit according 

to protocol applied from Thermo Fisher Scientific. 
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Figure 8. Plasmid construct used in the experiments and expression of ADH and EH. Restriction enzymes NcoI, HindIII, NdeI 

and XhoI were used to insert the enzyme genes. The plasmid pETDuet-1 contains an ampicillin resistance gene and encodes 

the lac repressor lacI [28].  

3.2.2   Ligation of ADH-A C1B1 and pETDuet-1 

An amount of 50 ng/µl of gene fragment ADH-A C1B1 and 10 ng/µl of pETDuet-1 were ligated 

using 0.5 U/µl T4 ligase in a mixture containing 0.4 mM ATP and T4 ligase buffer in a total 

volume of 10 µl. As negative controls a parallel mixture of water instead of the gene fragment 

was made. The ligation mixtures were incubated at room temperature overnight. After 

incubations the ligation mixtures were heat-inactivated at 75 ºC for 10 min. 

3.2.3 Transformation of ligation pETDuetADHC1B1 

Transformations were produced using electroporation at 12.5 kV/cm by adding 2 µl of ligated 

mixtures to 50 µl electrocompetent XL1-blue cells. Directly after electroporation 1 ml of 2TY 

was added to the cuvette and transferred to conical tubes. Transformed cells were incubated at 

37 ºC, 200 rpm for 1 h. 100 µl of cell culture were then plated onto LB plates containing 100 

µg/ml ampicillin and incubated overnight at 37 ºC. 
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Colonies from the plates were added into 1.5 ml 2TY containing 100 µg/ml ampicillin and 

grown overnight at 37 ºC, 200 rpm. The overnight cultures were pelleted and then lysed. The 

plasmids were purified using GeneJet Plasmid miniprep Kit according to protocol applied from 

Thermo Fisher Scientific. The plasmids were later used for further digestion adding the StEH1 

cDNA. 

3.2.4 Digestion and ligation of pETDuetADHC1B1 and pETDuetStEH1 

Digestion of 500 ng of pETDuetADHC1B1 and pETDuetStEH1 was produced using 0.2 U/µl 

NdeI and 0.8 U/µl XhoI in R-buffer (10 mM Tris-HCl pH 8.5, 10 mM MgCl2, 100 mM KCl, 

0.1 mg/ml BSA) in a total volume of 50 µl. The samples were incubated at 37 ºC for 90 min 

before they were heat-inactivated at 75 ºC for 10 min. The digested samples were loaded onto 

a 0.8 % agarose gel and run for 60 min at 115 V. The gel bands were later cut out and purified 

as described earlier. 

Digested samples were ligated together using 50 ng/µl of digested StEH1 gene fragment, 10 

ng/µl of pETDuetADHC1B1 and 0.5 U/µl T4 ligase in a mixture containing 0.4 mM ATP and 

T4 ligase buffer (40 mM Tris-HCL, 10 mM MgCl2, 10 mM DTT, 0.5 mM ATP, pH 7.8) with 

a total volume of 10 µl. A negative control was also produced by adding milliQ water instead 

of digested StEH1 gene fragment. Ligation mixtures were incubated at room temperature 

overnight and then heat-inactivated at 75 ºC for 10 min. Transformation was carried out as 

described earlier. 

Colonies from the plates were added into 1.5 ml 2TY containing 100 µg/ml ampicillin and 

grown overnight at 37 ºC, 200 rpm. The overnight cultures were centrifuged and pellets were 

lysed and the plasmid purified as described earlier.   

3.3 Cloning of pETDuetADHC1StEH1 

A PCR mixture with a total volume of 200 µl was prepared with same concentrations as in 

Table 2, and PCR amplification of ADH-A wild type was carried out as described earlier. 

An amount of 500 ng amplified cDNA ADH-A wild type and 700 ng 

pETDuetADHC1B1StEH1 was digested using 0.2 U/µl PstI and 0.2 U/µl HindIII in R-buffer 

incubated at 37 ºC for 60 min. The sample was heat-inactivated at 75 ºC for 15 min and purified 

as described earlier. 

