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Abstract 
 

Enzyme catalysts are characterized by their specificity for reactant molecules. In the task of 

converting chiral molecules, normally, only a specific stereoisomer will own the correct 

structure to be efficiently converted by a particular enzyme. Such specificity would be of high 

value if applied to difficult organic synthesis where product purity is essential. Applying 

enzymes as catalysts would also ensure an environmentally safe line of production as well as 

a minimized hazard of reaction handling since it allows for aqueous solvents to be used and 

reactions run at moderate temperatures. Hence, structurally engineered enzymes will be 

created by directed evolution and utilized for production of enantiopure aldehydes. The wild-

type enzyme used is a propanediol oxidoreductase (FucO) from Escherichia coli which 

oxidizes (S)-1,2-propane diol into the corresponding 2-hydroxy aldehyde. Enzymatic 

characterization has been conducted aiming to clarify restrictions displayed by the wild-type 

enzyme regarding catalytic mechanism and substrate specificities. A pH-dependence study 

shows that FucO is radically affected by pH and is as most effective at a pH around 10. 

Activity studies show that FucO is stereo- and regiospecific in its action. It has a 92% 

preference for (S)-1,2-propane diol compared to (R)-1,2-propane diol and it only oxidizes the 

primary alcohol. Moreover, the tertiary structure of the enzyme in addition with activity 

studies reveals a substrate binding site adapted for binding of low molecular-weight diols. 

Therefore, through directed evolution, the FucO-enzyme will be engineered in order to 

accommodate bulkier substrates e.g. aryl diols. Residues restricting access of larger substrates 

to the enzyme's reactive center have been targeted for mutagenesis in order to generate 

libraries of FucO variants which subsequently will be assayed for new substrate specificities. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Abbreviations 

CAST - called combinatorial active site saturation test 

E.coli -  Escherichia coli  

FAD - flavin adenine dinucleotide  

FucO - propanediol oxidoreductase from E.coli  

IPTG - isopropyl β-D-thiogalactopyranoside  

k - rate constant 

NAD
+
/NADH - oxidized respectively reduced form of nicotinamide adenine dinucleotide  

[S] - substrate concentration  

SD - Shine-Dalgarno box  

Tac - tac promoter  
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1. Introduction 
 

Enzymes are big macromolecules constructed by the natural evolution, designed for 

catalyzing a wide range of biochemical reactions. Many enzymes possess extraordinary 

specificities of reactant molecules to be acted upon. Because of this high specificity, in many 

cases, only one molecule will own the correct structure to be converted by the enzyme and 

subsequently only one molecule would be the end product. In the chemical industry ultra-pure 

chemicals are of high importance but are often difficult to produce. Therefore, an enzyme’s 

specificity would be of high value if applied to such difficult productions of pure chemicals. 

By directed evolution these biocatalysts could be tailored for distinct properties and one 

would be able to create pure chemicals in a more precise, effective, and not to be forgotten, a 

more environmental-friendly way.  

 

1.1 Green Chemistry - Enzymes in organic chemistry 

The use of enzymes in organic synthesis is increasing and has been reported for a diverse set 

of chemical reactions (Urlacher & Schmid, 2006 and Garcís-Urdiales et al., 2005). With help 

of deeper knowledge about directed evolution of enzyme functions and improved 

biotechnology the scope of useful biocatalyst is likely to expand in the coming years.  

 Stereochemistry is an important section in both biochemistry and organic chemistry. 

Before we discuss this we will start by defining two fundamental concepts. First, enantiomers: 

two structures that are not identical, but are mirror images of each other. Second, chiral: 

structures that are not superimposable on their mirror image, and can therefore exist as two 

enantiomers (Clayden, et al., 2005). If we are to synthesize a chiral molecule in the lab most 

probably the result will be a recemic mixture, and the separation of the enantiomers are often 

a hard task. Nevertheless, there is a great need for production of enantio-pure products. For 

example they are essential in the pharmaceutical industry, since different stereoisomers will 

interact differently with chiral macromolecules in the body. Enzymes are also chiral 

molecules (Voet & Voet, 2004). Many of them therefore hold the property that they only 

accept one steroeisomere of a molecule or that they only produce one of the stereoisomeres as 

product. These particular enzymes would therefore be of especially high value if they could 

be utilized as biocatalyst in the production of chiral organic compounds.  

 Furthermore, organic synthesis is an environmental-damaging industry. So, another 

advantage of using biocatalysts is that it would ensure an environmental-friendly production 

of chemicals, because applying enzymes as catalyst will allow for reactions to be run in 

aqueous solvents and at moderate temperatures.  

 The long term goal with this project is to construct a multi-step synthesis preformed 

by enzymes involving reactants, intermediates and products with chiral centers. In order to 

acquire enzymes with the appropriate function wild-type enzymes will be structurally 

engineered by different directed evolution approaches. In this project, steroespecific 

production of hydroxycarbonyl compounds is the focus. Chiral epoxides will be converted to 

vicinal diols, catalyzed by a structurally engineered epoxide hydrolase (Elfström & Widersten 

2005). Subsequently, the diol will be oxidized by a diol dehydrogenase to form a chiral end 

product (Fig. 1).  
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1.2 Directed evolution of proteins  

Today, a major focus in several areas of biotechnology is to utilize enzymes in different types 

of bioreactors, enantioselective synthesis and destruction of toxic compounds. It is therefore a 

great need to generate enzymes with novel and optimised functions. In nature the process of 

protein evolution is driven by Darwin’s survival of the fittest and involves point mutations 

and recombination of domains or structural segments (Arnold, 1999).  A major challenge is to 

mimic this evolutionary process, in order to obtain novel enzymes with novel functions and to 

understand the relationship between a protein’s structure and its function.  

 Directed evolution is an approach, which like in nature, combine mutations in the 

protein sequence with the selection or screening of function in order to identify improved 

variants (Bloom et al, 2005). The first step is to create a library of protein mutants. Secondly, 

the mutant library is screened and clones with improved function selected. The selected 

clones will subsequently be used to create a second generation of mutant library. This means 

that the two steps will be made in several cycles in order to obtain an enzyme with the desired 

function. Since it is impossible to test all possible protein sequences it is essential to have a 

strategy to design libraries that are rich in proteins with the desired function. Three common 

strategies used are, random mutagenesis, targeted mutagenesis and recombination of protein 

sequences and they are often successfully used in a combination.   

