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Abstract 
In this work, it is shown that E. coli can be engineered to function as a biocatalyst in the synthesis of 2-
hydroxyacetophenene from racemic styrene oxide. A plasmid construct named pETDuADHStEH was 
created which contain both the genes for wild-type epoxide hydrolase from potato and F43H Y54L 
mutant alcohol dehydrogenase from the bacteria R. ruber was inserted into BL21-AI pREP4 strain E. 
coli. The E. coli was grown in 2TY media and was then fed styrene oxide and any products were analysed 
by reverse phase HPLC. The amounts 2-hydroxyacetophenone produced are significant, particularly after 
longer incubation, and the products are appearing mainly in the growth media.  

 
 
Svensk Sammanfattning 
Det här arbetet har visat att det är möjligt att genetiskt modifiera E. coli till att fungera som biokatalysator 
i syntesen av 2-hydroxyacetofenon med racemisk styrenoxid som utgångsmaterial. En plasmid 
innehållande generna för S. tuberosum epoxidhydrolas 1 (StEH1) och F43H Y54L mutant R. ruber 
alkoholdehydrogenas A (ADH-A) transformerades i E. coli stammen BL21-AI pREP4 och 
bakteriecellerna odlades i 2TY-medium. Bakteriecellerna matades med racemisk styrenoxid och 
produkter var analyserade med fasomvänd HPLC. Mängderna 2-hydroxyacetogfenon som producerades 
var signifikanta. Framförallt efter längre inkubering, där produkterna framförallt återfanns utanför 
cellerna i växtmediumet.  
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Abbreviations 
 
General abbreviations  

ADH Alcohol dehydrogenase 
BLAST Basic Local Alignment Search Tool 
C. acetobutylicum Clostridium acetobutylicum 
DMSO Dimethyl sulfoxide  
DNA Deoxyribonucleic acid 
dNTP Deoxy nucleoside triphosphate  
E. coli Escherichia coli 
EDTA Ethylenediaminetetraacetic acid 
FAD Flavin adenine dinucleotide 
HPLC High performance liquid chromatography 
IPTG Isopropyl β-D-1-thiogalactopyranoside 
LB Lysogeny Broth 
NAD(P) Nicotinamide adenine dinucleotide (phosphate) 
OD600 Optical density at 600 nm 
PAGE Polyacrylamide gel electrophoresis 
PCR Polymerase chain reaction 
rcf Relative centrifugal force 
rpm Revolutions per minute 
SDS Sodium dodecyl sulphate 
SN2 Nucleophilic substitution reaction 
StEH1 Solanum tuberosum epoxide hydrolase 1 
TAE Tris, acetic acid, EDTA 
Taq Thermus aquaticus  
Tris tris(hydroxymethyl)aminomethane 

 
 
DNA bases 

A Adenine 
C Cytosine 
G Guanine 
T Thymine 

 
 
All amino acids are referred to by their corresponding three letter code 
 
 
Mutations: 

F43H Exchange of phenylalanine at position 43 to 
histidine 

Y54L Exchange of tyrosine at position 54 to leucine 
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1. Introduction 
 
The idea of taking a gene, encoding a certain protein, from one organism and inserting it into another 

host organism is essential for the field of biochemistry as it stands today. This cloning of genes has 
allowed researchers to much more easily produce and purify proteins for studies of both their structure 
and function. This would previously require you to extract the proteins from their natural source, this can 
be a simple task in some cases but would often require vast quantities of source material. 

The most used host for this expression of proteins is the gram-negative bacteria Escherichia coli. E 
coli can achieve fast growth and high cell density, which makes E coli an excellent host for heterologous 
protein expression, since a high number of cells can be obtained quickly. This is useful for protein 
function and structure studies where the E. coli can be induced to produce a large number of proteins that 
can then be harvested from the cells. [1, 2] These proteins can then be purified to a degree suitable for 
the study in question.  

 
1.1 Green Chemistry. The concept and philosophy of Green Chemistry was first launched with 

Alternative Synthetic Pathways research solicitation initiative by the Environmental Protection Agency 
in the United States in 1991. The concept of Green Chemistry is based on 12 principles and include goals 
such as reducing the amount of benign solvents being used, synthetic pathways should be carried out in 
ambient temperature and pressure and chemical products should not persist in the environment after their 
use. [3] 

Biocatalysts are either purified enzymes or whole-cells that can be used as catalysts in chemical 
reactions and are a big part of Green Chemistry. Biocatalysts can often make it possible to carry out 
reactions in water and at 25°C to 37°C with a higher selectivity compared to inorganic catalysts. 
Examples of where biocatalysts are used industrially is in the synthesis of semisynthetic antibiotics such 
as penicillins and cephalosporins as well as the synthesis of the artificial sweetener Aspartame. [4] 
Whole-cell biocatalysts can be desired over purified enzymes when co-factors such as NAD+/NADH are 
needed in the synthesis because they can be regenerated by the cells without auxiliary processes.   
 

1.2 Protein Engineering. Protein engineering is a collection of methodologies whose purpose is 
to change and mutate a protein. These can be divided into three types: directed evolution, where random 
mutations are being introduced in a way that mimics normal evolution but at an elevated rate. Rational 
design, where knowledge of the structure and function of the protein of interest is required to make 
computer simulations of what functional effect different mutations would have. And semi-rational de-
sign, which can be seen as a mixture of the two methods where some prior knowledge is required and 
certain areas of the protein of interest is the target for random mutagenesis.  