Ligation was produced as previously with 60 ng/µl of gene fragment ADH-A wild type and 10 

ng/µl of digested pETDuetADHC1B1StEH1. Transformation and purification of DNA was 

carried out as described earlier. 
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3.4 Styrene oxide experiment 

A bacterial strain BL-21AI pREP4 encoding chaperonins GroEL/ES was transformed with 

pETDuetADHC1StEH1 or pETDuetADHC1B1 respectively and plated on LB plates 

containing 100 µg/ml ampicillin, 30 µg/ml kanamycin and put overnight at 37 ºC. One colony 

of each mutant was inoculated into 2.5 ml of 2TY containing 100 µg/ml ampicillin and 50 

µg/ml kanamycin. The sample was incubated at 25 ºC, 200 rpm and after five hours 1 ml of 

culture was transferred to 35 ml of 2TY containing 100 µg/ml ampicillin, 50 µg/ml kanamycin. 

Cell cultures were incubated overnight at 25 ºC, 200 rpm.  

Three replicates of each mutant were started at 5 min intervals by addition of 10 ml of overnight 

culture to 500 ml of 2TY containing 100 µg/ml ampicillin, 50 µg/ml kanamycin and OD600 was 

measured after addition and was followed continuously. Four hours after addition, at OD600 0.4, 

protein expression was induced by addition of 1 mM IPTG and 0.2 % (w/v) L-arabinose. One 

hour after induction, racemic styrene oxide was added to the cell culture to a final concentration 

of 10 mM. 5 ml aliquots were removed every hour for 6 h the first day, every second hour 

during day two and every third hour during days three and four.  

All samples were directly placed on ice and later centrifuged at 3999 x g, 4 ºC for 5 min. After 

centrifugation supernatants were poured into a new 15 ml conical tube. Supernatants and pellets 

were stored at -80 ºC until further analysis. 

Samples from supernatants were thawed on ice and vortexed briefly before 1 ml was transferred 

to new micro-centrifuge tubes. The samples were centrifuged for 5 min at 17000 x g and filtered 

through a 0.45 µm PVDF membrane filter into new micro-centrifuge tubes using a syringe. 

Filtered samples were stored at -20 ºC. 

Selected samples of different time points of pellet samples were prepared by first thawing the 

pellets on ice. Followed by resuspension of pellets by addition of 500 µl deionized water, the 

samples were transferred to micro-centrifuge tubes and 500 µl Lysis Buffer (0.2 M (v/v) sodium 

hydroxide, 1 % SDS) was added and the tubes were inverted 6 times. After 3 min 600 µl of 

Neutralization Buffer (3 M (w/v) potassium acetate, 11.5 % (v/v) acetic acid) were added to the 

solution and the tubes were inverted 6 times. The tubes were then centrifuged at 17000 x g for 

3 min. The supernatant was transferred to new tubes and centrifuged for 5 min at 17000 x g. 

The samples were then filtered into new tubes as described above. Samples were stored at -20 

ºC. 
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Figure 9. Solvent gradient used for all HPLC measurements. Solvents used in each measurement was 50 mM sodium phosphate 

pH 3 and increasing methanol over-time. 

Samples were analyzed by analytical reverse phase chromatography, C18 column (ascentis) 

onto HPLC using the gradient mobile phase described in (Fig. 9). The flow-rate was 0.5 ml/min 

and 10 µl of filtered sample were injected. Epoxide and diol were detected at 220 nm. Ketone 

was detected at 244 nm using a diode array detector SPD-M20A from Shimadzu. 

3.5 Styrene oxide experiment (large scale) 

One colony of strain BL-21AI containing a plasmid with chaperonins and 

pETDuetADHC1StEH1 were inoculated into 2.5 ml of 2TY containing 100 µg/ml ampicillin 

and 50 µg/ml kanamycin. The sample was incubated at 25 ºC, 200 rpm and after 5 hours 1 ml 

of culture were transferred to 35 ml of 2TY containing 100 µg/ml ampicillin and 50 µg/ml 

kanamycin. The cell cultures were incubated overnight at 25 ºC, 200 rpm. 