 Reetz and his co-workers have introduced a method of targeted mutagenesis called 

combinatorial active site saturation test (CAST) (Reetz et al., 2006). The idea is to, from a 

protein crystal structure, identify two or three amino acid residues that will be randomized 

simultaneously, creating relatively small libraries. Theoretically, because of the residues being 

randomized simultaneously one will allow the possibility for cooperative effects and thereby 

enhancing the catalytic diversity. This method has been shown to be useful in designing the 

initial libraries as starting points of directed evolution.         

 

1.3 Diol dehydrogenases  

1.3.1 Oxidoreductases 

Oxidoreductases are enzymes which catalyse the interconversion of alcohols, aldehydes and 

ketones (Reid & Fewson, 1994). This family of enzymes are divided into three major 

categories; NAD(P)-dependent alcohol dehydrogenases, the NAD(P)-independent alcohol 

dehydrogenases and FAD-dependent alcohol dehydrogenases. All enzymes in the first 

Figure 1. Outline of stepwise 

synthesis by enzyme-afforded 

catalysis. Epoxide hydrolase catalyze 

the stereospecific ring opening of 

substituted epoxides which generates a 

vicinal diol. Subsequently, the diol is 

oxidized by diol dehydrogense 

generating a controlled set of hydroxyl 

carbonyl products.    
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category, NAD(P)-dependent alcohol dehydrogenases, utilize NAD+ (Fig. 2)  or NADP+ as 

coenzyme. The complex of enzyme and coenzymed is termed the holoenzyme, while the free 

enzyme is called the apoenzyme (Voet & Voet, 2004).  The chemistry behind the NAD
+
- 

dependent oxidation of alcohols implies the removal of two hydrogen atoms from the alcohol. 

(Silverman, 2002 and Bugg, 2004) One of them being transferred directly to the C-4 position 

of the nicotinamide ring on NAD+, the general thought is that it is transferred as a hydride 

ion. The other hydrogen is released as a proton. Furthermore, this category is divided into 

three groups based on the coenzyme binding site; group I: medium-chain zink-dependent 

dehydrogenase, group II: short-chain zink-independent dehydrogenase and group III: ‘iron-

activated’ dehydrogenase (Reid & Fewson, 1994).  
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1.3.2 FucO – an diol oxidoreductase from E. coli 

Concerning the ‘iron-activated’ dehydrogenases, all members are microbial and identified on 

structural homology basis (Reid & Fewson, 1994). One enzyme belonging to this group is the 

lactaldehyde:propanediol oxidoreductase (FucO) descendent from Escherichia coli (Boronat 

& Aguilar, 1979 and Obradors et al, 1998). This enzyme is encoded by the fucO gene seated 

in the fucose regulon (Boronat & Aguilar, 1979 and Cocks et al., 1974) and takes part in the 

anaerobic metabolism of L-fucose and L-rhamnose. FucO reduces one of the pathways 

intermediate metabolites, L-lactaldehyde, into L-1,2-propanediol (Fig. 3). The reduction is 

dependent on NADH as a cofactor.  
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Figure 3. Chemical reaction of the reversible FucO catalyzed interconversion of (S)-1,2-propanediol 

to (S)-lactaldehyde with help of the coenzyme NAD+/NADH.  

 

Figure 2. Molecular structure of the oxidized form of 

nicotinamide adenine dinucleotide, NAD
+
. 
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1.3.3 Tertiary structure of FucO 

FucO is a homodimer (Boronat & Aguilar, 1979) where each subunit has a molecular weight 

of 40,644 Da and consists of 383 residues. Not long ago, Aguilar and his team solved the 

crystal structure of FucO (Montella et al. 2005). The structure (Fig 4) shows that the 

molecule, like other proteins in this group, folds into two structural domains separated by a 

deep cleft. The active center of the enzyme is found in the deep cleft between the two 

domains; here the binding site for the Fe
2+

 ion, the cofactor and the substrate is located. The 

cofactor interacts mainly with residues of the N-terminal domain. This domain is formed by 

an α/β-region, possessing the nucleotide-binding fold.  The metal ion is tetrahedrally 

coordinated through an ion dipole interaction with three histidines and one aspartate, situated 

in the C-terminal domain. In silico docking of (S)-1,2-propanediol in the active site resulted in 

a model where the O-1 hydroxyl of the substrate is interacting with the  Fe
2+

 ion. 

Furthermore, the C-1 hydroxyl is in close approach to the C-4 of the nicotinamide ring and to 

the Fe
2+

 ion. This is an appropriate arrangement for a reaction mechanism where the Fe
2+

 ion 

lowers the pKa of the C-1 hydroxyl, and the hydride is thus transferred to the C-4 of the 

nicotinamide ring.    

 

 

 

 
 

Figure 4: Structure of the FucO dimer, in complex with (S)-propanediol, NADH and Fe
2+ 

ion. Left 

image present a view over the entire dimeric protein while the right presents a close-up of the active 

site which is found in the deep cleft between the two domains. C-terminal domains are colored in gray 

whereas the N-terminal domains are in yellow. (S)-propanediol ligands are colored in magenta, NADH 

in green and the Fe
2+ 

ion in orange, all three are presented as spheres. In the close-up three histidines 

and one aspartate coordinating the Fe
2+

 ion are presented as blue sticks. (The image was created from 

the atomic coordinates, PDB entry: 1RRM (Kumaran & Swaminathan))       

 

1.3.4 Reaction mechanism of FucO 

At present, no data is reported about the reaction mechanism of the reversible interconversion 

of (S)-propane diol to (S)-lactaldehyde, catalyzed by FucO. On the other hand, steady-state 

and pre-steady state kinetic studies have been performed on several other NAD
+
-dependent 

hydrogenases. It has been shown that for a majority of these enzymes the oxidation of 

alcohols follows an ordered mechanism, with the coenzyme binding first and then the alcohol. 

