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1 ABSTRACT	  
The goal of this project was to improve the tolerance of Chromobacterium violaceum (S)-
amine transaminase towards increasing concentration of the  polar organic solvent 
dymethylsulfoxide (DMSO). The protein engineering strategies employed were B-factor 
method and rational design. 
 
Ten active mutants were identified and tested at different concentration of DMSO and 
isopropylamine (IPA) over time and their performances were then compared with 
Chromobacterium violaceum and Vibrio fluvialis  wild types data. 
Two mutants, CV E48D/K193T and CV K193I, resulted to be more active and more stable 
than the two wild types. In particular the variant CV E48D/K193T was found to be resistent 
to thermal inactivation at 50°C. 
 
Asymmetric synthesis were performed with CV WT, CV K193I and CV E48D/K193T. For 
each enzyme twelve reactions were run: 2-acetonaphtone and 4-phenyl-2-butanone as 
substrate, isopropylamine concentration and closed/open reaction environment were the 
variable parameters. High conversion (95%) were obtained when the mutants reacted with 
4-phenyl-2-butanone in open reaction environment, while poor conversions were achieved 
using the bulkier 2-acetonaphtone as amino acceptor .  
 
 
 
 

2 ABBREVIATIONS	  
 
Table1: List of abbreviations 

Chromobacterium violaceum CV 
Vibrio fluvialis Vfl 

Wild type WT 
Amine transaminase ATA 

Phenylalanine F 
Histidine H 
Serine S 

Arginine R 
Glycine G 
Tyrosine Y 

Isoleucine I 
Glutamic acid E 
Asparagine N 

Lysine Lys/K 
Aspartic acid D 

Valine V 
Isopropylamine IPA 

α-methylbenzylamine α-MBA 
2-acetonaphtone 2-A 
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dymethylsulfoxide DMSO 
4-phenyl-2-butanone 4-P 

Open/closed A/C 
R133Y/G173F DM 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

3 INTRODUCTION	  
 
In recent years, the environmental and global warming issues affected the way to look at 
process design. Particularly in the pharmaceutical sector where product enantio purity is of 
primary importance, biocatalytic process development has become a central research 



 4 

topic. In fact biocatalytic processes based on enzymatic catalysis satisfy many of the 
“green chemistry principles”: atom economy (absence of by-products or much reduced by-
products with respect to whole cell processes ), mild conditions of reaction environment, 
biodegradable catalyst and absence of toxic chemicals. To achieve competitive 
productivity, the use of organic solvents to increase product or/and substrate solubility is 
often required. At first sight this appears to partially confute the greenness of biocatalysis. 
However, the sustainability of the entire enzymatic process should be evaluated by a life 
cycle approach[1], which considers energy requirements from the raw material production 
until waste and solvent disposal.      
In addition, biocatalytic process development has recently become much less challenging 
thanks to recent significant advances in protein engineering. The current technologies 
made it possible to shape the biocatalyst on process demands; it is therefore feasible to 
first fix process parameters as green as possible and then to design the enzyme[2]. 
As cell-free biocatalysts are becoming more and more flexible and efficient, a significant 
growth of biocatalytic industrial systems is expected in the following years[3].	   
 

3.1 Chiral	  amines	  
Chiral intermediates play an important role in the improvement of drug efficacy, it is 
therefore crucial to obtain them both economically feasible and environmentally 
sustainable. 
Currently the pharmaceutical industry has a rising demand for chiral amines in particular, 
which are not only essential for the synthesis of drugs like Rivastigmine[4] (Alzheimer) and 
Repaglinide (antidiabetic) but are also considered building-blocks for new 
pharmaceuticals. 
Two of the most desirable ambitions of pharmaceutical companies are to produce chiral 
compounds with high enantiomeric excess starting from non-chiral and cheap reagents 
and to minimize the impact of such productions on the environment. 
In case of chiral amines, amine transaminases turn up to be suitable catalysts for this task. 

3.2 Amine/omega	  transaminases	  
As suggested by the name, transaminases transfer an amino group from an amino donor 
like isopropylamine to an amino acceptor ketone or aldehyde yielding a chiral amine as the 
main product and a ketone or aldehyde as the co product. In order to be able to carry out 
the reaction, transaminases require the presence of a form of vitamin B6 as cofactor: 
pyridoxal-5'-phosphate (PLP). The role of the mentioned cofactor in controlling 
transaminase reaction specificity was clarified by Harmon and Dunathan in the 1960s[5]: to 
stabilize the π-electron system of the cofactor by delocalization, the Cα-H σ-bond is broken 
(see Figure 1). 
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Figure1: Three bonds to Cα in the external aldimine. 
 
A large number of transaminases belong to PLP fold-type I, which contains (S)-selective 
enzymes while the less common (R)-selective amine transaminases are found in fold-type 
IV. 

3.2.1 The	  reaction	  mechanism	  
The transaminase reaction follow a ping pong Bi Bi kinetic mechanism that consists of two 
independent half reactions, where substrates and products are bound and released in a 
defined sequence (see Figure 2) .  
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Figure 2. Transaminase reaction mechanism with α-MBA as amino donor and pyruvate as amino acceptor 
 
In the first half reaction, the enzyme-PLP complex (internal aldimine), where the lysine in 
the active site is bound to PLP, is attacked by  the first substrate, an amino donor, which is 
covalently bound by PLP, setting the catalytic lysine free. At this point the geometry of the 
transition state favours the deprotonation of the Cα, which leads to the formation of a 
p-orbital on the carbon stabilized by the electronic cloud of the PLP ring. After the 
acquisition of a water molecule, the ketone, in this case acetophenone, and enzyme-PMP 
complex are formed. In the second half-reaction the second substrate (the ketone or 
amino acceptor) is converted in the target amine and enzyme-PLP complex is 
regenerated[6].  

3.2.2 Active	  Site	  Model	  
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In 2002 Shin and Kim[7] explored the active site of the amine transferase from Vibrio 
fluvialis (Vfl) testing various amino acceptors. The results confirmed the existence of two 
binding sites of different size. Amino donors containing an aryl group turned out to be the 
most reactive, suggesting the presence of stronger hydrophobic interactions between the 
large pocket and the aryl group rather than aliphatic one. The small site has two important 
properties: it is able to accomodate a substituent not larger than 50 Å and without a 
carboxylate.  
 

3.3 Asymmetric	  Synthesis	  and	  Kinetic	  Resolution	  
 
Chiral amines can be achieved with amine transaminases through two different ways: 
kinetic resolution and asymmetric synthesis[8].  
Though thermodynamics favour the first option and problems of product and substrate 
inhibition have been reported for both strategies, research is focusing on the latter one 
because of the higher theoretic yield of 100% versus only 50% in kinetics resolution and 
the unnecessary reductive amination step to obtain racemic amines. 
 

3.3.1 Advantages	  and	  Disadvantages	  of	  Asymmetric	  Synthesis	  	  
 
The advantages of transaminases are remarkable: high stereoselectivity, activity under 
mild conditions (room temperature, aqueous system) and the complete regeneration of the 
cofactor during the reaction to achieve the final product. Unfortunately, some of their 
features still represent a challenge for their use at industrial scale: low stability, limited 
operational pH and temperature range, no substrate specificity for a given compound, the 
unfavourable equilibrium towards the product and a significant product inhibition[9].  