5 ml of overnight culture were added to 500 ml autoclaved 2TY containing 100 µg/ml 

ampicillin and 50 µg/ml kanamycin. OD600-measurements were taken after addition and 

continuously every hour. Four hours after addition, at OD600 0.4, protein expression was 

induced by addition of 0.2 % L-arabinose (w/v) and 1 mM IPTG. One hour after induction, 950 

µl of racemic styrene oxide was added to the cell culture every 15 min until a final concentration 

of 200 mM styrene oxide was reached. At every addition of styrene oxide, 1 ml of sample was 

taken for later analysis on HPLC. After addition of all styrene oxide a 1 ml sample was taken 

20, 44 and 50 hours after first addition of styrene oxide. 25 ml of sample were also taken at 

timepoint 44 and 50 hours after first addition for further analysis. These samples were 

centrifuged at 5311 x g, 4 ºC for 5 min and then the supernatant was separated from the pellet 

and stored at -80 ºC. The 1 ml samples were centrifuged at 17000 x g for 5 min in room 
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temperature before filtered as described above and stored at -20 ºC. Samples were analyzed by 

analytical reverse phase HPLC, as described above (Fig. 9). 

3.6 Substituted experiment 2-phenyl-(4-chloro)-oxirane and 2-phenyl-(4-
fluoro)-oxirane             

The experiment was carried out as described in the styrene oxide experiment using strain 

BL21AI pREP4 with pETDuetADHC1B1StEH1. Addition of 10 mM 2-phenyl(4-chloro)-

oxirane or 2-phenyl(4-fluoro)-oxirane was performed in three replicates each. Samples were 

taken at several time points over 50 hours. Analysis and preparation of samples was carried out 

as described above. 

3.7 In vitro production of substituted 4-chloro and 4-fluoro diol and ketone 

UV-1700 Pharmaspec UV-Vis spectrophotometer from Shimadzu was used for all photometric 

measurements.  

Abs280 = ε • c • l  (Eq. 1) 

The Lambert-beer-law (Eq. 1) was used to determine the concentration of StEH1 and ADH-A 

C1B1 by measuring protein concentration at OD280. StEH1 has an extinction coefficient of ε = 

59030 M-1 cm-1 [19] and for ADHC1B1 the extinction coefficient from ADH-A of ε = 31500 

M-1 cm-1 was used [17]. 

3.7.1 Production of diol and ketone 

A reaction with 1.8 µM StEH1 and 2 mM 2-(4-chlorophenyl)oxirane or 2-(4-

fluorophenyl)oxirane in assay buffer (100 mM sodium phosphate, 10 µM (w/v) zinc sulfate, 

pH 8.0) was set overnight in room temperature. Next day, these samples were analyzed by 

reverse phase HPLC (Fig. 9). 

For the production of ketone, a reaction with 1.1 µM StEH1 and 2 mM of either 2-(4-

chlorophenyl)oxirane or 2-(4-fluorophenyl)oxirane was initiated. Reactions were incubated for 

2 h at 30 ºC. After 2 h, 2.4 µM ADH-A C1B1 was added to the reaction and incubated overnight 

at room temperature. Next day, these samples were analyzed by reverse phase HPLC (Fig. 9).  

4 Results 

This part includes results from the project including construction of plasmids, production of 

acyloins by addition of styrene oxide, larger scale experiment and addition of substituted 

styrene derivatives.  
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4.1 Construct of pETDuetADHC1B1StEH1 

The amplification of the ADH-A C1B1 was successful at all annealing temperatures (Fig. 10) 

and the amplified products could be purified and digested with NcoI and HindIII. 

 

Figure 10. Analysis of PCR-products by agarose gel electrophoresis. All annealing temperatures 61-68 ºC yielded ADH-A 

C1B1 fragment. 

4.1.1 Protein expression 

Expression analysis of pETDuetADHC1B1StEH1 indicates that both enzymes are expressed in 

soluble form but also that a large proportion of protein is found as inclusion bodies in the pellet, 

especially ADH-A C1B1 (Fig. 11).    