It has also been shown that often the dissociation of the enzyme-NADH complex is the rate-

limiting step. This is for example true for both the horse liver alcohol dehydrogenase and the 
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L-lactate and L-malate dehydrogenases (Fersht, 1999). The minimal mechanism for oxidation 

of alcohols is an ordered mechanism (Blackwell and Hardman, 1975). The working 

hypothesis in this thesis is that the oxidation of diol into aldehyde is an ordered mechanism 

where the cofactor binds first. (Fig. 5) However, the possibility that it in fact is a ping-pong 

mechanism, where the cofactor and the substrate would bind and dissociate in an unordered 

way, is not ruled out. Concerning the rate-determining step nothing can be said. And of 

course, no clear answers can be said until an extensive kinetic study has been made. 

 

 
+ aldehyde + NADH

FucO 
k1[NAD+]

k-1

FucO-NAD+

k2[diol]

k-2

FucO-NAD+-diol
k3

k-3

FucO-NADH-aldehyde

k4

k-4[aldehyde]

FucO-NADH
k5

k-5[NADH]

FucO

+ NAD+ + diol  
 

 
Figure 5. Minimal reaction mechanism of FucO. An ordered mechanism where NAD

+
 is first bound to 

FucO, with the rate of k1, next the diol is bound, k2. The chemical redox step is thereafter carried out, 

where the diol is oxidized to an aldehyde and NAD
+
 reduced to NADH, k3,. Subsequently, the aldehyd 

is dissociated, k4, followed by the dissociation of NADH, k5. All steps are reversible and the reaction 

can be run in the opposite direction. Abbreviations used in figure are: FucO; propanediol 

oxidoreductase, NAD
+
/NADH; oxidized respectively reduced form of nicotinamide adenine 

dinucleotide, k; rate constant. 

 

1.4 Enzyme kinetics 

Enzyme kinetics can be divided in to three parts, pre-steady state, steady state and post-steady 

state (Fersht, 1999 and Voet & Voet, 2004). Steady state is a concept which is used in 

dynamic systems and it refers to a state were the rate of formation is balanced by the rate of 

depletion of a particular quantity. The value of the quantity will thereby be constant and it is 

said to be “in a steady state”. In enzyme kinetics the concept is applied to the concentrations 

of enzyme-bound reaction intermediates. When an enzyme is mixed with a substrate there is 

first an initial period, the pre-steady state period, where the concentration of the intermediates 

is build up until they reach the steady state levels. When these levels have been reached, the 

rate of the reaction changes relatively slowly with time. After a time period when the 

substrate concentration is sufficiently low the reaction enters the post-steady state phase, 

whereas the rate of the reaction decreases with time. 

 In Figure 6 (Voet & Voet, 2004) a progression curve of the components for a simple 

Michaelis-Menten reaction is shown. It illustrates the changes in concentrations over time for 

the three different time phases. In the pre-steady state phase the concentration of free enzyme 

is decreasing whereas the concentration of substrate bound enzyme is increasing (Fersht, 

1999). In the steady state phase the two concentrations have reached equilibrium and are at a 

constant level. In the post-steady state phase, the substrate concentration has decreased which 

leads to that the concentration of substrate-bound enzymes will decrease while concentration 

of free enzyme will increase. Concerning the concentration of substrate and product, in the 

pre-steady state phase the concentration of free substrate are decreasing with a velocity that is 

higher that the velocity of product formation. In the steady-state phase when the enzyme-

substrate complex is in a constant level, the formation of product is equal to the depletion of 

substrate. In the post-steady state phase, as a result by the decreased concentration of ES 

complex, both velocities will decrease. 
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1.4.1 Steady state kinetics 

Traditionally, it is during the steady state period that the rate of enzymatic reactions is 

measured, since it measures the catalytic activity of the enzyme in the steady state conditions 

in the cell (Fersht, 1999). To determine the kinetics of an enzyme, the velocity (v) of initial 

rate of the reaction is measured. At sufficiently low substrate concentrations ([S]) v generally 

increases linearly with increased [S], but as [S] increases v increases less rapidly until a 

sufficiently saturating [S] is reaches and v tends to reach its maximum value, Vmax. This so 

called saturation kinetics is expressed quantitatively in the Michaelis-Menten equation, from 

which the kinetic constants can be extracted. kcat, the turnover number, represents the 

maximum number of substrate molecules converted to products per unit of time. Km, the 

Michaelis constant is an apparent dissociation constant of enzyme bound species. As a 

measure of the catalytic efficiency the specificity constant kcat/Km is used.  

 Specific activity is a value of the enzymatic activity at a pre-defined substrate 

concentration (Mannervik & Jemth 1999).  This is a good parameter for screening the activity 

with a large set of substrates or enzymes. However, it is not a true kinetic constant and it can 

therefore not be used to quantitatively determine the catalytic activity and specificity of an 

enzyme. 

 

1.4.2 Pre-steady state kinetics  

On the other hand, if one wishes to analyze the chemical mechanism of the enzymatic 

catalysis, pre-steady state kinetics is definitely superior (Fersht, 1999). To ultimately define 

an enzymatic reaction mechanism all the intermediates, complexes and conformational states 

on the reaction pathway needs to be characterized and the individual rate constants for the 

interconversions determined. In order to determine these individual rate constants, it is 

necessary to measure the rate at which the reaction approaches steady-state, the pre-steady 

state period. Under this short time period, which occurs directly after the enzyme is mixed 

with the substrate, it is possible to observe the individual rates constants. The pre-steady state 

is usually a fast event, therefore measurements often needs to be done in the time range of 10
-

7
 to 1 s. Due to this, techniques for rapid mixing and then observing the enzyme and substrate 

are needed. Furthermore, since the events which are to be observed occur on the enzyme 

itself, the enzyme must be available in substrate quantities.     

 One of the common techniques used for measuring pre-steady state kinetics using 

rapid mixing is stopped-flow (Fersht, 1999). The principle of the stopped-flow apparatus (Fig. 