3.3.2 Possible	  Solutions	  to	  Equilibrium	  problem	  
 
To overcome the equilibrium cliff two options have been considered: use of an excess of 
amino donor and co product removal. 
Being asymmetric synthesis catalysed by amine transaminase (ATA) a reversible reaction, 
the conversion and consequently the productivity depend on the initial concentrations of 
reagents and on the equilibrium constant. The most immediate and simple solution to 
maximize the yield would be to use an excess of amine donor, but this option proved to be 
successful only in cases of slightly unfavourable equilibrium. Due to this reason, the co 
product removal as a second solution has resulted to be the more investigated. 
When the co product has a significantly lower boiling point than the other compounds in 
the reaction environment, the cheaper way to pull the equilibrium in the right direction is to 
remove the co product under reduced pressure.  
Because there are not so many other options for small ketones/aldehydes with such a low 
boiling point, the most widespread case is the stripping of acetone when the used amino 
donor is isopropylamine (IPA). As stated by Tufvesson et al.[10], transaminations employing 
IPA as amino donor are characterised by equilibrium constants (Keq) ranging from 1 in 
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case of Sitagliptin to 0.03 for the synthesis of α-methylbenzylamine, therefore the shifting 
of the equilibrium by acetone evaporation is required. It was determined that acetone 
evaporation at 60°C will improve the process performance considerably. Unfortunately 
such scenery will only be fruitful in case of a thermo stable enzyme and only negligible 
losses of ketone substrate. 
Recently an alternative for acetone equilibrium displacement has been developed. It took 
advantage of the narrow substrate specificity of Yeast Alcohol Dehydrogenase (YADH) 
from Saccharomyces cerevisiae, whose active site is able to accomodate only small 
molecule (no more than four carbon atoms) like acetone and therefore will not interfere 
with transamination. Since YADH needs NADH cofactor, FDH is employed to regenerate 
it. Using acetophenone as amino acceptor and isopropylamine as amino donor, (S)-α-
methylbenzylamine was synthesised with a >99 ee[11]. 
Alanine is also widely used in transamination methods because of its low price compared 
to other chiral amine donors, which leads to pyruvate as co-product. 
A powerful tool to remove the pyruvate is the introduction of a second enzyme capable of 
removing it by chemical conversion in the reaction environment. 
One of the investigated multi enzyme systems consists of lactate dehydrogenase (LDH) 
which converts pyruvate in lactate coupled with a glucose or formate dehydrogenase for 
NADH recycling[12]. A less complex system requires only pyruvate decarboxylase which 
turns pyruvate into acetaldehyde and thermodynamically favoured CO2 without co-factor 
recycling. The drawback in this case is the amination of acetaldehyde by the ATA resulting 
in amine donor consumption. 
To produce (S)-phenylethylamine, pyruvate is removed by condensation introducing the 
enzyme acetolactate synthase and to overcome product inhibition the target amine is 
continuously extracted into an organic solvent. 
The excess of amino donor and avoiding the accumulation of the co product made the 
asymmetric synthesis of Sitagliptin industrially feasible[13, 14]. This compound is produced 
at >99.9%ee with a large excess of isopropylamine (1M) and at a temperature around 
40°C to let acetone evaporate. 
Although isopropylamine and alanine are cheap amino donors, the expensive and chiral α-
methylbenzylamine is still largely used because of the better equilibrium: as shown by 
Tufvesson et al.[15] the experimental equilibrium constant of the reactions performed with 
α-methylbenzylamine are generally thirty times higher than the ones run with 
isopropylamine as amino donor. 
 

3.3.3 Possible	  Solutions	  to	  product	  inhibition	  
 
Product inhibition mechanism was invastigated studying separately both half reactions of 
amine transaminase from Vibrio Fluvialis. Truppo et al.[16] also invastigated the 
transamination of α-MBA from acetophenone and found a severe inhibition by substrates 
and products at low concentration (mM). The removal of the product resulted to be not 
efficient in raising the reaction yield. On the other hand engineering intervention to 
redesign substrate specificity resulted to be successful. Cho et al.[17] replaced two residues 
in the large binding site of an ATA from Vibrio fluvialis to increase its flexibility. These 
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mutations allowed the enzyme to react with both big aromatic groups and long aliphatic 
chains.   

3.3.4 Substrate/Product	  Solubility	  Issue	  
 
α-MBA, ketone substrates and amino products are normally quite insoluble in aqueous 
solutions. This fact turns the ability of operating in aqueous systems of transaminases into 
a problematic aspect. To overcome such solubility limits, an important amount of organic  
solvent in the reaction environment is needed. If the organic solvent is incompatible with 
the enzyme and the solution of protein engineering is not taken into account, the substrate 
must be fed discontinuously adopting a semi batch reactor solution.  
 

3.4 Organic	  Solvent	  Systems	  
 
Depending on the miscibility of the organic solvent with water and the relative amount of 
the solvent and water in the medium, there are three main types of organic solvent 
systems[18]:  
1) a water+water-miscible organic solvent system (monophasic system);  
2) a water +water-immiscible organic solvent system (biphasic system);  
3) a nearly anhydrous organic solvent system.  

3.4.1 Organic	  solvent	  effect	  on	  enzyme	  structure	  
 
Almost all native enzymes loose both activity and stability or at least one of them once put 
in contact with organic solvents, especially with hydrophilic ones. Because every enzyme 
interacts differently with the same organic solvent there is not a general explanation to that 
but two factors are considered as the most significant: 
1) conformational changes: the tertiary fold of a protein in aqueous media results from the 
tendency of the polar groups of the protein to be on the exterior surface in contact with 
water, and the non polar/hydrophobic groups to be buried in a hydrophobic core of the 
molecule. The change in the solvent polarity disturb the balance between hydrophobic 
interactions, electrostatic charge interactions, Van der Waals forces and hydrogen bonds 
of the enzyme leading to the disruption of the hydrophobic core and therefore to protein 
unfolding. 
2) loss of crucial water: water molecules in the enzyme are stripped away or replaced with 
solvent molecules and this causes deformation and denaturation of the enzyme. 
To maintain acceptable activity and stability and improving solubility of  ketones and amino 
products at the same time, it is possible to raise the reaction temperature. At this point 
thermal stability and organic solvent tolerance of the transaminase comes in foreground. 
 