Directed evolution experiments usually follows the same procedure: A gene encoding a protein of 
interest is taken as a “parent”, a number of random mutations are then introduced and a library of different 
mutants are created. These mutants are then screened for a certain function such as the ability to catalyse 
a reaction with a novel substrate. The random mutants showing the best effects are then used as a new 
parent for a second round of random mutations. These cycles are then repeated until the desired function 
is reached. [5] These mutations are often introduced by the use of error-prone PCR, which functions 
similarly to a normal PCR but the polymerase inserts the wrong nucleotide with a higher frequency than 
normal. [6] 

Rational design utilises computer models and simulations of substrate binding to identify residues 
participating in substrate binding [7]. Rational design is difficult to use as the only method for protein 
engineering and often requires practical experiments such as directed evolution experiments to comple-
ment the theoretical findings. This is where semi-rational designs can be used. Structural knowledge of 
the enzyme is used in order to identify certain areas of groups of areas that are likely to have an effect on 
the function of the enzyme if mutations would be introduced there. These areas are then usually labelled 
A, B, C etc. and are targeted as a site for mutations. When progress has been made with one site, that 
mutant is then used a parent for new mutations at a different site. This procedure is called iterative satu-
ration mutagenesis (ISM). [8] 
 

1.3 Metabolic Engineering. Metabolic engineering can be described as altering or inserting new 
metabolic pathways in an organism by genetic modifications [9, 10]. Examples of strategies that can be 
employed to accomplish this include deletions of certain genes and heterologous expression of proteins 
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and enzymes. Deletion of genes encoding negative regulators for a pathway or genes encoding parts of 
other pathways that compete for resources can result in a higher expression of an enzyme. These can then 
either be extracted or used for amplified production of a metabolite that may serve as a reactant in further 
reactions. Heterologous expression of proteins can give the organism new functions such as the ability 
to catalyse novel reaction [11]. These enzymes can be used in conjunction with other heterologous en-
zymes to create completely new pathways or they can be used with existing pathways to diverge and add 
a new metabolite [10, 12]. 

For example, in order to make E. coli produce 1-butanol for biofuel production, a team of research-
ers took six genes encoding for enzymes in the 1-butanol pathway in C. acetobutylicum and inserted 
them into E. coli. In order to increase the production of 1-butanol, four native genes encoding for com-
peting pathways in the cells were deleted. This resulted in a decrease of ethanol, lactate and succinate 
produced and an increase of 1-butanol. [13] 

The biosynthesis of molecules often requires reduction and oxidation reactions. NAD+/NADH is a 
common cofactor in these reactions and can also function as a regulator. It is therefore useful to be able 
to alter the availability of either NAD+ or NADH in order to create the optimal conditions for a reaction 
to take place. In another study, a team of researchers managed to increase the availability of NADH in 
E. coli by adding a NAD+-dependent enzyme catalysing the creation of CO2 from formate and at the 
same time removing the native enzyme catalysing the same reaction that does not require NAD+. By 
changing this pathway, NADH was therefore present at a higher extent. [14] 

One common application for these metabolically engineered organisms is in the production of bio-
fuels. Yeasts are common for synthesis of ethanol and E. coli can be used for butanol production. [15]  

 
1.4 Synthetic Biology. One can see the field of synthetic biology as a continuation of metabolic 

engineering. Metabolic engineering does usually involve changing or adding a few genes, in order to 
create a novel function. Synthetic biology takes this one step lower, towards a more principal level, by 
designing complete biological modules. These modules are then used to create biological circuits on the 
same way computer-like circuits are constructed. [16] These modules can include synthetic biological 
switches and oscillators based on systems present in living organisms [17] and molecular RNA-structures 
that functions as logic gates, for example AND-gates and NOR-gates [18]. 

These methods can be used in the development of therapeutics by constructing full pathways, which 
drugs can be tested on. This is particularly useful for determining mechanisms of either a disease or a 
drug. [17] 
 

2. Project description 

 
2.1 Project overview. The aim of this project was to take the two enzymes, “wild-type” S. 

tuberosum EH-1 and the F43H Y54L mutant of R. ruber ADH-A, and insert them into the BL21-AI 
pREP4 strain of E. coli to determine if it was possible to use E. coli in the in vivo synthesis of 2-
hydroxyacetophenone from styrene epoxide. The F43H Y54L ADH-A mutant had shown to give the 
highest kcat for (R)-vicinal diols by previous work in the group [19]. Both enzymes were expressed with 
a His-tag for a simplified purification.  

The metabolic pathway that was inserted into the E. coli cells starts by a hydrolysis of racemic 
styrene oxide, catalysed by S. tuberosum EH-1, forming (R)-1-phenyl-1,2-ethanediol as the product. The 
(R)-1-phenyl-1,2-ethanediol is then being oxidised into 2-hydroxyaccetophenone by R. ruber ADH-A 
while NAD+ is being reduced into NADH. (Fig. 1) The E. coli cells should take care of the regeneration 
of NAD+ by their own allowing ADH-A to continue catalysing the oxidation reaction. 