 

Figure 11. Test-expression and affinity purification of ADH-A C1B1 and StEH1 enzymes from a 40 ml culture batch. 1) lysate, 

2) pellet, 3) flow-through, 4) Mw marker, 5) first wash, 6) second wash, 7) third wash, 8) first elution fraction, 9) second elution 

fraction, 10) final sample desalted, concentrated sample of first and second elution. 11) Mw marker, 12) reference ADHC1B1, 

13) reference StEH1. 
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4.2 Construct of pETDuetADHC1StEH1 

To construct pETDuetADHC1StEH1 an amplification of the ADH-A wild type gene was 

needed. Amplification of the gene was successful for all annealing temperatures (Fig. 12). The 

gene was later purified and digested with PstI and HindIII. As described earlier 

pETDuetADHC1B1StEH1 was digested in the same way to cut out the Y54L mutation and 

later to insert the wild-type fragment. 

 

Figure 12. Amplification of ADH-A WT. The fragment length matches the expected size and all annealing temperatures got 

product. Order of wells: Mw
 marker, 68-61 ºC annealing temperatures. 

4.2.1 Protein expression  

Expression analysis of pETDuetADHC1StEH1 indicates that both enzymes are expressed but 

that also a big proportion stays in the pellet, mainly ADH-A C1. Chaperonins GroEL/ES is 

visible (Fig. 13). 

 

Figure 13. Test-expression and affinity purification of ADH-A C1 and StEH1 enzymes from a 500 ml batch culture. 1) Mw 

marker, 2) lysate, 3) pellet, 4) flow-through, 5) Mw marker, 6) first wash, 7) second wash, 8) third wash, 9) Mw marker, 10) 

first elution fraction, 11) second elution fraction, 12) final sample desalted, concentrated sample of first and second elution. 
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4.3 Styrene oxide experiment 

The cell cultures during the experiment had regular growth over time in both experiments using 

ADH-A C1B1 or ADH-A C1 (Fig. 14). They were increasing also after addition of 10 mM 

racemic styrene oxide. All three replicates are following typical growth pattern. 

 

Figure 14. Optical density of growing cells was measured during the experiment of pETDuetADHC1B1StEH1 (A) and 

pETDuetADHC1StEH1 (B). 

 The desired product 2-hydroxyacetophenone (2-HAP) was produced in the presence of either 

mutant of ADH-A. There was almost no difference in the acyloin yield when comparing the 

different experiments. The epoxide is rapidly hydrolyzed into the intermediate diol and after 

approximately 6 h the product 2-HAP is detected. The peak areas from the HPLC analysis have 

been converted to concentrations by doing calibration curves with known concentrations. The 

ratio between 1-phenyl-1,2-ethanediol and 2-HAP ketone are roughly 10:1 as expected (Fig. 15 

and Fig. 16).     

 

Figure 15. Conversion of styrene oxide [1] into the intermediate 1-phenyl-1,2-ethanediol [2] and later the final product 2-

hydroxyacetophenone [3] using enzymes ADH-A C1 and StEH1. Substrate is hydrolyzed rapidly into the diol and then the 

acyloin product is formed over time. 
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Figure 16. Conversion of styrene oxide [1] into the intermediate 1-phenyl-1,2-ethanediol [2] and later the final product 2-

hydroxyacetophenone [3] using enzymes ADH-A C1B1 and StEH1. Substrate is hydrolyzed rapidly into the diol and then the 

acyloin product is formed over time. 

4.4 Styrene oxide large scale experiment 

Large scale experiment did not result in a lot of epoxide to ketone conversion (Fig. 17). The 

cells were not growing after addition of epoxide (Fig. 18). Droplets of undissolved styrene 

oxide may have affected the OD-measurements but it could be seen from visual inspection of 

the cultures that the cells did not grow. 

 

Figure 17.  Large scale experiment of potential production of 2-hydroxyacetophenone [3] by addition of 200 mM styrene oxide 

[1]to a cell culture of 500 ml expressing StEH1 and ADH-A C1. Because of the high concentration of styrene oxide, undissolved 

droplets are formed and dissolve over time during the experiment as seen of constant styrene oxide. The epoxide are rapidly 

hydrolyzed in the beginning of the experiment but a high toxicity from the large amount of epoxides affect the conversion and 

therefore the hydrolysis and acyloin production are lowered or not being formed. 
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Figure 18. Optical density of growing cells was measured during the large scale experiment using ADH-A C1 and StEH1. 