3.5 Factors	  influencing	  enzyme	  stability	  and	  activity	  	  
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Since stability and activity are both essential properties of an industrially employed 
enzyme, the bases of stability and the relationship between stability and activity should be 
the first steps for a successful engineering intervention on the catalyst. The effect of 
temperature on activity is always positive according to Arrhenius’ exponential law (the 
catalytic rate doubles with an increase of 10°C); on the other hand if an initial increasing of 
temperature enhances stability due to the enforcement of hydrophobic interactions in the 
protein core, keeping temperature high will usually destroy the delicate balance of non 
covalent interactions contributing to the folded state in a few hours. Therefore it is 
necessary to make a compromise between the two forces, temperature and stability. 
The first step made to understand the roots of enzyme stability was to compare the 
structure and the interaction network among enzymes belonging to the same family of 
psychrophilic, mesophilic and thermophilic bacteria. Surprisingly, genomic studies found a 
high similarity between sequences of homologous thermophilic and mesophilic proteins 
and a large superposability of their three-dimensional structure[19]. This is a consequence 
of the high conserved residues encaged in the enzyme’s inner part which in turn explains 
why internal substitutions lead usually to significant change in the enzyme’s properties. In 
general the observed trends from psychrophilic to thermophilic are the decreased number 
of glycine residues and the increased number of prolines which lead to a lower 
conformational entropy[20]. The enhanced presence of arginine implies a great number of 
salt bridges and H-bonds. 
The difference in the optimal temperature range of function between mesophilic and 
thermophilic must reside in a few single site mutations which confer additional weak 
interactions to the architecture. 
The most accepted hypothesis explaining the relation between enhanced stability and 
structure is a compromise between rigidity and flexibility[21]: the first one appears to be the 
reason of resistance against heat denaturation and the second one to be essential for 
catalytic function. Studies conducted on the active sites of α-amylases revealed that the 
thermophilic active sites are more rigid than their mesophilic counterparts, still showing 
localised conformational rearrangements referred to as "local flexibility" situated near the 
active site[22]. 
Different types of interactions are involved in protein stabilisation, both external like 
coordination of metal cations or protein-protein contacts between hydrophobic amino acids 
on the surface, and internal ones. The class of the latter ones consists of disulfide bridges, 
hydrophobic interactions, cation-π interactions and hydrogen bonds. 
1) Disulfide bridges occur between the sulfur atoms of two cysteines. It has been 
underlined a decrease in cysteine content in some thermophilic enzymes, probably due to 
its easy oxidation at elevated temperature, but at the same time only one or two bridges 
resulted to be essential for thermal stability like in the case of a tyrosinase from 
Neurospora crassa. The key point is not the number of disulfide  bridges but their position: 
if they are located deeply in the structure, far from the solvent molecules they are 
protected and can contribute to protein stability, even more if they form a network. Elcock 
and coworkers[23] prove salt bridges are more stabilising in thermophiles because the 
desolvation energy of charged residues is much smaller at high temperature.   
2) Hydrophobic interactions occur among aliphatic and aromatic residues. A larger core 
made of valine-leucine-isoleucine-alanine residues may raise the thermal stability 
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significantly, as showed for the M. jannaschii adenylate kinase and a dehydrogenase from 
Thermus Thermophilus[19].  
Phenylalanine, tyrosine, histidine and tryptophan side chains contain aromatic rings. The 
atoms of each ring are partially positive charged and on each face an π-electron cloud is 
present. Two relative positions of the rings to each other, sandwich or T-shaped, promote 
favourable interactions among the dipoles on the rings, contributing approximately -
1.3 kcal/mol toward thermodynamic stabilization. Three years ago a study which had 
investigated the contribution of hydrophobic interactions to protein stability was 
published[24]. The most important issues brought to light were: 
a) stabilizing and destabilizing forces of a protein depend on protein size. A smaller 
contribution of hydrophobic effects to the stability of a small protein had been quantified 
than the ones in a large protein. 
b) a mutation which is creating a cavity leads to a loss of van der Waals interactions.  
c) Van der Waals forces established among non polar side chains enhance stability more 
than the introduction of more hydrophobic residues. 
d) aliphatic residues, especially the -CH2 groups of their side chains, are the main 
taxpayers to hydrophobic effects. This is fully understandable if considering that while 
intensity of aromatic coordination is not modified by temperature, interactions among 
aliphatic side chains become stronger with increasing temperature.  
3) The quadrupole of the aromatic ring system can be viewed as two opposing dipoles 
originating from either face of the ring. Due to these dipoles, cations interact strongly with 
the aromatic ring system, and the strength of these interactions are estimated to be twice 
as strong as salt bridges due to a smaller desolvation for a cation-π pair compared to an 
ion pair. A potential cation-π interaction involves the polar atoms of the side chain of an 
Arg or a Lys and the centroid of the phenyl ring of a Phe or Tyr or the indole ring of a Trp. 
Focusing on 3D structure of mesophiles and thermophiles, the thermophiles were found to 
be characterised by a significant increase in cation-π interactions[25]. 
4) Hydrogen bonds could be formed by atoms belonging to side chains of a neutral residue 
or main chains and charged residue and contribute more or less 1.3 kcal/mol to enzyme 
stability. Especially H-bonds between neutral and charged side chains present in the 
buried part of the protein are the most stabilizing ones. 
Sometimes the common rule "hydrophobic residues hidden in the inner part of the protein 
and charged amino acids on the surface against premature unfolding" does not match the 
data.  
Another aspect must be taken into account: close packing of the structure[26]. During 
protein folding, the driving force of compactness is size, that is to say that the smaller 
amino acids are pushed in the core and the largest ones, even if more hydrophobic 
aromatic residues such as Trp, are driven to the exterior surface. It was suggested that 
folding is optimised not only by minimising conformational entropy but also by increasing 
the density of the packing and this will clarify why some thermophilic enzymes have a 
more hydrophobic surface with respect to the ones of their mesophilic homologs. The 
presence of internal cavities is of great importance in both thermophilic and mesophilic 
because they allow water and substrate molecules to reach the active site. 
After the investigation of a large number of extremophiles and mesophiles it was clear that 
a universal stabilization path does not exist[27]: during evolution every enzyme family 
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adopted a different solution to maintain the folded conformation characterised by a delicate 
balance between stabilising and destabilising forces. The only unifying character is the 
distribution of intramolecular stabilising interactions throughout the entire enzyme structure 
and not only in localised regions. 

3.6 Organic	  Solvent	  effects	  on	  reaction	  environment	  
 
Every enzyme behaves differently depending on the nature and the concentration of 
organic solvent in the reaction media. Generally the presence of organic solvent causes an 
activity loss of the biocatalyst linked to a loss of flexibility. Organic solvents have a lower 
tendency to form hydrogen bonds comparing with water and show a reduced dielectric 
constant resulting in strengthened electrostatic interactions and in a more rigid structure. 
On the other hand the less mobile conformation enhances stability at high temperature 
because the reduced flexibility slows down the unfolding kinetics.  
Many medium engineering reviews[28-31] stated that biocatalysis is inhibited with increasing 
polarity of organic solvents mainly because of the disruption of the hydration shell around 
enzyme surface. On the other hand polar solvents like dimethylsulfoxide (DMSO) and 
formamide are the only ones capable of solubilising enzymes and compatible with buffer 
systems, which are essential to control pH value in the reaction environment[29]. 
One of the most important advantages of non-aqueous enzymology is the increased 
solubility of non-polar substrates. This represents the stabilisation of the ground state of 
the substrates in the medium and it makes the desolvation of hydrophobic reagents to the 
active site less favourable thereby significantly reducing the reaction rate, by three or four 
orders of magnitude in case of peroxidases[32]. 
It must be taken into account the stabilization of the intermediate enzyme-substrate 
complex: transition intermediates during catalysis are generally charged, therefore they 
are more stabilised by polar organic solvents. The reason why polar co solvents fail in 
enhancing activity is their steric hindrance which causes several structural distortions 
during their penetration to the enzyme’s active site. 
Organic co solvents are likely to interact with the residues on enzyme surface, both trough 
attractive and repulsive forces. In the case of polar co solvent addition, with increasing co 
solvent concentrations a strengthened stripping of water molecules from the protein 
surface is displayed. A consequence is a loss of enzyme surface flexibility. Although a 
polar solvent tends to bind with water rather than interacting with protein surface, 
according to Gibbs Adsorption Isotherm (see Figure 3), co solvent concentration on protein 
surface changes with temperature through the surface tension[33].  
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Figure 3. Gibbs Adsorption Isotherm where S is the molar surface of the protein and σ is the surface tension. 
 