7) is that two driving syringes, one containing enzyme and the other containing substrate, are 

compressed with a high pressure in order to inject a small volume from each through a high 

Figure 6. Progressing curve of the 

components of a simple Michaelis-

Menten reaction, showing the pre-steady 

state, the steady state and the post-steady 

state phases (Image is from Voet & 

Voet, 2004).  
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efficiency mixer. The mixture of enzyme and substrate then reaches the flow cell where the 

reaction is detected. After the flow cell a stopping syringe is placed. As the solution fills the 

syringe its plunger hits a block, causing the flow to be stopped instantly. Because of the rapid 

mixture the detector is able to see a solution which is only one millisecond old. When the 

flow is stopped the solution will age normally with time. In summary, with help of the 

stopped flow technique the course of event after one millisecond and forward in time can be 

detected. When using the stopped-flow two different techniques for detecting the event are 

common. First, the change of fluorescence: for example, if one considers the binding of a 

ligand to a protein under noncatalytic conditions; the actual binding step and the possible 

ligand-induced conformational change of the protein may give rise to a change in 

fluorescence from tryptophan or tyrosine in the protein. Another way of detecting individual 

rates is to measure a change in absorbance. This can be made if one looks at the reaction 

mechanism of an enzyme under catalytic conditions where one has a substrate or product 

which can be detected.  

 

 

 
 

 
Figure 7. Schematic figure of the stopped-flow apparatus. The driving syringes are compressed by the 

drive with a high pressure, injecting a small volume from each syringe in to the mixer. The mixed 

solution reaches the flow cell and subsequently the stopping syringe, causing the plunger to hit a block 

and the flow is stopped. By the rapid mixing and the stopped-flow, the detector situated by the flow 

cell sees a solution which is only one millisecond old.   

   

1.5 This project 

In this thesis, the propanediol oxidoreductase, FucO from E. coli has been studied. The thesis 

consists of three parts; First, cloning, expression and purification of the FucO protein. The 

second part is characterization of the enzyme. Finally, the third part is directed evolution of 

FucO. Below, the three parts are described in more detail. 

 

1.5.1 Cloning, expression and purification of FucO 

As an initiation of the project, the fucO gene has been cloned from its origin, E. coli using 

PCR. The gene was thereafter ligated in to an expression vector, resulting in the fucO plasmid 

construct. The plasmid was transformed into E. coli and the FucO protein overexpressed in 

the bacterial cells. The enzyme was thereafter purified using nickel-affinity chromatography 

followed by a gel filtration step.  

 

1.5.2 Characterization of FucO 

The next part of the thesis is enzymatic characterization of the FucO enzyme. Both steady 

state and pre-steady state kinetics have been investigated. Considering the steady state 

kinetics, the parameters kcat, Km and kcat/Km have been determined for the oxidation of FucO’s 

natural substrate, (S)-propanediol. A study of the catalyzed reaction’s pH-dependence was 
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also conducted with this substrate. Additionally, in order to investigate FucO’s substrate 

specificity/selectivity, specific activities were measured with a large set of different organic 

molecules substituted with hydroxyl groups. The substrates possessed a variation in 

stereochemistry, position and number of hydroxyl groups and size and shape of the molecule. 

In order to extract the individual rate constant k1 (Fig. 5), pre-steady state kinetics of the 

cofactor NAD
+
 binding to the enzyme was analyzed. Pre-steady state kinetics was also 

conducted in order to study the rate of the chemical step, k3 (Fig. 5).     

 

1.5.3 Directed evolution of FucO 

The overall goal with this project is to create a diol oxidoreductase which can be used in 

applied biotechnology in order to stereospecifically convert bulky diols e.g. aryl diols into 

their corresponding aldehydes, resulting in enatiomeric pure end products. The tertiary 

structure of FucO and the enzymatic characterization reveal that the enzyme is adapted for 

low molecular-weight diols. (Kumaran, D. &  Swaminathan, S., To be Published; PDB entry 

1RRM) Therefore, the next step will be, to by directed evolution of the wild-type enzyme, 

produce mutants with modified binding pockets. The wild-type structure reveals an accessible 

although narrow substrate binding pocket (Fig. 8). If this opening could be broadened, 

without affecting the rest of the structure, it would be possible to generate an enzyme adapted 

for bulkier substrates. In this thesis, five residues restricting access of larger substrates to the 

active site was identified. These residues surrounds the opening of the diol binding pocket but 

are not believed to take part in the catalysis. For this reason they have been selected to be the 

primary target for mutagenesis in order to generate libraries of FucO variant which will be 

assayed for new substrate specificities. Three different mutant libraries have been designed 

accoding to the CASTing method and started to be constructed. For all the libraries, PCR’s 

making site-specific mutagenesis followed by the cross-linking reaction has been made. 

Furthermore, experiments to construct expression vectors containing the mutant genes 

followed by transforming them into E. coli have been initiated but not yet completed.      

 

 

 
 
Figure 8. Active site of FucO. Catalysis depends on an iron (II) ion (orange) tightly bound through 

coordination with protein side-chains. The entry for the dinucleotide cofactor (yellow) is from the left 

in the picture, whereas the diol substrate (blue) enters through the channel from the right. A narrow 

“waist” in this channel prevents the entry of larger diols into the active site. By random mutagenesis of 

indicated residues (red) lining the active-site entry, the channel will be widened to allow for binding 

and oxidation of also larger diols, such as phenylethyl and phenylpropyl diols formed from epoxide 

hydrolase reactions. (The image was created from the atomic coordinates, PDB code: 1RRM 

(Kumaran & Swaminathan)) 
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2. Experimental procedures  
 

2.1 Cloning, expression and purification of FucO 

2.1.1 Cloning of the fucO gene 

The coding region of fucO from E. coli was amplified from E. coli XLI Blue by PCR using 

primers fucO-1 and fucO-2 (Table 1). The PCR product was concentrated by ethanol 

precipitation, according to standard procedures. The concentrated DNA was purified on a 1 % 

agarose gel using Gene Clean, according to the manufactures suggestion. The primer 

sequences contained an overhang containing restriction sites for XhoI (Fermantas) and SpeI 

(Fermentas), respectively. The PCR product and the vector pgTac was cleaved with these 

restriction enzymes, according to the manufacturers suggestions. Cleaved fragments were 

purified on a 1 % agarose gel and thereafter the fucO gene was ligated into the vector, using 

Fermentas ligation kit. Resulting in the fucO-plasmid construct (Fig. 9A). The plasmid was 

transformed into E. coli XL1-Blue by electroporation. Transformed bacteria were left to 

recover in 1 ml 2TY [1.6 % (w/v) tryptone, 1% (w/v) yeast extract and 0.5% (w/v) NaCl] for 

1 h, 37 °C. The fucO-plasmid contained antibiotic resistance; thereby clones containing the 

plasmid were selected by plating the transformed bacteria on a LB/agar plate supplemented 

with 100 µg/ml ampicillin and grown over night. One clone from the plate was picked and the 

plasmid amplified and purified using Promega´s Miniprep kit (Wizard®Plus, Minipreps, 

DNA purification system, Promega). The plasmid was send to DNA sequencing to verify that 

no mutations had occurred in the inserted sequence.  