This was done by transformation of the genes encoding the two enzymes into E. coli using a plasmid 
vector containing two cloning site. A dual cloning site plasmid was used to simplify the co-expression 
of both enzymes and ensure that they are both present in sufficient amounts. Styrene epoxide was then 
added to the growth medium and samples were taken after multiple time points and products from both 
the contents of the cells and supernatant were extracted with chloroform and analysed by reverse phase 
HPLC using both isocratic and gradient mobile phases. 
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Figure 1: The overall scheme describing the metabolic pathway introduced, going from racemic styrene oxide (1) 
to 1-phenyl-1,2-ethanediol (2) catalysed by epoxide hydrolase, to 2-hydroxyacetophenone (3) catalysed by alcohol 
dehydrogenase with a hydride being transferred to the NAD+ co-factor.  

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

 
2.2 Epoxide Hydrolases. A class of enzymes that catalyse the ring-opening of the three-mem-

bered epoxide rings to the formation of vicinal diols are called epoxide hydrolases. They are of interest 
because this ring-opening can lead to the formation of up to two new chiral atoms depending on the 
substituents. The formation of chiral centres are important in the synthesis of biologically active com-
pounds [20]. The chirality of these depends on the site of attack for the hydrolysis. 

The most common mechanism for the hydrolysis is a two-step reaction where the first step involves 
a SN2 nucleophilic attack of an aspartate (Asp) residue in the active site that forms a temporary covalent 
ester bond with the substrate. The second step is the hydrolysis of the ester bond by a nucleophilic H2O-
molecule, resulting in the release of the vicinal diol product and the regeneration of the catalytic Asp-
residue. The nucleophilic attack of the H2O is facilitated by another residue in the active site, activating 
the H2O-molecule, this residue could be a histidine (His) for example. The hydrolysis is the rate-limiting 
step. [21, 22] (Fig. 2) 
 

 
The reaction involves a SN2-reaction mechanism, resulting in an inversion of the stereochemistry 

taking place at the site of attack. This means that the site for the nucleophilic attack will decide the 
stereochemistry of the product. In a substrate with only one chiral atom in the epoxide ring there are two 
possible products; one where the stereochemistry is inverted and one where the stereochemistry is re-
tained. If the nucleophilic attack is taking place at the chiral atom, the inverted product will be formed 
and if the attack is taking place at the other site, the product with the same stereochemistry will be formed. 
(Fig. 3) 

Enantioconvergence is the process of converting a racemic substrate mixture into a theoretically 
enantiopure product [23]. This can be achieved through different processes but one of the more intricate 
ones is a process where a single enzyme can catalyse the reaction of both enantiomers of a racemic 
substrate but through different mechanisms, resulting in a enantiopure product. Certain Epoxide hydro-
lases can exhibit this type of Enantioconvergence and one example is the Solanum tuberosum epoxide 

Figure 2: An example of the hydrolysis reaction carried out by epoxide hydrolases. Base can be some other residue 
in the active site which can act as a base, His is an example. 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
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hydrolase 1 (StEH1), epoxide hydrolase from potato. StEH1 exhibit this enantioconvergence when cat-
alysing the hydrolysis of styrene oxide by having different preferences for which electrophilic carbon 
atom in the three-membered epoxide ring that is the target of the nucleophile, depending on the enantio-
mer that is being hydrolysed. The wild type enzyme has a preference for the chiral carbon atom in (S)-
styrene oxide and a preference for the non-chiral carbon atom in (R)-styrene oxide. [24] 
 

 
2.3 Alcohol Dehydrogenases. Dehydrogenases are involved in many pathways in the cells, the 

glycolysis and citric acid cycle by their own requires 5 dehydrogenases. [25] Dehydrogenases, as their 
name implies, are involved in reduction and oxidation of substrates by hydride transfers to or from co-
factor molecules, such as NAD(P)+/NAD(P)H. A common reaction catalysed by dehydrogenases is the 
reduction of carbonyl groups or the reverse oxidation of alcohols. This group of dehydrogenases are 
named alcohol dehydrogenases (ADHs) and can further be divided into three subclasses: (I) NAD(P)-
dependent ADHs; (II) NAD(P)-independent ADHs and (III) FAD-dependent alcohol oxidoreductases. 
NAD(P)-dependent ADHs rely on NAD(P) or NAD(P)H as either a hydride acceptor or hydride donor, 
depending on in what direction the reaction is proceeding, towards reduction or oxidation of substrate. 
NAD(P)-dependant ADHs can also be further divided into three different classes: (IA) Zinc-dependent 
ADHs; (IB) zinc-independent ADHs and (IC) iron-activated ADHs. NAD(P)-independent ADHs instead 
relies on other types of molecules as their co-factor and hydride acceptors or donors. These can be 
pyrroloquinoline quinone or a heme-group for example. FAD-dependent alcohol oxidoreductases are 
different due to the fact that they catalyse irreversible oxidations of alcohols unlike the previous two 
groups where the reaction can go in both directions.  [26] 

Alcohol dehydrogenase A from Rhodococcus ruber DSM 44514 is a zinc-dependent, NAD(P)-
dependent alcohol dehydrogenase that catalyses the conversion between ketones and secondary alcohols. 
The enzyme is built up by 4 chains with each chain containing two zinc ions, one acting as a structural 
stabiliser in the protein and another one being catalytic and taking part of the reaction mechanism. One 
of the zinc ions appear to be more tightly bound than the other but there has not been any confirmation 
on which one. [27] ADH-A utilises NAD+ as a hydride acceptor in the oxidation of secondary alcohols 
and the 2’-hydroxyl group on the nicotinamide ribose is a part of a hydrogen bond chain with the catalytic 
zinc ion and substrate (Fig. 4) [28, 29]. ADH-A has a preference for (R)-1-phenyl-1,2-ethanediol over 
(S)-1-phenyl-1,2-ethanediol with a 14 fold higher kcat [27].  
 