3.7 Protein Engineering: Rational Design and Directed Evolution  
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In recent years, technology development in NMR spectroscopy and computer molecular 
modelling and the enlargement of sequence public databases allowed for the precise 
determination of protein 3D-structures and of internal rearrangements during catalysis[34]. 
This information is invaluable to make the manipulation of wild-type enzyme through 
protein engineering feasible. Tailor-made biocatalysts are often needed to achieve high 
activity and stability under non-ideal conditions of temperature, pH and solvent. Depending 
on the available amount of information about the considered protein, the options are 
rational design or directed evolution.  
Rational design requires the knowledge of protein structure, which allows to identify the 
most suitable amino acids to be substituted in order to achieve a specific goal (better 
thermal stability, higher tolerance to organic solvents, reversed enantioselectivity or wider 
substrate spectrum). 
Directed evolution is less information-intensive because it starts from the creation of 
random mutagenesis libraries but it is enormously time consuming. In fact very large 
mutant libraries are usually obtained, which must be screened and analysed to reveal 
mutations with positive and negative effects. 
Since a deep understanding in the proteins’ structure-function link has not been achieved 
yet, a combination of both methods is thought to be the best option[35]. Mutations 
considered illogical from a rational design point of view sometimes result in improving the 
wild type, for instance mutations far from the active site strongly enhanced activity causing 
unsuspected rearrangements of it. This is the case of Bacillus subtilis pNB esterase, 
where six substitutions far from the active site decreased the flexibility of surface loops and 
at the same time redesigned the substrate specificity[36].  
To predict mutations able to increase protein rigidity, the B-factor method could be applied. 
B-factors or atomic displacement parameters estimate the degree of mobility in a protein 
structure and so the amino acid flexibility. B-factors allow for the identification of 
disordered regions in the protein. 
For biopolymers like proteins, B-factors can be highly variable within a single structure as 
a result of the effects of local packing. The distributions of B-factors are highly irregular 
when viewed protein by protein, therefore the B-factors must be normalized before 
comparisons among different protein chains can be made. 
 

4 PROJECT	  PRESENTATION	  
 
 
The present master thesis’ aim is the investigation and improved of the stability of ATA 
from Chromobacterium violaceum (CV-ATA) in aqueous organic solvent mixtures through 
site-directed mutagenesis and B-factor analysis followed by site-saturation mutagenesis. 
The employment of the latter two methods was possible because CV-ATA secondary and 
tertiary structures had been investigated in both apo (PDB code 4A6R) and holo (PDB 
code 4A6T) forms at resolutions between 1.35 and 2.4 Å. CV-ATA is a homo dimer where 
each monomer has an active site at the subunit interface. An interesting difference 
between the apo and holo forms is that in the first one the loop 316'-328' contains a small 
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helix between residues 317' and 322'. The rearrangement of the helix approaches 
residues F316, F320 and S323 to F115, T126 and M130 creating a hydrophobic core that 
is not present in the holo form. 
 

5 RESULTS	  
 
The two different engineering strategies identified the most promising locations for amino 
acid substitutions: 
1) The B-factor method selected the most flexible regions and thereby the two appropriate 
positions to be targeted by double site saturation in order to reach a higher rigidity; 
2) Site directed mutagenesis based on the comparison between the holo and the apo 
structures led to positions that could be mutated to stronger favour the holo form. In 
addition it has been taken into account the sequence of the ATA from Vibrio fluvialis (PDB 
code 4E3Q) that showed good activity and shares a high level of sequence homology with 
the ATA from Chromobacterium violaceum. 
The wild type’s and the mutants' immediate and residual activities were tested at different 
concentrations of dimethylsulfoxide (DMSO) and temperatures in 1 mL volume by using 
acetophenone based activity assay. In order to compare the proteins' performance, the 
specific activity of the different enzymes has been calculated using the protein 
concentration acquired from a Bradford assay and then plotted over incubation time. 
 

5.1 Investigated	  Mutations	  	  
 

5.1.1 B-‐factor	  Mutations	  
 
Based on the B-factors in the Chromobacterium violaceum amine transaminase holo 
crystal structure the two positions 48 and 193, shown in Figure 4A, had been chosen for 
simultaneous site saturation by Henrik Land (KTH, Industrial Biotechnology, unpublished). 
The screening of  ~800 clones of this library by a photometric TTC based assay employing 
(R)-phenylglycinol and pyruvate as substrates in 50 % DMSO resulted in four hits that 
have been investigated in more detail. The two double mutants E48D/K193T, E48L/K193N 
and the two single mutants E48Q and K193I. 

 
A) 
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Figure 4: The Chromobacterium violaceum amine transaminase holo crystal structure highlighting the 
mutatated amino acids. A) The overall structure is shown in “B-factor putty” representation; the putty thickness and 
colour represent the B-factor of each residue. PLP is shown in white and position 48 and 193 are shown as sticks. B) 
The partial structure is shown in cartoon representation. All rationally designed mutations are shown in violet sticks in 
comparison to the WT residues which are also shown as sticks. The yellow, green and blue loops are changing 
orientation during the apo-holo structure transition (Compare figure 5C). 

B) 
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Figure 5A: CV apo form where the loops that change structure from apo and holo form are highlited  

 
Figure 5B: CV holo form with PLP and loops that change structure from holo and apo form highlited   

 
Figure 5C: comparison CV apo and holo forms with structural changes highlited 
 

5.1.2 Rational	  Designed	  (Loop)	  Mutants	  
 
Rational design conducted using the Yasara modelling software[37] and the PyMOL 
visualisation software[38] had the aim to stabilise the critical loop 316-328 by increasing 
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polar or hydrophobic interactions in order to gain a major rigidity of the structure. Six 
mutants were obtained: H18F, H318F, V96N, R133Y/G173F, S323K and I311E, the first 
five ones are located in the inner part of the enzyme (Figure 4B)). 
The substitution at position 18 is meant to strengthen the hydrophobicity of the aromatic 
cluster formed by residues H93, F115, Y116, H325, P326 and H20 (see Figure 6).  

 

 
Figure 6: Mutation H18F is shown in violet sticks 
 
H318F has been considered a hazardous replacement probably affecting the activity of the 
enzyme because of its proximity to the active site. However, it could have aromatic 
interactions with F22, F115, F316 and F320 (see Figure 7).  

 

 
Figure 7: Mutation H318F is shown in violet sticks 
 
To stabilise the enzyme core, double substitutions with hydrophobic side-chained amino 
acids is a way to create or enlarge hydrophobic clusters. This is the reason for the 
designed mutant R133Y/G173F where a positive charged arginine is replaced with the 
hydrophobic side chain of a tyrosine and the glycine was exchanged to a phenylalanine 
enhancing interactions between phenyl rings (see Figure 8). An additional reason was 
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based on the knowledge of thermophilic enzyme structures in which the substitution of 
glycine usually has favourable consequences regarding thermal stability[39]. 