 
Table 1. Primers used for amplification of the fucO gene from E.coli. Restriction sites are underlined, 

XhoI for FucO-1 and SpeI for FucO-2.  

 

Primer Sequence 

FucO-1 5´- TTTTTTCTCGAGATGATGGCTAACAGAATGATT – 3´ 

FucO-2 5´- AAAAAATCTAGATTATTAACTAGTCCAGGCGGTATGGTAAAG – 3´ 

 

2.1.2 Expression of FucO 

One colony of the bacteria clone containing the correct fucO-plasmid was used to inoculate 30 

ml overnight culture in 2TY media containing 50 µg/ml ampicillin. It was used to inoculate 6 

x 500 ml 2TY media containing 50 µg/ml ampicillin. Cultures were grown in 30 °C and, at a 

cell density corresponding to A600 ≈ 0.3, they were induced with 1 mM isopropyl β-D-

thiogalactopyranoside (IPTG), supplemented with 100 µM of Fe(II)SO4 and incubated for 18 

h. Cells were harvested by centrifugation at 5000 rmp for 12 min and resuspended in 70 ml 

buffer A (10 mM sodium phosphate, pH 7.0) containing protease inhibitor (Complete Mini 

EDTA-free, Roche). Cells were disrupted by sonication, 5 x 30 sec, and cell debris was 

removed by centrifugation at 15 000 rpm for 35 min.    

 

2.1.3 Purification of FucO 

The lysate was desalted by gel filtration chromatography on a Sephadex G-25 equilibrated 

with buffer B (20 mM imidazole, 0.5 M NaCl and 10 mM sodium phosphate, pH 7.0). The 

protein containing eluate was filtrated through a 0.2 µm membrane (SerumAcrodisc® 37 mm 

with GF/ 0.2 µm supor membrane, Pall Corporation). Since the protein was His-tagged it was 

thereafter run through a Ni(II) affinity column equilibrated with buffer B (HiTrap GE 

HealthCare). Unspecifically bound proteins were washed off by buffer B containing 100 mM 

imidazole. Tightly bound proteins were eluted with buffer B containing 300 mM imidazole. 
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The protein containing fractions were concentrated by ultracentrifugation to ~3 ml. Finally, 

the concentrate was run through a gel filtration chromatography, HiPrep S-200 (16/60) 

equilibrated with 0.1 sodium phosphate buffer, pH 7.4. Absorbance was measured at A280 and 

the protein containing fractions were pooled.  

 

2.2 Characterization of FucO 

2.2.1 Molar absorbance 

Molar absorbance, the extinction coefficient, for the protein was determined by relating the 

absorbance at 280 nm to quantitative amino acid analysis of the protein. Protein concentration 

was thereafter determined by measuring A280.   

 

2.2.2 Steady state kinetics and pH-dependence 

Steady state kinetics was measured spectrophotometrically by monitoring the initial reaction 

velocities of the enzymatic activity. The reaction was followed by monitoring the formation 

of NADH at 340 nm (extinction coefficient 6.22 mM
-1

 s
-1

). All steady state measurements 

were performed at 30 °C using a Shimadzu UV-1700 spectrophotometer.  

 Steady state kinetic parameters, kcat, Km and kcat/Km for (S)-propanediol were 

determined by making a substrate saturation curve under pseudo-first order conditions. The 

diol concentration was varied (0.3 mM – 10 mM) while the nucleotide concentration was kept 

at a constant and saturated concentration (0.2 mM). In order to, study the pH-dependence of 

the catalysis the kinetic parameters were determined in a range of different pH-values. For pH 

between 8.0 and 8.6 the measurements were conducted in 0.1 M sodium phosphate buffer, 

and for pH between 8.5 and 10.25 0.1 M glycine buffer were used. The kinetic parameters 

were extracted by fitting the experimental data to the Michaelis-Menten equation (Equation 1) 

using non-linear regression. For kcat and Km, the program MMFIT was used. For kcat/Km the 

data were fitted to a transformed Michaelis-Menten equation (Equation 2) using the program 

RFFIT. Both programs are part of the SIMFIT package (http://www.simfit.man.ac.uk/). The 

concentration of OH
-
 was thereafter plotted against corresponding kcat or kcat/Km -values using 

RFFIT. The inflection point thereby gives the pKa of the titration group.  

 

 

         
 Equation 1. Michaelis-menten equantion 

 

   

 

Equation 2. Transformed michaelis-menten equantion 

 

 

 

2.2.3 Specific activity measurements 

The specific activity of FucO was measured with eleven different hydroxyl-substituted 

compounds. Measurements were performed in 0.1 M glycine buffer pH 10.01 using 0.2 mM 

NAD
+
 and 10 mM hydroxyl substrate. The enzymatic activity was calculated using Lambert-

Beers law and specific activities were then calculated by relating the enzymatic activity to the 

protein concentration (Equation 3). (Mannervik and Jemth, 1999)  

 

Specific activity = ∆Abs/(ε x l) / mg protein     
 

 
Equation 3. 
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2.2.4 Pre steady-state kinetics 

Pre-steady state kinetics was studied using an SX.20MV sequential stopped-flow 

spectrophotometer. In order to measure the rate of which the cofactor NAD
+
 binds to the 

FucO enzyme (i.e. the individual rate constant k1) an experiment were set up with one of the 

syringes containing NAD
+
 (conc. after mixing: 10 µM – 100 µM) and the other one 

containing enzyme (conc. after mixing: 1 µM). The change in intrinsic Trp fluorescence was 

detected. The excitation wavelength was 290 nm and the emission was recorded after passage 

of a 320 nm cut-off filter.  