4.5 Substituted substrate experiment 

Both proteins ADH-A C1B1 and StEH1 were purified to sufficient amounts (Fig. 19 and Fig. 

20). The final sample of StEH1 (Fig. 19) is pure and similar for ADH-A C1B1 (Fig. 20), only 

a small band lower that could be due to degradation of protein. Only small amounts of enzyme 

were lost during the purification as judged by SDS-PAGE (Fig. 19 and Fig. 20). Purified 

enzymes were later used to produce substituted diol and α-hydroxy ketones. 

 

Figure 19. Purification of protein StEH1 using affinity-purification of StEH1 from 500 ml of cells for further kinetic 

measurements using the pGtacStEH15H plasmid. 1) Mw marker, 2) lysate, 3) pellet, 4) flow-through, 5) first wash, 6) second 

wash, 7) third wash, 8) Mw marker, 9) first elution fraction, 10) second elution fraction, 11) final sample desalted and 

concentrated sample of first and second elution. 
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Figure 20. Purification of protein ADH-A C1B1 using affinity-purification of 500 ml of cell culture using the 

pGT7ADHC1B15H plasmid. 1) Mw marker, 2) lysate, 3) pellet, 4) flow-through, 5) first wash, 6) second wash, 7) third wash, 

8) Mw marker, 9) first elution fraction, 10) second elution fraction, 11) final sample desalted and concentrated sample of first 

and second elution. 

4.5.1 Substituted substrate experiment 

In this experiment two different substrates (Fig. 2) were given to cells with 

pETDuetADHC1B1StEH1. The growth of the cells during these experiments displayed no 

increase of cells over time after addition of epoxides (Fig. 21). 

 

Figure 21. The growth of E. coli during the experiments was measured by optical density at 600 nm. It can be seen in the figure 

that the cells are not growing over time. Each point is an average of three replicates. 

4.5.2 2-(chlorophenyl)oxirane experiment 

Two peaks could be seen on the HPLC increasing or decreasing over time. To deduce identity 

of the corresponding compounds in those peaks, in vitro reactions to produce the substituted 

diols and hydroxy ketones were performed. From the retention times, it was concluded that the 

two peaks are the epoxides and the diols. Over time the substrate decreases and is transformed 

into the corresponding diol (Fig. 22). No actual acyloin product could be detected in the HPLC 

analysis.  
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Figure 22. Average peak areas of three replicates from HPLC analysis of 2-(4-chlorophenyl)oxirane [1] and corresponding 

diol [2]. The peak area of the substrate is decreasing over time and the diol peak area is increasing. A third peak of desired 

acyloin could not be seen and is not shown in the graph. The peak areas have not been converted to concentrations in the 

graphs. 

4.5.3 2-(4-fluorophenyl)oxirane experiment 

Similar to the experiment above two peaks could be seen on the HPLC increasing or decreasing 

over time (Fig. 23). The identity of the two peaks was performed as described above. It was 

also concluded that these peaks correspond to epoxides and diols.  

 

Figure 23. Average peak areas of three replicates from HPLC analysis of 2-(4-fluorophenyl)oxirane [1] and corresponding 

diol [2]. The peak area of the substrate is decreasing over time and the diol peak area is increasing. A third peak of desired 

acyloin could not be seen and is not shown in the graph. The peak areas have not been converted to concentrations in the 

graphs. 
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5 Discussion 

This section includes discussions concerning the project, including plasmids and experiments 

carried out.  

5.1 Construct of pETDuetADHC1B1StEH1 

Plasmid pETDuetStEH1 was already constructed from a previous student with restriction sites 

(NdeI, XhoI). Therefore, it was not necessary to amplify this gene using PCR. The other gene, 

ADH-A C1B1 was amplified using PCR to insert the required restriction sites (HindIII and 

NcoI) at each end of the gene to be able to insert it into the plasmid pETDuet-1. The ADH-A 

C1B1 gene was required to be inserted into the plasmid first because the StEH1 sequence 

contains two NcoI restriction sites that would otherwise be cut when digesting the plasmid 

pETDuetStEH1. 