 

Figure 3: An overview of the 2 different possible products of the hydrolysis of styrene oxide. It shows how, 
depending on which carbon atom being targeted, the reaction can either retain (– – –) or invert (––––) the stereo 
configuration. In wild-type StEH1, a retention is taking place for (R)-styrene oxide while an inversion is taking place 
for (S)-styrene oxide, resulting in (R)-1-phenyl-1,2-ethanediol being the main product. 

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
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Figure 4: Schematic part of the proposed mechanism of oxidation of secondary alcohols catalysed by ADH. This 
shows how the NAD+ molecule is both taking part in the hydride transfer and proton relay system. There are other 
residues in the active site taking in this proton relay system that are not shown in this figure.  

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

 
The ADH-A used in this project is a mutant with the phenyl alanine in position 43 in substituted for 

a histidine and the tyrosine in position 54 is substituted for a leucine, denoted F43H and Y54L. These 
mutations were performed in order to increase the kcat for (R)-aryl substituted vicinal diols. These 
mutations were found by ISM. [19] 
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3. Material and Methods 
 
3.1 Materials. All PCR primers were supplied by Invitrogen by Thermo Fisher Scientific and the 

pETDuet-1 vector was supplied by Novagen. All endonucleases used were supplied by Thermo 
Scientific. All chemicals used were of HPLC grade. GeneJET Gel Extraction Kits and GeneJET Plasmid 
Miniprep Kits from Thermo Scientific were used extraction of fragment and plasmid DNA. A standard 
electrophoresis buffer containing Tris, glycine and SDS was used as running buffer for the SDS-PAGE 
analysis.  

Chelating Sepharose Fast Flow gel supplied form GE Healthcare was used for the immobilised 
metal ion affinity chromatography (IMAC). Bio-Rad electrophoresis equipment was used for SDS-PAGE 
and agarose gel electrophoresis. Either a NanoDrop® ND-1000 Spectrophotometer or a UV-
1700PharmaSpec UV-VIS spectrophotometer from Shimadzu was used for spectrophotometric 
measurements. A Vibra cell sonicator was used for non-chemical lysis of cells. HPLC analysis was 
performed on an Ascentris® C18-column from Superleco Analytical with detection by a SPD-M20A 
prominence diode array detector from Shimadzu. An Eppendorf Centrifuge 5418 was used for 
centrifugation of samples of 2 ml and less and an Eppendorf Centrifuge 5702 was used for cell harvests 
during the styrene oxide conversion experiment.  

 
3.2 Gene engineering. Plasmid DNA containing genes for wild-type StEH1 and F43H Y54L 

ADH-A were available from previous projects and were used as a starting point for amplification by 
polymerase chain reaction (PCR). The primers used for PCR were:  
 
ADH-A forward: TTT TTT CCA TGG ATG AAA GCC GTG CAG TAT ACC 
ADH-A reverse: TTT TTT AAG CTT TCA TTA ATG ATG ATG ATG ATG ATG CGG AAC AAC AAC ACC GCG ACC 
StEH1 forward: TTT TTT CTG CAG CAT ATG ATG AAG AAG ATA GAG CAC AAG ATG 
StEH1 reverse: TTT TTT CTC GAG TCA TTA ATG ATG ATG ATG ATG ATG AAA CTT TTG AAT GAA GTC ATA GAT 

 
For the PCR, a solution of 0.05 ng/µl DNA (ADH-A and StEH1 plasmids), 1 µM of both forward 

and reverse primer, 0.2 mM dNTP’s, 2.5 mM MgCl2 (heated and vortexed thoroughly), 1x Taq 
polymerase buffer and 0.05 u/µl Taq polymerase was divided into eight PCR-tubes with 8 µl in each. 
The two PCR-strips were run using the programme in Table 1.  

After amplification by PCR, the DNA was loaded onto a 1% agarose gel (0.1 g agarose per 10 ml 
1x TAE-buffer) containing 10 ppm GelRedTM, PCR tube 1-4 and 5-8 were pooled together in the same 
well. (Fig. 5) The bands were cut out by a scalpel and then extracted using a GeneJET Gel Extraction 
Kit from Thermo Scientific with accompanying protocol where each band was collected on the same 
column in two rounds in order to prevent overloading. This resulted in a total of 100 µl of each of the 
ADH-A and StEH1 genes. The concentrations were measured using a NanoDrop® ND-1000 
Spectrophotometer. 

 

Table 1 shows the programme used for DNA amplification by PCR. Steps 2-4 were repeated eight times in total, 
once per temperature in the range given in the table. 

Step Temp. (°C) Duration  

1 94 3 min 

2 94 45 s 

3 53-60 45 s 

4 72 90 s 

5 72 5 min 

6 25 ∞ 
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3.3 Endonuclease Digestion. 500 ng gene fragment and 1000 ng pETDuet-1 plasmid vector 

from Novagen were the starting point for all digestions performed. Endonuclease enzyme concentrations 
were 0.5 u for the gene fragments and 1.0 u for the plasmid vectors. The total reaction mixture volumes 
were 50 µl. Digestion mixtures were incubated for at least 60 min in 37°C and were heat inactivated at 
70°C – 80°C afterwards. The digested DNA was then loaded onto a 1% agarose gel containing 10 ppm 
GelRedTM together with undigested DNA as a control along with 1µl GeneRuler+ 100bp as a ladder. The 
bands were then extracted using a GeneJET Gel Extraction Kit and eluted with 50 µl autoclaved MilliQ 
H2O.  