 An experiment to measure the individual rate constant for the chemical step of the 

reaction, k3, was also conducted. In this experiment one syringe contained enzyme (conc. after 

mixing: 5 µM) and NAD
+ 

(conc. after mixing: 200 µM), given the active apoenzyme, and the 

other syringe contained a varied concentration of the substrate (S)-propanediol (conc. after 

mixing: 1 mM – 50 mM). The reaction was followed by measuring the formation of NADH as 

an increase in absorbance at 340 nm.   

 

2.3 Directed evolution of FucO 

2.3.1 Construction of mutant-library 

One of the aims with the project was to by directed evolution evolve the FucO protein to 

accept bulkier diols as substrate. Investigation of the protein crystal structure identified five 

potential residues which were targeted for site-directed mutagenesis. Three mutant libraries 

were constructed by the CASTing method (Reetz, 2006) and named library A, B and C. 

Mutations introduced in respectively library are presented in table 2.  

 The fucO-plasmid was amplified and purified using Promega´s Midiprep kit 

(Wizard®Plus, Midipreps, DNA purification system, Promega). Mutants were thereafter 

constructed by PCR using mutagenic primers and the plasmid as template (Fig. 9). Three 

different PCR steps were preformed for each library. Reaction 1: Introducing the mutation by 

mutagenic primer and amplifying the gene from the 5´-end to the mutation point, using FucO-

3, 5 respectively 7 as forward primer and FucO-2 as reverse.  Reaction 2: Amplifying the 

gene from the mutation point to the 3´-end, using FucO-4, 6, respectively 8 as reverse primer 

and FucO-1 as forward primer. Subsequently, a cross-reaction was made utilizing the PCR 

products from both reactions as template and FucO-1 and FucO-2 as primers, resulting in 

mutated PCR products of the fucO gene. The gene was thereafter subcloned and transformed 

as described in paragraph 2.1.   

 

 
 

 
Figure 9. (A) Schematic figure over the fucO-plasmid. The fucO-gene insert is upstream flanked with 

the restriction site XhoI and downstream flanked with the restriction site SpeI, the his-tag (Hisx6) and 

a stop codon. In the plasmid upstream of the insert a tac promoter (Tac) and a Shine-Dalgarno box 

(SD) is situated. The plasmid also contains a sequence coding for a beta-lactamase giving the bacteria 
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ampicillin resistance. Arrows indicate primers used for cloning of the gene. The FucO-1 primer 

contained the XhoI site and the FucO-2 primer the SpeI site. (B) Schematic figure of primers used in 

the site-directed mutagenesis for construction of gene mutant libraries of fucO. Stars indicate mutation 

points; red for library A, yellow for library B and green for library C. For more information of 

libraries, mutations and primer sequences see table 1, 2 and 3. In reaction 1 FucO-3, 5 respectively 7 

are used as forward primer and FucO-2 as reverse. In reaction 2 FucO- 4, 6 respectively 8 are used as 

reversed primer and FucO-1 as forward. Reaction 3 is a cross-reaction where the fragment of the fucO 

gene from reaction 1 and 2 are crossed, resulting in a mutant PCR product of the fucO gene. The 

cross-over points are in the figure indicated by a cross between the primers.    

 

 

Table 2. Mutations introduced in the designed mutant libraries 

 

Library Wt-residue Residue in mutant library 

A Thr149 Ser, Ala and Thr 

A Asn151 Any  

B Val164 Any 

C Phe256 Phe, Ala, Ser and Val 

C Leu259 Phe, Ala, Ser and Val 

   

 
Table 3. Primers used in the construction of mutant libraries, the mutated codons are underlined. N = 

U, A, C or G. D = U, A or C. S = G or C. K = T or G. Y = T or C     

 

Library Primer Sequence 

A FucO-3 5’- GGTACTGCGGCAGAAGTGDCCATTNNSTACGTGATCACTGACGAAG -3’ 

 FucO-4 
5’– CACTTCTGCCGCAGTACC – 3’ 

 

B FucO-5 5’- AGAGAAACGGCGCAAGTTTNNSTGCGTTGATCCGCATGATA -3’ 

 FucO-6 
5’- AAACTTGCGCCGTTTCTCT -3’ 

 

C FucO-7 
5’-TATGTTGCGGGTATGGGCKYCTCGAATGTTGGGKYAGGGTTGGTGCATGGTATG -3’ 

 

 FucO-8 5’- GCCCATACCCGCAACATA -3’ 
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3. Results 

 
3.1 Cloning, expression and purification of FucO 

The fucO gene was successfully cloned from its origin E.coli XL1-Blue. Thereafter the FucO 

protein was successfully expressed in E. coli XL1-Blue cells and purified by Ni(II) affinity 

chromatography followed by a gel filtration step. From the quantitative amino acid analysis of 

the purified protein the concentration corresponding to A280 = 3.25 was calculated to 80 

nmol/ml. This gives an extinction coefficient of 41000 M
-1

 cm
-1

. By measuring the 

absorbance at A280 the yield of the purified protein was determined to 0.26 µmol/L medium. 

 

3.2 Characterization of FucO 

3.2.1 Steady state kinetics and pH-dependence 

Steady state kinetic for FucO were determined with (S)-propanediol at several different pH-

values. The kinetic parameters are given in table 4. To investigate the pH-dependence of kcat 

and kcat/Km, determined values were plotted against pH (Fig. 10). Hence, the pKa of the 

titrating residue were calculated to 9.7 – 9.9 for kcat and 10.2 – 10.7 for kcat/Km.  

 

 
Table 4. Kinetic parameters for FucO catalyzing the oxidation of (S)-propandiol to (S)-

propanaldehyd.  