Sequencing confirmed that both genes were inserted correctly and that the promoters were 

intact in pETDuetADHC1B1StEH1. Also a test-expression confirmed that both enzymes were 

expressed in a soluble form (Fig. 11). A lot of the protein, especially ADH-A C1B1 was lost in 

the bacterial pellet during purification and there was also a somewhat lower expression of 

chaperonins than expected (Fig. 11). Hence, bad folding of the ADH-A enzyme creates 

aggregation of protein in inclusion bodies and could be the reason for the loss. The chaperonins 

GroEL/ES are co-expressed to help the ADH-A to fold correctly and if their expression is low 

it could affect the outcome. It could be that the replication origin of the pETDuet-1 plasmid is 

the same as the chaperonin plasmid. 

Because of this problem all expressions were performed at 25 ºC to lower the formation of 

inclusion bodies by lowering the expression rate possibly allowing a larger proportion of 

proteins to fold correctly.         

5.2 Construct of pETDuetADHC1StEH1 

pETDuetADHC1StEH1 was constructed excising the Y54L mutation site. A convenient 

restriction site was found between the sites, PstI. The Y54L is closer to the 5’-end than F43H 

which made it possible to replace. In order to replace it with the wild type sequence, some 

amplification of the wild type gene was prepared using PCR (Fig. 12). The wild type gene was 

then digested with the same enzymes, PstI and HindIII, and ligated together with digested 

pETDuetADHC1StEH1. Sequencing and test-expression confirmed that the mutation Y54L 

was deleted and a correct ADH-A C1 and StEH1 gene had been achieved. 

This plasmid was constructed because it in an early stage experiment looked like the production 

of the product was still increasing exponentially after 40 h with ADH-A C1B1. By using ADH-

A C1 with lower Km we could possibly get faster saturation. Later experiments (Fig. 15, Fig. 

16) did not show much difference between the mutants. Furthermore, the experiment was run 
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longer and it looked like the reaction entered saturation. The pETDuetADHC1StEH1 also has 

the same problem with inclusion bodies.  

5.3 Styrene oxide experiment 

It could be shown from the experiments that the product 2-hydroxyacetophenone could be 

produced in sufficient amounts and reaches equilibrium within 48 h. The ratio between 1-

phenyl-1,2-ethanediol and 2-hydroxyacetophenone is approximately 10:1 [15] and the 

produced 2-HAP is approximately 10 times lower in the supernatant than 1-phenyl-1, 2-

ethanediol after reaching equilibrium. It is possible for the substrate, diol and ketone to pass the 

membrane of the cells, because of that most of the chemicals are found in the supernatant (Figs. 

11, 12). The pellets were also analyzed but contained only small amounts of 1-phenyl-1, 2-

ethanediol (Fig. A1). 

The E. coli was growing normally after addition of 2 mM styrene oxide. Since StEH1 rapidly 

hydrolyzes styrene oxide into the corresponding diol the toxicity is rapidly lowered.  The 

starting point of styrene oxide in each graph of the experiment with ADH-A C1B1 or ADH-A 

C1 are slightly shifted and could be due to that the samples from mutant ADH-A C1 was first 

run through the HPLC so the other samples from mutant C1B1 were standing longer before 

analyzed which could explain why the observed styrene oxide level is lower in the C1B1 

because it is very reactive. 

5.4 Styrene oxide experiment (Large scale) 200 mM 

Even though not all 200 mM of styrene oxide was added at the same time, 15 mM every 15 min 

was not slow enough to let the epoxide hydrolases hydrolyze all styrene oxide. Because of this 

the styrene oxide seems to accumulate and kill the cells (Fig. 17). The delivery rate needs to be 

further optimized to attempt a larger scale. The aim of this experiment was to get a sufficient 

amount of 2-hydroxyacetophenone for analysis on a Nuclear Magnetic Resonance (NMR) 

instrument and to get information on how higher amount of substrate affects cells. For further 

studies of larger scale, it would be better to use a fermentation reactor where you could control 

more parameters for optimal growth and expression.     