 

 
Figure 8: The two replaced amino acids in the variant G173F/R133Y are shown in violet sticks 
 
The last three mutants were designed to increase polar interactions: asparagine (see 
Figure 9), glutamate (see Figure 10) and lysine have charged groups capable of 
establishing H-bonds or electrostatic interactions with the surrounding residues; in 
particular the mutation S323K might have lead to a cation-π interaction between the 
positive charged side chain of lysine and the aromatic ring of F115 (see Figure 11). Such 
contact has an interaction energy ranging from 2.5 to 6.5 kcal/mol[24]. 

 

 
Figure 9: Mutation V96N is shown in violet sticks, probable H-bonds are represented by dotted yellow lines 
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Figure 10: Mutation I311E is shown in violet sticks, probable polar interactions are shown in dotted yellow lines 
 

 
Figure 11: Mutation S323K is shown in violet sticks 

5.2 Activity	  and	  stability	  results	  
 
The mutants' activity and stability in the presence of different concentrations of DMSO and 
IPA were tested. To measure stability the acetophenone assay[40] at 245 nm was repeated 
several times during enzyme incubation (see Chapter 8.3.3). To determine activity, a 
modified acetophenone assay was established (see Chapter 8.3.3 ). To avoid a significant 
absorbance of DMSO that would have made measurements at high concentrations 
impossible, a different wavelength was applied. At 290 nm the DMSO absorbance is 
decreased while the acetophenone absorbance remained well detectable.  
The thermal stability at 50°C was investigated for the loop mutants S323K and I311E and 
for the B-factor mutant E48D/K193T.  The mutants' performance was subsequently 
compared with CV and Vibrio fluvialis wild type enzymes in order to reveal positive and 
negative effects of the single mutations. Table 2 gives an overview over the incubated 
solutions.  
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Table 2: Conditions that have been investigated to test the mutants’ stability. In each batch 200 µl of purified 
enzyme solution have been applied. 

SOLUTION DMSO 
CONCENTRATION [%] 

IPA CONCENTRATION 
[M] 

TEMPERATURE 
[°C] 

1 0 0 22 
2● 0 0 50 
3* 10 0 22 
4 30 0 22 
5 50 0 22 
6* 70 0 22 
7* 0 0.1 22 
8 0 0.2 22 
9* 0 0.5 22 
10 50 0.2 22 
11* 50 0.5 22 
12● 50 0 50 

* samples tested only for the CV_WT 
● samples tested only for CV_WT, loop mutants S323K, I311E and E48D/K193T 
 
All solutions were incubated in 1.5 mL Eppendorf tubes and in dark environment.  
The immediate activity was measured at 0, 10, 20, 30, 40, and 50% DMSO 
concentrations. 
Activity and stability measurements were repeated to confirm the repetitiveness of the 
obtained data. 
The results obtained from the first measurement could only be expressed in relative 
activity because the active site quantification gave misleading results. This data did 
therefore not allow comparison between different enzymes. The reason was the 
unreliability of the active site quantity detected at 395 nm with an apparent extinction 
coefficient of 8.1 mM-1cm-1, that provided higher protein concentrations compared to the 
results from the Bradford assay. Since obtained active protein contents were higher than 
total protein amount calculated using Bradford, it was clear that the values derived using 
the Bradford assay needed to be used instead.  
From the third measurement of CV wild type stability it was decided to incubate the 
solutions which showed a significant stability in the first and second tests: pure enzyme, 
30% DMSO, 50% DMSO, 0.2 M IPA and 50% DMSO + 0.2 M IPA have been the solutions 
used to quantify the mutants' stability. 
After having plotted activity over DMSO concentration and stability over time, the following 
conclusions can be drawn: 
1) CV WT, CV K193I , CV E48D/K193T and Vfl WT showed a similar decrease in activity 
over increasing DMSO concentration. The two mutants displayed higher activity compared 
to the wild type at 40% and 50% DMSO (see Figure 12). The other engineered enzymes 
have a different deactivation trend: first the activity increased slightly until 10% or 20% 
DMSO, then it started decreasing slowly (see Figure 13). The activity of these mutants 
always remained below the CV WT's activity. All B-factor derived mutants resulted to be 
more active in DMSO than the fix loop ones . This is the reason why different scales were 
applied to visualise the activity data. Loop mutants will be used to call the rational 
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designed mutants except for I311E which has stability and activity comparable to the wild 
types' one. 
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Figure 12: Focus on B-factor mutant and wild types  specific activity plotted over DMSO concentration 
 

                                                  Focus on loop mutants' activity
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Figure 13: Focus on loop mutants' specific activity plotted over DMSO concentration 
 
2) From Figure 14, it could be deduced that the Vfl WT in aqueous buffer solution is more 
stable than CV WT and mutants: the latter ones were inactivated in four days while Vfl WT 
showed still half of its original activity after a week. CV WT K193I E48D/K193T and Vfl WT 
reached their maximum activity after almost 24 h incubation.  
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comparison loop mutants' residual activity in aqueous solution 
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Figura 15: Comparison loop mutants' residual activity in aqueous solution 
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Figura 16: Comparison loop mutants and wild types' residual activity in aqueous solution 
 
 
3) Stabilization of CV WT, CV K193I, CV E48D/K193T and Vfl WT is enhanced at 30% 
and 50% DMSO. Their residual activity remained constant after five days. In particular 
mutants CV K193I and CV E48D/K193T resulted to be more stabilised than CV WT in 
DMSO. From the Figures 17, 18, 19, 20 it could be seen that B-factor mutants have a 
residual activity that is comparable with the wild type’s while the fix loop mutants' activity, 
except for I311E, remained very low. 
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comparison B-factor mutants and wild types' residual activity in 
30%DMSO
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Figure 17: Comparison B-factor mutants and wild types' residual activity in 30% DMSO 
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Figura 18:  Comparison loop mutants' residual activity in 30% DMSO 
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comparison B-factor mutants and wild types' residual activity in 
50%DMSO
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Figure 19: Comparison B-factor mutants and wild types' residual activity in 50%DMSO 
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Figura 20: Comparison loop mutants' residual activity in 50%DMSO 
 
4) The presence of IPA in the incubation solutions affected all enzymes activity in a very 
negative way resulting in protein deactivation after approximately 23 h (see Figures 21, 
22). The same IPA concentration was well tolerated when 50% DMSO was added from the 
beginning (see Figures 23, 24). In this case the activity of CV WT, CV K193I and CV 
E48D/K193T was similar to the initial value after two days of incubation and CV 
E48D/K193T showed a better activity than the wild type during the first 24 h. 
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comparison B-factor mutants and wild types' residual activity in 0.2 
M IPA 
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Figure 21: Comparison B-factor mutants' and wild types' residual activity in 0.2 M IPA 
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Figure 22: Comparison loop mutants' residual activity in 0.2 M IPA 
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comparison B-factor mutants and wild types' residual activity in 
50%DMSO+0.2 M IPA
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Figure 23: Comparison B-factor mutants and wild types' residual activity in 50% DMSO 0.2M IPA 
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Figura 24: Comparison loop mutants' residual activity in 50% DMSO 0.2M IPA 
 
 
5) Substitutions E48D/K193T resulted in enhanced thermal stability. The enzyme 
remained active for 36 h at 50°C (see Figure 25). 
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comparison CV WT E48D/K193T I311E S323K residual activity in 
aqueous solution at 50°C
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Figure 25: comparison CV E48D/K193T, CV I311E, CV S323K, CV WT  residual activity at 50°C  
 
6) The enzymes tested at 50°C in 50% DMSO deactivated quickly: CV WT and I311E 
were inactive after 24 h and E48D/K193T activity was almost zero after 48 hours (see 
Figure 26). 
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Figure 26: comparison CV WT CV E48D/K193T CV I311E CV S323K residual activity at 50°C in 50% DMSO 
 

5.3 Asymmetric	  Synthesis	  with	  CV	  WT	  CV	  E48D/K193T	  CV	  K193I	  
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The two mutants that showed improved stability and activity in concentrations around 30 -
50% of DMSO compared to the wild type, were tested for their catalytic performance. 
Asymmetric synthesis was performed using CV WT, CV E48D/K193T and K193I. Twelve 
reactions (see Figure 38)  were run for each mutant, using two ketones as amino acceptor 
(see Figure 37) and isopropylamine as amino donor (see Table 3 for reaction conditions). 
 