 

pH kcat (s
-1
) Km (mM) kcat/Km (M

-1
 s
-1
) 

7.99 0.09 ± 0.01 7.0 ± 1.3 13 ± 1 

8.54 0.16 ± 0.01 9.3 ± 1.0 17 ± 1 

8.66 0.23 ± 0.01 6.3 ± 0.4 36 ± 1 

9.07 0.52 ± 0.02 9.7 ± 0.6 54 ± 3 

9.54 1.6 ± 0.1 9.3 ± 0.9 168 ± 7 

9.73 1.8 ± 0.1 7.3 ± 0.5 240 ± 20 

10.01 1.8 ± 0.1 3.9 ± 0.2 470 ± 18 

10.23 2.2 ± 0.1 3.9 ± 0.3 556 ± 29 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure 10. Plot of pH-dependence of kcat. 
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3.2.2 Specific activity measurements 

In order to study FucO’s substrate specificity, the specific activity with eleven different 

hydroxyl substituted substrates was measured. The result is given in table 5.  

 
Table 5. Specific activities for FucO with different hydroxyl substituted substrates    

 

Substrate Specific activity 

(min-1) 

Structure 

(S)-propanediol 65.4 ± 1.6 
OH

OH

 

(R)-propanediol 5.4 ± 0.2 
OH

OH

 

butanediol 52.5 ± 1.2 
OH

OH

 

Dimethyl 

butanediol 

0.1 ± 0 
OH

OH

 

(S)-1-phenyl-1,2-

ethanediol 

0 ± 0 
OH

OH

 

(R)-1-phenyl-1,2-

ethanediol 

0 ± 0 
OH

OH

 

ethanol 7.5 ± 0.4 OH
 

ethylene glycol 26.2 ± 0.4 
OH

OH

 

1-propanol 49.6 ± 2.5 OH
 

2-propanol 0.5 ± 0.5 OH

 

glycerol 5.9 ± 0.2 

OH

OH

OH
 

1-butanol 72.6 ± 1.1 OH
 

 

 

3.2.3 Pre-steady state kinetic measurement 

At this point, because of too low and noisy signal of the change in fluorescence noting can be 

said about the binding of NAD+ to the FucO enzyme. Further experiments are required to 

clarify this.  

 Regarding the rate of hydride transfer, traces of absorbance change over time when the 

holoenzyme is mixed with a varied concentration of (S)-propanediol were observed (Fig. 11, 
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left). The traces begin with a lag phase followed by a burst before it enters into the steady-

state phase. A single-exponential equation is fitted to the rate of the burst, giving a value of 

kobs. In Figure 10 the value of kobs are plotted against the substrate concentration, showing no 

change in rate of kobs dependent of diol concentration. The results are not sufficiently 

repeatable and are therefore unreliable and require further studies.     

 

 

 

 

Figure 11. Left: Absorbance change over time when the holoenzyme FucO is mixed with three 

differnet concentrations of (S)-propanediol, green trace; 1 mM, cyan; 10 mM and blue; 30 mM. Traces 

are averages of six repeats for each concentration. Right: Change in Kobs dependent on (S)-propanediol 

concentration  

 

3.3 Directed evolution of FucO 

The three different PCR reactions involved in site-directed mutagenesis were successfully 

conducted and PCR products for the mutant libraries have been obtained. When transforming 

the ligated plasmid there were equal colonies on the negative control (unligated vector) as on 

the positive plates. This can be due to insufficiently cleaved vector which can result in re-

ligation of the vector. The restriction cleavage of the vector will be remade followed by a 

second attempt to ligate and transform the mutant fucO-plamid.       

 

 

4. Discussion 
 

The long term goal with this project is to perform a multi-step synthesis catalyzed by enzymes 

producing chiral hydroxycarbonyl compounds. The synthesis will be performed by 

structurally engineered enzymes created by directed evolution of suitable wild-type enzymes. 

The first step in such a project is to identify, clone and isolate a suitable wild-type enzyme. 

Thereafter, an extensive characterization of the enzyme is needed, since it will greatly 

facilitate the directed evolution. The enzyme in center of attention in this thesis is the 

propanediol oxidoreductase, FucO, from E. coli and the goal is to create a diol oxidoreductase 

which can be used in applied biotechnology in order to stereospecifically convert bulky diols 

e.g. aryl diols into their corresponding aldehydes, resulting in enatiomeric pure end products. 

 Hence, the first part concerns cloning, expression and purification of the protein. The 

fucO gene was successfully cloned from its origin and an expression vector was constructed. 

Subsequently, the expression and purification of the FucO protein were successful. The 

protein was His-tagged and readily purified by a nickel-affinity column and high amount of 

protein was extracted. This matter is of great importance if the protein is to be used in 

biotechnological applications.  
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4.1 pH-dependence 

As mentioned, when working with directed evolution of proteins, it is of great importance to 

work with a protein which is well characterized. Thus, the next part of the project focused on 

characterizing of the FucO enzyme. A study of the pH-dependence of the catalyzed reaction 

clearly shows that the enzyme works most efficiently in a pH around 10. It possesses a 

drastically ten-fold drop in catalytic efficiency when the pH is changed from ten to nine. If the 

pH is decreases one pH-unit more, to eight, the catalytic efficiency is almost down to zero. 

Both kcat and Km is affected by pH. Between the pH of 9 and 9.5 the kcat is increasing most 

drastically. Concerning Km for (S)-propanediol, it are in the same range from pH 8 until 

around 10, where it significantly decreases from ~9 mM to 4 mM. The decreases in Km at pH 

7.99 and 8.66 compared to nearby pHs could be an affect of the different buffers used in the 

experiment. However, the differences are relatively small and do not seem to effect kcat. Thus, 

it is believed that the rest of the experiment was not significantly influenced by this.  

 Even though enzymes contain a multitude of titrating groups, the only groups which 

are of importance for the pH-dependence, are groups that are directly involved in the catalysis 

at the active site or groups affecting the conformation of the enzyme (Fersht, 1999). Plots of 

rate versus pH therefore usually have the form of a simple single or double ionization group. 

The result from the pH-study of FucO catalyzing the interconversion of (S)-propanediol with 

NAD
+
 as a cofactor displays the form of a single ionization group with a pKa of circa 10. 