5.5 Substituted substrate experiment 

Potential production of substituted diols and acyloins was tested to see if the coupled reaction 

could produce these compounds in vivo. It would give products with new properties that could 

potentially be valuable as building blocks for production of pharmaceuticals, as chiral 

auxiliaries or natural products. Unfortunately the cells did not grow normally (Fig. 22) and only 

two peaks increasing or decreasing could be seen in the analysis of supernatant by reverse phase 

HPLC (Fig. 22 and Fig. 23). Both chlorine and fluorine atoms are strong electronegative and 

could therefore withdraw electron from the molecule and make it much more reactive. That 
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would explain why the same concentration of substituted substrates did not work out when the 

unsubstituted did.  

5.6 Further continuation of the project  

The long term goal of the project would be to produce acyloins from simple molecules such as 

phenylalanine. In a shorter view the project could be extended by a styrene monooxygenase 

(SMO) to produce the acyloin from an even simpler molecule, styrene mentioned in [29]. This 

would then use three enzymes in the coupled reaction and get an important building block from 

a very cheap and simple molecule. 

Because the expression of ADH-A is struggling in vivo with pETDuet-1 as plasmid, a 

continuation of the project could be to find a way of producing more soluble protein in the cells. 

One ongoing side project looked into changing the genes into a new plasmid with another origin 

to possibly get higher amount of soluble protein. The amount of soluble protein did not change 

when changing plasmid it looks like. Changing expression into another strain or host would be 

another way of attempting a solution of the problem. 

An interesting approach to further look into is the potential large scale production of the reaction 

in vivo would be to transfer the reaction from small scale into larger bioreactors in a scale of 

10-100 L. It would be better to do it in a bioreactor where you could control more parameters 

for optimal growth and expression. There is also the opportunity to change host organism to 

see if you could get more soluble protein expressed. The organism might also be more resistant 

to epoxides which would be important in a larger scale. 

6 Conclusions 

Enzymes or whole cells as catalysts are suitable and highly promising for a greener production 

of chemicals. It is as an example possible to produce acyloins using a biocatalytic approach by 

simply adding epoxides to the growth medium. Most of the produced diols and acyloins are 

found outside the cells. Inside the cells there is only a trace amounts of diol. The diol can pass 

the membrane (Figs. 15, 16), thus decreasing the concentration inside the cell, lowering the 

transformation efficiency slightly. 

Substituted epoxides (Fig. 2) seem to be more toxic to cells than unsubstituted substrates. A 

reason of this could be due to the substituted groups withdrawing electrons making the epoxides 

more reactive. Larger amounts of epoxides need to be added carefully else the cells take 

damage. 
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9 Appendix 

9.1 Figures 

 

Figure A1. Sample analysis inside cells, most of the products stays in the supernatant but some 1-phenyl-1,2-ethanediol [2] 

stays in the pellet. Trace amounts of 2-hydroxyacetophenones [3] are found in pellets. 

9.2 Sequence of ADH-A C1B1 and StEH1 

ADH-A C1B1 gene: DNA sequence with his-tag and restriction enzymes NcoI and HindIII 