Table 3: Reaction conditions that have been applied in asymmetric syntheses. Every reaction was carried out in an 
open or sealed glass vial, in a total volume of 1 mL, with 50 mM keto substrate in 40% DMSO at 22°C for 24 h. 

REACTION KETONE  IPA [M] ENVIRONMENT 
1 2-acetonaphtone 0.2 closed 
2 2-acetonaphtone 0.2 open 
3 2-acetonaphtone 0.3 closed 
4 2-acetonaphtone 0.3 open 
5 2-acetonaphtone 0.5 closed 
6 2-acetonaphtone 0.5 open 
7 4-phenyl-2-butanone 0.2 closed 
8 4-phenyl-2-butanone 0.2 open 
9 4-phenyl-2-butanone 0.3 closed 

10 4-phenyl-2-butanone 0.3 open 
11 4-phenyl-2-butanone 0.5 closed 
12 4-phenyl-2-butanone 0.5 open 

 
 
 
 
 
 
 
 
 
 
 
 The chromatograms consisted of three peaks (see Figure 27): the first corresponded to 
pentane (solvent peak), the second to decane (boiling point 174°C) and the third one to 2-
acetonaphtone (boiling point 300°C) or 4-phenyl-2-butanone (boiling point 235°C). The 
areas of decane and ketone were integrated in order to obtain the normalised peak area 
(ketone area/decane area), that is used for calculating the conversion. 
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Figure 27 :  The first chromatogram shows the three peaks obtained from the reaction with the CV WT as enzyme and 2-
acetonaphtone as substrate. The second chromatogram shows the three obtained from the reaction with the CV WT as 
enzyme and 4-phenyl-2-butanone. The first peak represents the pentane, which has a retention time in the column of 2 
min. The second peak represents the decane, which has a retention time of 10 min. The third peak represents the 
ketone. It results that 2-acetonaphtone has a retention time of 19 min while 4-phenyl-2-butanone has been detected after 
15.5 minutes. 

To quantify the reactions, a standard curve was needed. Different conversions were 
simulated preparing samples of 1 mL at different ketone concentrations (see Table 4). 0.3 
M was chosen as IPA concentration. To gain 1mL volume, DMSO and HEPES buffer were 
also added. 
 

Table 4: Overview of the samples that have been prepared as a standard curve. 

SIMULATED 
CONVERSIONS [%] 

KETONE 
CONCENTRATION [mM] 

0 50 
10 45 
20 40 
30 35 
50 25 
70 15 
90 5 
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The standard samples were extracted like the reaction samples and analysed in the GC. 
The decane and ketone areas were integrated to calculate the normalised peak areas. The 
linear regression of the normalised peak area on the y-axis and the ketone concentration 
on the x-axis (Figures 39, 40) led to the normalized response factor, which could be used 
to obtain the conversion of each reaction (Figure 28). 

The blue coloured cells refer to the reaction where the conversion of at least one mutant 
was superior to the wild type (see Figure 28) 

 
REACTION/ENZYME CV WT CV 

E48D/K193T 
CV K193I 

2-A 0.2 M C 

no available 
data 

4 3 

2-A 0.2 M A 8 14 7 

2-A 0.3 M C 4 8. 5 

2-A 0.3 M A 16 8 5 

2-A 0.5 M C 15 14 4 

2-A 0.5 M A 39 7 4 

4-P 0.2 M C 53 68 57 

4-P 0.2 M A 73 86 93 

4-P 0.3 M C 77 56 76 

4-P 0.3 M A 80 95 87 

4-P 0.5 M C 79 80 78 

4-P 0.5 M A 

 no 
available 

data 

94 95 

Figure 28: reaction conversions [%]. The blue cells highlighted the reactions where the mutants led to a higher 
conversion with respect to the wild type 
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Figure 29: conversions of reaction performed with CV WT, 2-acetonaphtone 
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Figure 30: conversions of reaction performed with CV WT, 4-phenyl-2-butanone 
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Figure 31: conversions of reactions performed with CV E48D/K193T, 2-acetonaphtone 
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Figure 32: conversions of reactions performed with CV E48D/K193T, 4-phenyl-2-butanone 
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Figure 33: conversions of reactions performed with CV K193I, 2-acetonaphtone 
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Figure 34: conversions of reactions performed with CV K193I, 4-phenyl-2-butanone 

The graphs in Figures 29-34 suggested the following conclusions: 

1) Conversion of reactions, which had used 4-phenyl-2-butanone as substrate, increased 
or remained almost constant with increasing IPA concentration in both closed and open 
vials  

2) Conversions of reactions using 2-acetonaphtone as amino acceptor are remarkably 
lower than conversions of reactions performed with 4-phenyl-2-butanone. 

3) Conversion of reactions, which had used 2-acetonaphtone as substrate, did not 
increase with increasing IPA concentration except for CV WT reactions in open vials and 
CV E48D/K193T reactions in closed vials.  

3) Comparing the conversion of the same reaction catalysed by the same enzyme in 
closed and open environment, the second one provided higher conversions. 
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4) The mutants E48D/K193T and K193I provided higher conversions in the presence of 
0.2M IPA than the CV WT. On the other hand CV WT dealt better with higher IPA 
concentration (0.5M). 

5) CV WT resulted to be the best enzyme to convert 2-acetonaphtone in the 
correspondent amine while 4-phenyl-2-buthylamine was produced more efficiently by the 
mutants CV E48D/K193T and CV K193I. 

6 DISCUSSION	  
The results showed a significant difference in  residual activity values between the B-factor 
mutants, whose performance was comparable with the wild types one, and the fix loop 
mutants. Regarding immediate activity, the B-factor mutants and the loop mutants 
enzymes displayed a different trend.  