Amino acid residues corresponding to this pKa is Lys (-NH2), Typ (-OH) or Cys (-SH) which 

has pKa´s in proteins in a usual range of ~10, 9-12 respectively 8-11. When investigating the 

protein structure three residues are identified which possibly could interact with the substrate; 

Cys45 which is located in the opening of the cofactor cavity, Cys362 which is located in the 

opening of the substrate cavity and Lys162 which is in close proximity to NAD
+
. Furthermore 

Montella et al. have reported that the nicotinamide ribose O-2 hydroxyl group forms a 

hydrogen bond with the nitrogen atom of the side chain of the conserved lysine 162. Other 

studies (Boronat, A. and Aguilar, J., 1979) have shown that the reverse reaction (lactaldehyde 

to propanediol) is most efficient at pH around seven. Thus, a more extensive pH study where 

a pKa for this reaction is determined is desirable to find out which residues are being titrated. 

Also, a studie of the enzymatic reaction mechanism is needed to establish this. The 

knowledge could be of great importance if one wants to evolve the enzyme to enhanced 

activity with diols at a more neutral pH.    

 

4.2 Substrate specificity 

In order to achieve a picture of the substrate selectivity profile of FucO, specific activities 

were measured with eleven different hydroxyl substituted compounds. Measurements on 

primary alcohols, ethanol, 1-propanol and 1-butanol, shows that FucO has tenfold increase 

activity with 1-butanol compared to ethanol. This indicates that the enhanced activity could be 

due to a higher affinity for longer substrates due to increased Van-der Waals interactions. 

However, FucO have zero activity with the bulkier substrates, dimethylbutanediol and 1-

phenyl-1,2-ethanediol. This is in accordance with the binding pocket, shaped for small 

substrates, which are observed in the tertiary structure (Fig. 8) Moreover, FucO is 

regiospecific in its action, demonstrating a preference of position of the hydroxyl group; the 

primary alcohol 1-propanol has a specific activity of 50 s
-1

 while the secondary alcohol 2-

propanol has a specific activity close to zero. This indicates that it is only the primary 

hydroxyl which is oxidized if the substrate is a 1,2-diol. Furthermore, the FucO enzyme is 

highly enantioselective concerning 1,2-propane diol. It possesses a 92% higher activity with 

(S)-1,2-propanediol than with (R)-1,2-propanediol. Concerning the aim with the project, to 

stereospecifically convert bulky diols, it can be concluded that FucO have the capacity to 
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carry out stereospecific reactions although it does not have the capacity to accept bulky 

substrates. Since the enzyme has been shown to be stereospecific in its action it is a good 

starting point for evolution of the remaining properties. Subsequently, the directed evolution 

of FucO will as planned be focused on the shape of the diol binding pocket. 

 

4.3 Reaction mechanism 

The former kinetic discussions have been about steady-state kinetics. However, with the 

intention of determine the catalytic mechanism of FucO pre-steady state kinetics is necessary. 

In this study two pre-steady state experiments were conducted, one study of the binding of 

cofactor to the enzyme and one study of the rate of the chemical step. Concerning the binding 

of cofactor, the signal of change in intrinsic tryptophan fluorescence was to low and noisy to 

be able to enlighten the issue. This is probably due to that the tryptophan’s in the protein are 

located too far from the binding site. The next step will therefore be to measure the change in 

intrinsic tyrosine fluorescence in order to see if this can shade light on the issue.  

 Regarding the rate of hydride transfer, no conclusions can be drawn since the results 

were not sufficiently repeatable and are therefore unreliable. The equilibrium of the reaction 

is shifted several folds in the direction of lactaldehyde reduction. This could be one of the 

reasons why the conversion of propanediol is hard to measure, since this reaction is 

overshadowed by the reverse reaction, the conversion of lactaldehyde to propanediol. Because 

of this the reverse reaction will probably be easier to detect. Hence, this will be measured to 

get further information about the chemical steps.  

 

4.4 Conclusion 

In summary, FucO have been purified in an efficient way. This is of great importance if the 

enzyme is to be utilized in biotechnology. In order to achieve successful directed evolution a 

fundamental understanding of the structure/function relationships is vital. An enzymatic 

characterization has therefore been initiated aiming to clarify restrictions displayed by the 

wild-type enzyme regarding catalytic mechanism and substrate specificities including regio- 

and stereospecificities. So far the characterisation has shown that FucO is highly regio- and 

stereospecific but it do not accept substrates that are bulky. A problem to solve will therefore 

be to accommodate bulkier substrates. The tertiary structure of the enzyme in addition with 

the activity studies reveals a substrate binding site adapted for binding of low-molecular 

weight diols. However, residues restricting access of larger substrates to the enzyme's reactive 

center can be deduced from available crystal structures. Consequently, one can say that most 

probably FucO is a good starting point for directed evolution aiming to create an enzyme to 

be utilized for regio- and stereospecific production of different aldehydes. Thereby, the 

construction of mutant libraries has been initiated. The residues restricting access to the active 

site are the primary targets for mutagenesis and three different libraries of FucO variants have 

been designed and started to be produced. Hence, the libraries will be assayed for new 

substrate specificities 

 Scientific innovations during the last century have improved the lives of many people 

around the world. As a consequence of the industrial development we now have an 

unsustainable situation with growing environmental stress, global climate changes and 

increasing pollution of different chemicals. In order to maintain and continue this industrial 

development we therefore need new solutions and approaches to different problems. One 

environmental-damaging, but very important, industry is the chemical industry. An approach 

to facilitate complicated synthesis and simultaneously reduce the environmental influences is 

to utilize the richness and versatility of biological systems. One way to do this is as discussed 

earlier to utilize tailor-made enzymes as catalyst in the synthesis. Not only can these tailor-
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maid enzymes be used in vitro, but a potentially successful approach is to combine the 

directed evolution of enzymes with synthetic biology (Keasling, 2008). One could thereby let 

genetically engineered microorganism produce the desired chemical with help of the 

structurally engineered enzyme. To sum up, the use of biocatalyst in chemical production will 

facilitate the synthesis of complicated chemicals and simultaneously contribute to a more 

sustainable development of the chemical industry. This is of big importance in the world we 

are living in today, with a constantly and unsustainable increase of different pollutants. Not to 

be forgotten, there will also be a minimized hazard of reaction handling for those who carry 

out the synthesis. 
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