ACCATGGAAGCCGTGCAGTATACCGAAATTGGTAGCGAACCGGTTGTTGTTGATATTCCG

ACCCCGACACCGGGTCCGGGTGAAATTCTGCTGAAAGTTACCGCAGCAGGTCTGTGTCAT

AGCGATATTCATGTTATGGATATGCCTGCAGCACAGTATGCACTTGGTCTGCCGCTGACC

CTGGGTCATGAAGGTGTTGGTACCGTTGCAGAACTGGGTGAAGGTGTGACCGGTTTTGGT

GTTGGTGATGCAGTTGCAGTTTATGGTCCGTGGGGTTGTGGTGCATGTCATGCATGTGCAC

GTGGTCGTGAAAACTATTGTACCCGTGCAGCAGATCTGGGTATTACCCCTCCGGGTCTGG

GTAGTCCGGGTAGCATGGCAGAATACATGATTGTTGATAGCGCACGTCATCTGGTTCCGA

TTGGTGATCTGGATCCGGTTGCAGCAGCACCGCTGACCGATGCAGGTCTGACCCCGTATC

ATGCAATTAGCCGTGTGCTGCCGCTGCTGGGTCCTGGTAGCACCGCAGTTGTTATTGGTGT

GGGTGGTCTGGGCCATGTTGGTATTCAGATTCTGCGTGCAGTTAGCGCAGCACGTGTTATT

GCAGTGGATCTGGATGATGATCGTCTGGCACTGGCACGTGAAGTTGGTGCAGATGCAGCA

GTTAAAAGCGGTGCCGGTGCAGCCGATGCAATTCGTGAACTGACCGGTGGTCAGGGTGC

AACCGCAGTTTTTGATTTTGTTGGTGCACAGAGCACCATTGATACCGCACAGCAGGTTGTT

GCCGTTGATGGTCATATTAGCGTTGTGGGTATTCATGCCGGTGCCCATGCAAAAGTTGGC
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TTTTTTATGATTCCGTTTGGTGCAAGCGTTGTTACCCCGTATTGGGGCACCCGTAGCGAAC

TGATGGAAGTTGTTGCCCTGGCACGCGCAGGTCGTCTGGATATTCATACCGAAACCTTTA

CCCTGGATGAAGGTCCGGCAGCATATCGTCGTCTGCGTGAAGGTAGCATTCGTGGTCGCG

GTGTTGTTGTTCCGCATCATCATCATCATCATTAATGAAAGCTT 

StEH1 gene: DNA sequence with his-tag and restriction enzymes NdeI and XhoI 

CATATGATGAAGAAGATAGAGCACAAGATGGTAGCTGTAAATGGCCTAAATATGCATCT

AGCAGAATTAGGCGAAGGCCCAACAATCCTCTTCATCCATGGCTTCCCTGAACTCTGGTA

CTCATGGCGCCACCAAATGGTGTACTTAGCTGAACGTGGGTACCGTGCTGTGGCGCCTGA

CTTAAGGGGTTATGGAGATACTACTGGTGCACCCCTTAATGACCCTTCAAAGTTCAGTAT

CCTTCACCTTGTGGGTGATGTTGTAGCACTGCTTGAAGCCATTGCTCCTAATGAAGAAAA

GGTGTTTGTCGTTGCGCACGACTGGGGCGCGTTAATTGCTTGGCATTTATGCCTTTTTAGG

CCAGATAAAGTTAAAGCCTTGGTGAATTTGAGTGTCCATTTTTCCAAAAGGAACCCAAAG

ATGAATGTGGTTGAGGGGCTAAAGGCTATATATGGGGAAGATCATTATATATCGAGATTT

CAGGTACCGGGCGAAATTGAAGCTGAATTTGCTCCAATTGGTGCTAAGTCTGTTCTTAAG

AAAATATTGACATACCGCGATCCTGCACCATTTTATTTTCCTAAAGGCAAAGGCCTTGAG

GCTATCCCTGATGCTCCGGTTGCCCTTTCATCGTGGCTTTCTGAGGAAGAGTTGGATTACT

ATGCCAACAAGTTTGAGCAGACTGGTTTCACTGGTGCAGTTAACTATTACCGTGCTTTACC

CATAAACTGGGAACTCACAGCACCATGGACAGGAGCTCAAGTTAAAGTTCCGACCAAGT

TTATCGTCGGAGAATTCGACTTGGTTTATCATATACCAGGTGCTAAAGAGTACATACACA

ATGGTGGATTTAAGAAAGATGTTCCATTGTTGGAGGAAGTTGTGGTTTTAGAAGGTGCAG

CTCACTTTGTCAGCCAAGAAAGGCCACATGAGATTAGCAAACACATCTATGACTTCATTC

AAAAGTTTCATCATCATCATCATCATTAATGACTCGAG 