6.1 Speculation	  on	  Activity	  Results	  
 
All tested enzymes experienced a significant activity loss with increasing DMSO 
concentration.  
The most probable reason resides in the stripping effect of the organic solvent. It has been 
proved that in aqueous-DMSO solutions, DMSO is able to form H-bonds  with water 
molecules and an interaction between DMSO methyl groups and water molecules  has 
also been observed. This leads to aggregates of one DMSO molecule and two water 
molecules[41]. As a consequence less water molecules are involved in H-bonds with 
protein.  
Almost all the organic solvents that are able to dissolve proteins are polar or protic, 
suggesting the importance to form electrostatic interactions or H-bonds in protein 
solubilisation. Studies on the capability of inhibition of catalysis by organic solvents found a 
correlation between solubility of organic solvents in water and their tendency to distort the 
water layer on protein surface. Solvents with a water solubility higher than 0.4%, being 
hydrophilic, have the potential to strip water from specific positions on the protein. The 
factor LogP, where P is the partition coefficient of a given solvent between n-octanol and 
water, is a measure of hydrophobicity. The higher the logP value, the higher is the solvent 
hydrophobicity. DMSO has a logP= -1.3[29] which means high hydrophilicity and therefore a 
strong ability to distort the water shell around the protein. 
Because DMSO interacts strongly with water, it could be assumed that it causes important 
structural changes in protein flexibility and therefore profound modifications in enzyme 
kinetics.  
The explanation for the loss of activity displayed by the loop mutants might be found in the 
compromise between stability and activity in thermophilic and mesophilic proteins. 
Thermodynamics plays a fundamental role in the temperature adaptation of proteins. To 
clarify it, it is useful to compare the enzyme to rubber. In this case we can compare 
stabilizing processes to crystallization, which thermodynamically means to pass from a 
disordered state to a more rigid and ordered conformation with a significant loss of 
entropy. Since disorder is always favoured, crystallization will occur only if new interactions 
are formed which bring a sufficient gain in energy. 
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Regarding enzymes the interactions affecting stability are of different nature. There are 
hydrophobic, aromatic, cation-π interactions, as well as H-bonds. Thermodynamic 
parameters for the irreversible unfolding of α-amilases[42] show a decreasing in the 
entropic contribution from psychrophile to thermophile. It can be concluded that the perfect 
stabilizing strategy is to gain a semi-crystalline enzyme, that means increasing the size of 
the already existent hydrophobic rigid clusters and at the same time conserving some key 
flexible regions, which provide the necessary mobility for an efficient catalysis. The target 
316-328 loop’s mobility might be essential for an efficient catalytic function, since in the 
active PLP-bound conformation the main chain atoms of residues 318-321 are supposed 
to  have enough mobility to reach the right orientation in order to participate in numerous 
H-bonds with the PLP phosphate group[43]. It is reasonable to deduce that an enhanced 
rigidity of the loop might have prevented it to form the important H-bonds with PLP. 
Because the loss of activity occurred in all the enzymes, there must be another factor 
contributing that does not depend on the single substitutions. To increase DMSO 
concentration in the reaction environment means to raise its hydrophobicity. Therefore 
insoluble substrates are better solubilised. As a consequence they are thermodynamically 
stabilised by co solvent molecules, therefore they tend to remain in the more hydrophobic 
bulk than migrating toward enzyme active site. Subtilisin and α-chymotripsin experienced a 
slowdown of the reaction rate in the presence of an organic solvent because the 
desolvation of the hydrophobic substrates from the reaction bulk was no more 
energetically favourable[26].      
 
 
 
  

6.2 Speculation	  on	  stability	  results	  
 
Both mutants E48D/K193T and K193I displayed a better activity and stability in the range 
of 40-50% DMSO. In the first mutant a higher stabilisation might be the result of an extra 
H-bond. Aspartic acid is smaller than glutamic acid and might approach other residues 
more easily. The mutants have been created in silico with the YASARA Structure 
molecular modelling software[37] and it was noticed that glutamic acid in position 48 formed 
two hydrogen bonds (with Y7 and D46), while aspartic acid in the same position had the 
potential to create three H-bonds (with D46, G49 and N50, see Figure 35).  
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Figure 35: Potential H-bonds formed by D48 are shown in dotted yellow lines  
 
Looking at both mutations, the common feature is the substitution of a charged residue 
(lysine) with non-charged, aliphatic amino acid. The fact that non-polar substituents on the 
surface might have helped stabilization and activity seems contradictory. Perhaps more 
hydrophobicity in those positions helps the hydrophobic amino acceptor to reach the inner 
part of the protein. Another hypothesis could be that the replacement of the lysine might 
have disrupted an electrostatic interaction conferring a little more flexibility, enough to 
retain a little bit of the original activity. 
The reason why designed mutants are less stable than the wild type might be the 
substitution with bulkier residues. Packing is considered as one of the stabilization driving 
forces and the introduction of larger amino acids, especially with aromatic side chains like 
F, might have led to unfavourable side chain dispositions and van der Waals interactions. 
Packing was a successful strategy in thermostabilisation of a yeast cytosine deaminase, 
where cavities within the core were filled by aliphatic residues[44].  
The only rationally designed mutant which did not display an enormous loss in both activity 
and stability is the one located on the surface (I311E). This should not surprise, since the 
residues on the surface are the less conservative and thus the one usually causing less 
impact on catalysis. 
It has been noted that an improvement in protein stability to higher temperatures usually 
results in an enhanced tolerance towards organic solvents. Two recent studies confirm 
such a tendency. E. Vazquez-Figueroa at al.[45] demonstrated that thermo stable GDH 
variants show increased stability in the presence of high levels of organic co solvents as 
well. They performed reactions at 20% (v/v) of six different organic solvents, three of them  
were characterised by a high value of denaturation capacity (ethylene glycol, 1,2-
propanediol and ethanol). The decrease in initial rate of glucose-1-dehydrogenase (GDH) 
in these three solvents over increasing solvent concentration is similar to the trend found in 
this project. Reetz et al.[46, 47] reported the case of a lipase from Bacillus subtilis that shows 
a good correlation between thermal stability and robustness in the presence of varying 
amounts of organic solvents (0-50%). The tested organic solvents were acetonitrile, 
dimethylsulfoxide and dymethylformamide. The reason for this high tolerance was 
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revealed in the formation of an amino acid network strengthened by H-bonds and salt 
bridges. The mutant E48D/K193T seemed to support this correlation: its residual activity in 
the presence of significant concentrations of organic solvent and after incubation at 50°C 
is higher compared to the wild type. Two forces act on a protein during the incubation in 
organic solvent-water environments or at high temperature: 
1) denaturation or deactivation 
2) An increase in structural rigidity due to the lower water content and decreasing of 
solution dielectric solvent or strengthen of hydrophobic interactions 
The first one of each couple is a  destabilising force and the second one is stabilising. 
Perhaps the two mutations in positions 48 and 193 led to stabilising structural 
rearrangements under the surface, which made the entire structure more resistent to 
solvent and temperature destabilising effects.  
At this point the question is the reason why the mutant E48D/K193T incubated at 50°C 
with 50% DMSO was almost inactive after a few hours, if thermal and organic solvent 
stability appeared to go together.  
At room temperature the addition of a solvent  in a water-enzyme solution caused a 
modification of the surface tension at the interface between water and protein. In particular 
a polar solvent increased the surface tension of water, which means, referring to the Gibbs 
Adsorption Isotherm (see Figure 3), that the concentration of co solvent on the interface is 
very low. If temperature raises the surface tension decreases, leading to a higher 
concentration of organic solvent on protein surface. As DMSO is likely to interact with both 
polar and hydrophobic residues thanks to the S=O and methyl groups contained in the 
molecule, it could be assumed that DMSO molecules are able to bind on enzyme surface 
and in the inner part as well. A penetration of DMSO in the core of the protein will cause 
structural rearrangement ending up in protein unfolding.  
The two mutants derived from B-factor based double site saturation performed better in 
the presence of DMSO while the rationally designed ones resulted to be almost instantly 
deactivated except for the mutant I311E. This suggests that the best way to obtain a tailor-
made biocatalyst with improved stability is to employ directed evolution. In fact rational 
thoughts e.g. based on B-factors, could first restrict the number of critical positions on the 
enzyme structure and then directed evolution would provide the most advantageous 
mutations in these positions and the best combination thereof.  
Such a hybrid approach led to a mutant of the amine transaminase from Athrobacter 
citreus with improved activity and thermal stability at temperature higher than 50°C.[48] 
 