Ligation of digested gene fragment and digested plasmid vector was performed with 10 ng – 15 ng 
plasmid vector and 12 ng – 15 ng gene fragment in 1x T4 ligase buffer, 0.4 mM ATP and 0.5 weiss u/µl 
T4 ligase. The total reaction volumes were 10 µl or 15 µl. Negative ligation mixtures were also performed 
without the gene fragments. The ligation mixtures were incubated in room temperature protected from 
light for at least 60 min but also overnight.  

2-3 µl of ligation mixture was heat inactivated at 70°C – 80°C before transformation into XL1 Blue 
strain of E. coli by electroporation at 1.25 kV and then transferred into 1 ml 2TY (1.6 % Tryptone, 1.0 
% Yeast extract, 0.5 % NaCl (w/v)) medium for incubation at 37°C for 60 min. 100 µl was then spread 
out on Lysogeny Broth (LB) plates containing 100 µg/ml ampicillin. 10 and 100 times dilutions were 
also made and applied on LB plates. The plates were wrapped in parafilm to prevent dehydration and 
placed in incubation at 37°C overnight. When growth was insufficient for subsequent steps, the DNA 
from the ligation mixture was precipitated by adding 1/10 volume cold 3 M sodium acetate pH 5.2, 2.5 
volumes of ice-cold 99% ethanol and 1/20 volume glycogen before incubation in -20°C for 60 min. 
Afterwards, the precipitate was centrifuged down and the supernatants were removed. The pellets were 
washed with 500 µl ice-cold 70% ethanol and then left to dry for 10 minutes before a new transformation 

Figure 5: Agarose gel showing the amplified PCR fragments divided into two large wells for each gene. 
Temperature used were in the range 53°C in tube 1 to 60 °C in tube 8. The bands indicate no reliance on a certain 
temperature with equal band intensity for all temperatures.  

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
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was performed. 
2-6 colonies were inoculated into 1.5 ml 2TY containing 100 µg/ml ampicillin and grown overnight 

before plasmid DNA was extracted using a GeneJET MiniPrep Kit. All constructs were sent for 
sequencing at Eurofins Genomics while continuing with subsequent steps. All digestions and ligations 
that were performed are shown schematically in figure 6.  

Figure 6: A schematic overview of the digestions and ligations performed and how the constructs fit together. 
The plasmid construct names indicate what genes are present with pETDuStEH(PH) acting as a placeholder 
construct to use the less efficient NdeI endonuclease.  

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
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3.4 Protein Expression. The pETDuADHStEH plasmid prepared from the XL1-blue cells were 

transformed into the BL21-AI pREP4 strain of E. coli for expression. After transformation and overnight 
incubation on LB-plates containing 100 µg/ml ampicillin and 30 µg/ml kanamycin, colonies were 
transferred to 2 ml 2TY-buffer containing 100 µg/ml ampicillin and 30 µg/ml kanamycin for an overnight 
culture.  

1 ml of overnight culture was inoculated into 19 ml 2TY-buffer with 100 µg/ml ampicillin and 30 
µg/ml kanamycin and then grown in a shaking incubator at 37°C and 190 rpm for 2 hours. OD600 was 
measured and 2 ml was removed, spun down by centrifugation at 5000 rcf for 13 minutes and the pellet 
was stored in -80°C. The cells were induced by addition of IPTG and L-arabinose resulting in final 
concentrations of 1.0 mM IPTG and 0.04% L-arabinose. Fractions of 2 ml were removed at 30 minutes, 
60 min, 120 min and 180 min after induction and OD600 was measured before the pellets were collected 
and stored in -80°C. The cell pellets were suspended in 200 µl 0.05 M Na3PO4, 0,5 M NaCl pH 7.0 buffer 
and lysed by sonication for 20 seconds using a Vibra cell sonicator. The lysate was then centrifuged for 
13 minutes at 10 000 rcf followed by another centrifugation for 10 minutes at 16 873 rcf and the 
supernatants were transferred into a 1.5 ml Eppendorf tube. 50 µl IMAC gel loaded with Ni2+ ions with 
a sediment to total volume ration of 7:11 was added to each Eppendorf tube and the tubes were then 
placed in a rotating scaffold for 30 minutes. The tubes were then briefly centrifuged in order to sediment 
the gel and the supernatant was removed. 1 ml wash buffer consisting of 500 mM NaCl, 60 mM imidazole 
and 10 mM Na3PO4 with pH 7.5 was added and the tubes were inverted to suspend the gel beads. The 
gel was then centrifuged down by another brief centrifugation and the wash buffer was removed. This 
washing procedure was repeated a second time.  

20 µl SDS-loading buffer (0,07M Tris-HCl pH 6.8, 25% glycerol, 2% SDS, 0.1% bromophenyl blue 
and 5% b-mercapto ethanol) was added directly to the gel beads with bound proteins and the samples 
were boiled. 10 µl of the samples were then loaded onto a SDS-PAGE gel together with 10 µl of a protein 
ladder consisting of 2 µl 6x MassRulerTM Loading Dye Solution from Fermentas, 8 µl H2O and 10 µl 
SDS-loading buffer. A SDS-PAGE programme with 200 V and 250 mA for 45 minutes was used to 
separate the proteins. The SDS-PAGE gel was stained by a staining solution containing one coomassie 
tablet per 200 ml 60% methanol diluted 1:1 with 20% acetic acid followed by a destaining using a 
destaining solution without coomassie.  
 

3.5 Styrene oxide conversion. A colony of BL21-AI pREP4 strain E. coli containing 
pETDuADHStEH was grown in 2 ml 2TY, 100 µg/ml Ampicillin, 30 µg/ml Kanamycin overnight at 30 
°C. 1 ml of this overnight culture was then inoculated into 25 ml 2TY, 100 µg/ml ampicillin, 30 µg/ml 
kanamycin and grown in an incubator at 35°C with 175 rpm for 70 minutes before expression was 
induced by adding 25 µl 1M IPTG and 250 µl 4% L-arabinose.  

After 60 minutes, 28.5 µl pure racemic styrene oxide was added, resulting in a final concentration 
of 10 mM styrene oxide and 5 ml was removed as a zero-point sample. 5 ml samples were removed after 
another 60 and 120 minutes and a final sample was taken the next morning. (Fig. 7) 

The samples were centrifuged for 20 min at 4400 rpm and the supernatants were removed. The 
pellets were stored in -80°C and the supernatants were stored in -20 °C.  

Pellets were suspended in 500 µl resuspension solution from a GeneJET Plasmid Miniprep Kit 
containing RNase. 500 µl lysis solution from the same kit was then added and the tubes were inverted 
until the solution became clear and 700 µl neutralisation solution, also from the same kit, was finally 
added and the debris was spun down using a table top centrifuge at 14 000 rpm for 90 secs. The 
supernatants were removed and any product was extracted using 2x 250 µl chloroform. The supernatants 
from the cell harvest were divided into two portions of roughly 2 ml each and these were then extracted 
with 2x 100 µl chloroform, resulting in 400 µl of extract from each supernatant sample. (Fig. 8) The 
extracted samples were analysed by HPLC using a reverse phase setup with a C18-column and by both 
an isocratic mobile phase consisting of Na3PO4 buffer, pH 3, and methanol (67:33 v/v) as well as by a 
mobile phase gradient of 60% Na3PO4 buffer, pH 3 and 40% methanol to 10% Na3PO4 buffer, pH 3 and 
90% methanol over 35 minutes and then staying at 90% methanol for 5 minutes before resetting.  A diode 
array detector measuring at 200 nm to 300 nm for the isocratic analysis and 200 nm to 350 nm for the 
gradient analysis was used for detection of analytes. A flow of 0.500 ml/min and an injection volume of 
20 µl was used for all measurements. Standards of 10 mM styrene oxide, 10 mM 1-phenyl-1,2-
ethanediol, 10 mM 2-hydroxyacetophenone, initially dissolved in DMSO and then diluted to 10 mM in 
methanol were used as references for retention time.  
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Figure 7: Schematic overview of growth conditions and procedure used during the styrene oxide conversion 
experiment. Styrene oxide was added one hour after addition of IPTG and L-arabinose. 5 ml samples were taken 
one hour, two hours and three hours after addition of IPTG and L-arabinose, in other words, zero hours, one hour 
and two hours after addition of styrene oxide. A final sample was taken after overnight incubation.  
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

Figure 8: Depiction of a schematic overview of the sample preparation performed on the samples taken from 
the styrene oxide conversion experiment before being applied on to the HPLC 
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
.  



 

 15 

4. Results 
 

4.1 Gene Engineering. The sequences for the insert of StEH1 in pETDuet-1 confirmed that the 
gene was inserted correctly. (Fig. 9a) This construct could then be used to cut out the StEH1 gene with 
the new set of endonucleases. The forward primer was the only one that gave meaningful information 
but the sequence showed overlap of the peaks in the chromatogram. A new set of primers was used for 
the rest of the sequences.  

The final construct, pETDuADHStEH, also confirmed that the cloning had been successful. (Fig 
9b, 9c) it could be confirmed that the two mutations, F43H and Y54L, were preserved in the ADH gene 
along the correct restriction sites and His-tags in both genes.  

The BLAST of the sequences gave a high identity with both the forward and reverse primer at the 
StEH1 gene giving a 99% identity with Solanum tuberosum epoxide hydrolase (LOC102577894) and 
both forward and reverse direction at the ADH-A gene giving a 72% identity with Rhodococcus sp. WB1, 
complete genome. See appendix 1 for full result from the BLAST.  

 
4.2 Protein Expression. The SDS-PAGE analysis gave good indication that both enzymes were 

expressed in similar quantities. The chaperones GroEL/ES was also visible on the SDS-PAGE gel. This 
is a result of the high amount of chaperone being expressed and therefore not being washed away in the 
washing of the IMAC. (Fig. 10) It can also be shown that there is some amount of leakage in the 
expression regulation of the pETDuADHStEH plasmid by the vague band visible before induction. 

 
4.3 Conversion of styrene oxide. The desired production of 2-hydroxyacetophenone could be 

seen by HPLC-analysis. (Fig. 11) The 2-hydroxyacetophenone peak areas increased continuously 
throughout the experiment. The peak areas of 1-phenyl-1,2-ethanediol increase faster than the 2-hydrox-
yacetophenone in the beginning but then stagnates as the concentration of 2-hydroxyacetophenone con-
tinues to increase.  

The majority of the 2-hydroxyacetophenone appears in the growth media as can be seen by the 
larger peak areas in the chromatograms for the samples taken from the supernatant after collecting the 
cells during cell harvest. (Table 2) This indicates that the 2-hydroxyacetophenone has no problem dif-
fusing through the cell membrane. After the overnight cultivation, the amount of 2-hydroxyacetophenone 
outside the cells is 118-fold higher than inside the cells after adjustment for the different extraction vol-
umes. 1-phenyl-1,2-ethanediol is 54-fold more abundant in the growth media than in the cells after over-
night cultivation.  

 

Table 2 shows how the concentration of the different products increased over time. It also showcases the different 
concentrations of products inside and outside of the cells.  

 Inside cells Outside cells 

Time Amount* 1-phenyl-
1,2-ethanediol 

Amount* 2-hydroxy-
acetophenone 

Amount* 1-phenyl-
1,2-ethanediol 

Amount* 2-hydroxy-
acetophenone 

0 h 0 0 5 498 180 3 984 480 

1 h 682 475 0 15 496 600 16 284 160 

2 h 571 975 0 21 378 840 16 083 760 
over-
night 607 775 1 758 650 33 122 640  207 600 800 

* The amounts are calculated by taking the peak areas from the HPLC chromatogram and adjusting them for 
the extraction volumes and have therefore no meaningful unit.  
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c) 

b
) 

a) 

Figure 9: Example parts of the sequences shown in chromatogram form. a) Sequence from the placeholder vector 
containing StEH1. b) Forward sequence of the ADH-A gene in the final construct pETDuADHStEH. c) Forward sequence 
of the StEH1 gene in the final construct pETDuADHStEH. Sequence chromatograms are produced by the software 4Peaks. 

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 

Figure 10: SDS-PAGE of protein contents after five different time points, 0h, 0.5h, 1h, 2h and 3h after induction by 
addition of 1 mM IPTG and 0.04% L-arabinose. The proteins were purified by binding to an IMAC (Ni2+) gel before 
denaturation by boiling together with SDS-loading buffer. StEH1 chains consists of 322 a.a. while the ADH-A chains 
consists of 345 a.a. The GroEL chaperone is still present after purification on IMAC (Ni2+) gel despite not being His-
tagged.  

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
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a) 

b) 

Figure 11: HPLC chromatograms of the extracted contents from a) inside the lysed cells collected and b) outside 
the cells in the growth media. The different lines correspond to the samples taken at different time points: –– 0 h, –
– 1 h, –– 2 h and –– overnight. The retention times were around 26.5 min for 1-phenyl-1,2-ethanediol and around 
29.5 min for 2-hydroxyacetophenone. The top leftt corners indicate how the amounts of intermediate products and 
products shifted during the experiment: –– 1-phenyl-1,2-ethanediol and – - – 2-hydroxyacetophenone 

––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––– 
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5. Discussion 
The restriction digestion sites in the primers were chosen so that they would not be present in the 

genes themselves. This meant that one of the enzymes used was NdeI. However, due to NdeI’s bad 
activity with PCR fragments, a PstI site was added outside the NdeI site that could be used to digest the 
PCR fragments and create a placeholder plasmid that could be amplified. This placeholder plasmid 
(pETDuStEH(PH)) could then be digested with NdeI (and XhoI) with sufficient efficiency.   

Due to bad yields after ligation, it was sometimes necessary to precipitate the DNA after extraction 
from the agarose gel. The bad yields could be due to the age of the gel extraction kits and this precipitation 
might not have been necessary if fresh kits had been available.  

The initial sequencing of the StEH1 were done by suboptimal sequencing primers because the 
correct ones were not available at that time. The resulted peak overlaps shown in figure 7a from the 
forward primer are most likely due to promiscuous binding of the primer at multiple locations in the 
plasmid but since the forward sequence gave the StEH1 gene even though the peaks were uncertain, it 
was therefore assumed that the gene had been inserted correctly in the plasmid and could be used for the 
subsequent steps. The reverse primer did most likely bind at another location in the plasmid. When the 
correct sequence primers were used for subsequent sequencings both forward and reverse primers gave 
the correct gene and confirmed that continuing with the placeholder plasmid was the correct choice.  

 
5.1 Confirmation of expression. The expression of StEH1 and ADH-A were done to ensure 

that both enzymes were expressed. The expression was induced at a higher OD600 ≈ 1.2 than the normal 
OD600 = 0.4 but the enzymes were still present in the SDS-PAGE even though the amounts would 
probably have been higher if the expression had been induced at a lower OD600. This was not an issue in 
this case since the purpose was only to make sure that both enzymes were expressed at all and in roughly 
equal quantities.  

The purification of enzyme by binding to an IMAC (Ni2+) gel worked fine and it was possible to 
release the proteins from the gel beads without addition of imidazole as is done in the standard procedure 
for eluting samples from a IMAC column. This method of purification works fine for this type of analysis 
but is unsuitable for preparatory purposes because all of the protein is denatured and the volumes of 
protein are too small.  

In the future, this expression would only be necessary if a styrene oxide conversion resulted in no 
product.  

 
5.2 Hydroxyacetophenone synthesis. The data suggests that 2-hydroxyacetophenone is being 

produced in useful quantities but the absolute amounts are uncertain due to the lack of an internal standard 
in the samples. This implies that the idea of using living cells instead of purified proteins is valid and 
that the NAD+ regeneration is being conducted in the cells as expected. It is unknown whether the NAD+ 
availability is limiting for the synthesis of 2-hydroxyacetophenone. If NAD+ availability was a limiting 
factor, it could perhaps be possible to increase the NAD+ concentration by modifying metabolic 
pathways already present in the cells in a similar way to reference [6].  

It can be shown that the 2-hydroaxyacetophenone have no problem diffusing through the cell 
membrane, as can be seen by the 118-fold higher concentration of 2-hydroxyacetophenone in the media 
than inside the cells, which is useful for biotechnical applications, where you would use these types of 
cells in bioreactors for chemical synthesis. Unfortunately, 1-phenyl-1,2-ethanediol does also seems to 
accumulate in the growth media outside the cells, as can be seen by the 54-fold higher concentration of 
1-phenyl-1,2-ethanediol in the media, which could lead to lower amounts of product being formed due 
to the lack of available substrate for the oxidation by ADH-A inside the cells. This would most likely 
lead to a slower production of 2-hydroxyacetophenone as a result of the back and forth diffusion of 1-
phenyl-1,2-ethnadiol.  

It is difficult to accurately determine the styrene oxide concentrations in the samples due to the bad 
peak shapes in the styrene oxide reference sample together with the fact that it is eluting together with 
other unknown compounds in the cell samples. Other difficulties with styrene oxide could be the 
solubility with the growth media resulting in a layer or droplets of styrene oxide bring located at the 
surface and not being able to diffuse into the cells and therefore not being converted. This could be 
remediated by using a two-phase system for cells growth as explored in [30], where the cells hopefully 
would be located at the surface interface and being able to come into contact with both hydrophobic and 
hydrophilic compounds. Another possibility for the styrene oxide not being easy to detect could be due 
to any unknown reactions between styrene oxide and other compounds in either the cells or the media.  
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5.3 Possible future projects. As a continuation of this project, it could be possible to perform 

experiments with 14C-labeled styrene oxide in order to deduce any possible side reaction by analysing 
where, inside or outside the cells, the labelled carbon would end up. This information could then be used 
for designing a more efficient synthesis by perhaps deleting genes encoding enzymes catalysing side 
reactions. Another way of increasing the production of 2-hydroxyacetophenone if a two-phase system 
were to be used could be to alter and mutate the cells to be more resistant towards hydrophobic solvents 
as demonstrated in [31]. Another obvious continuation would be to perform a similar experiment with 
other enzymes and thereby creating other pathways. This could include enzymes for styrene oxide 
production from styrene as mentioned in [30] together with enzymes for styrene formation from 
endogenous pathways. This would then mean that relatively advances molecules such as 2-
hydroxyacetophenone could be produced from just normal growth medium. This would then require 
multiple plasmids and that would then require more careful regulations to ensure that all enzymes are 
expressed properly and in functional concentrations.  
 

6. Conclusions 
E. coli can be engineered to synthesise 2-hydroxyacetophenone from racemic styrene oxide by 

heterologous expression of S. tuberosum EH1 and R. ruber ADH-A. By simply adding racemic styrene 
oxide to the bacterial growth medium after induction of heterologous expression, 2-hydroxy-
acetophenone could be detected by reverse phase HPLC in both the growth medium and inside the 
bacterial cells. The concentrations of 2-hydroxyacetophenone was increasing during incubation and the 
highest amounts were detected after overnight cultivation. This trend was present for products inside the 
cells and in the growth medium but with a 118-fold higher concentration in the growth medium.  

 

7. Personal Reflection 
• I would say that this project has showed how heterologous proteins can be expressed in host 

organisms and how the hosts can be utilised for their cofactor regeneration.  
• I think that this work is a start in the right direction towards a future where less harsh and more 

environmentally friendly conditions are used for synthesis of important molecules, where 
microorganisms are utilised instead of complicated reaction setups for intricate chemical synthesis. 
This is also a start towards synthesis of chemicals from simple sources such as simple growth 
medium.  

 

8. Popular Scientific Summary 
Almost all chemical reactions taking place in living organisms are aided by proteins called enzymes. 

These enzymes make life possible by performing all the reactions that sustains life by converting digested 
food to energy as well as performing reactions where some of the most intricate molecules are built. 
Enzymes have most likely been a part of creating antibiotics for as long as bacteria has existed for 
example.  

Today, we are working towards the stage where we can freely manipulate these enzymes to perform 
completely new reactions that nature never had any use for but we as humans do, such as for synthesising 
new drugs and pharmaceuticals. The interesting part is that microorganisms such as E. coli bacteria can 
be made to produce these enzymes and thereby do all the synthesis work for us.  

This work has been a start towards that stage with a simple reaction pathway being introduced into 
E. coli whereby the bacteria could take styrene oxide, a cheap and simple molecule widely used in 
Styrofoam production, and convert it to a more complicated molecule in two steps. This product could 
then be collected from the media in where the bacteria grew and it should theoretically be possible to 
grow these bacteria and continuously feed them styrene oxide and collect the product. This was done by 
taking DNA that tell cells to produce these enzymes and creating a circular DNA structure called a 
plasmid and then inserting them into the E. coli cells.  
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Appendix 
Sequence BLAST results 
 
ADH-A forward primer sequence: 
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ADH-A reverse primer sequence: 
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StEH1 forward primer sequence: 
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StEH1 reverse primer sequence: 
 

 
 

 