6.3 Speculation	  on	  Asymmetric	  Synthesis	  results	  
 
 
The asymmetric synthesis reactions reached higher conversion with higher IPA 
concentrations in 4-phenyl-2-butanone systems. The excess of the amino donor is one of 
the solutions to shift the equilibrium when it is slightly unfavourable or near one. Tufvesson 
et al. determined the equilibrium constant in an asymmetric synthesis starting from 4-
phenyl-2-butanone and IPA experimentally: it was 1.35, which confirms the feasibility of 
the latter strategy. 
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It was not found in the literature an experimental equilibrium constant of asymmetric 
synthesis using 2-acetonaphtone as amino acceptor but it could be guessed it is a very 
low value. Looking at the conversion over increasing IPA concentration for 2-
acetophenone batches, it was noticed that for the mutants a negative trend was present. 
Probably the equilibrium constant of such reactions is so  low that the excess of amino 
donor coupled with co product removal is not enough to push the equilibrium toward the 
amine product. 
The evaporation of acetone during the reaction helped generally to shift the equilibrium. 
Simulations were run by Tufvesson et al. to test the volatility of different ketones. A Henry 
constant of 10-2 was indicated as the limit beyond which the ketone loss by evaporation 
must be considered. Since in this project the reactions were performed at 22°C and the 
Henry constants of 4-pheny-2-butanone and 2-acetonaphtone were estimated as 7.8*10-3  

and 9.58*10-4 ⎥⎦

⎤
⎢⎣

⎡ ⋅

mol
Latm  at 25°C, the ketone evaporation was not considered and the 

calculation of the conversion based on the amount of ketone left could have been done.    
Generally, to gain an acceptable conversion, two conditions must be satisfied: the amino 
donor (IPA in this case) must be more thermodynamically reactive than amine product and 
the amino acceptor (2-acetonaphtone/4-phenyl-2-butanone) must be more 
thermodynamically reactive than the by-product (acetone). The enormous difference 
between conversions obtained using the two amino acceptors suggested a lower reactivity 
of 2-acetonaphtone. 2-acetophenone is a more stable molecule with respect to 4-phenyl-2-
butanone because of a conjugated π-electron system that involves the ketone. In 4-
phenyl-2-butanone there are more carbon atoms between the ketone moiety and the 
phenyl ring that prevent the stabilisation by conjugation. A further limitation could be the 
steric hindrance of 2-acetophenone, which might prevent an efficient accomodation in the 
large pocket of the ATA active site. 
The high conversions gained from 4-phenyl-2-butanone, showed that the three enzymes 
worked very efficiently under reaction conditions. 40% DMSO in the reaction solution 
resulted in high conversion of the substrate 4-phenyl-2-butanone. High conversion of the 
amination of 4-phenyl-2-butanone were also obtained by Koszelewski et al in 15% 
DMSO[49].  
To improve the conversion of reactions performed with 2-acetonaphtone, it would be worth 
it running the same reactions at higher temperature, since the mutant E48D/K193T 
showed enhanced thermal stability at 50°C compared to the wild type even with 50% 
DMSO concentration during the first 20 hours. 
Fesko et al.[50] invastigated the asymmetric synthesis of chiral amines using three different 
ATA and a wide range of ketones and amino donors, among them 4-phenyl-2-butanone, 2-
acetonaphtone and isopropylamine.  The conversions obtained using 4-phenyl-2-butanone 
as amino acceptor and IPA as amino donor were 35%, 62% and 46%. 2-acetonaphtone 
led instead to low conversion similar to the ones calculated in this project for one enzyme: 
4%. A possible explanation for the difference in conversion using 4-phenyl-2-butanone 
between the thesis data and the published ones might derived by the choice of a different  
solvent: while in this project the reactions were carried out in 40% DMSO to increase the 
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ketone solubility, the reported reactions were run instead in buffer. The lower conversions 
might have been a consequence of lower substrate solubility. 
More similar to the conversions achieved in this project are the ones reported by 
Cassimjee et al. >99% conversion using 4-phenyl-2-butanone as amino acceptor and a 
(S)-transaminase variant from A. citreus. as enzyme was reached. In this case an excess 
of amino donor did not shift successfully  the equilibrium, therefore an efficient enzyme 
couple ( YADH/FADH) was employed to degrade the co product. 
When the same asymmetric synthesis product can be achieved by different ways of  
equilibrium displacement, co product removal/excess of amino donor or multi enzymatic 
processes, other parameters must be taken into account in the choice, like large/small 
production, availability of raw materials, optimisation of energy supply and downstream 
disposal.   
 
 

7 CONCLUSION	  
 
The aim of this project was to enhance organic solvent tolerance of Chromobacterium 
violaceum (CV) ATA through protein engineering.  
As investigated, the answer to the question if the the CV wild type stability could be 
improved by site directed mutagenesis resulted in unsuspected answers. It was seen that 
in an enzyme made of hundreds of residues like the CV, even a single mutation had 
important consequences on protein stability and activity. 
Two mutations ( E48D/K193T and K193I) were revealed to have positive effect on stability 
and activity in the presence of DMSO. The loop mutants (except from the variant I311E) 
showed a significant decrease of original performances instead, suggesting a probable 
central role in catalytic function played by the flexibility of loop 316-328, which should be 
further investigated. In fact a full understanding of the CV wild type's relationship between 
structure and function is essential to predict improving mutations. 
The stability in aqueous DMSO solutions (30%-50%) was improved through the mutants 
K193I and E48D/K193T. The last one displayed enhanced resistance to deactivation at 
50°C and at 50°C in presence of 50% DMSO.  
Improved DMSO tolerance was tested again to perform asymmetric synthesis with two 
hydrophobic substrates, 4-phenyl-2-butanone and 2-acetonaphtone.  
High conversion (95%) was achieved performing asymmetric synthesis in 40% DMSO 
using 4-phenyl-2-butanone as amino acceptor and shifting the equilibrium by acetone 
evaporation and excess of amino donor. On the other hand, 2-acetonaphtone was 
confirmed as a thermodynamically disfavoured substrate. 
 
Further protein engineering attempts on CV ATA should aim at enhancing activity in the 
presence of organic solvents. A suggested approach would be to focus on surface 
mutations, which are less conservative and might also play an important role in retaining 
essential water molecules in the presence of hydrophilic solvent like DMSO. 
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8 MATERIALS	  AND	  METHODS	  

8.1 Materials	  

The following materials, used for enzyme mutagenesis, analysis and reactions, were of the 
higher purity; Phusion DNA Polymerase (Thermo scientific), 5x Phusion HF Buffer (Thermo 
scientific), dNTPs 10mM (Thermo scientific), MilliQ H2O, Chromobacterium violaceum amine 
transaminase in pET-28a fused to a N-terminal His6-tag, DpnI (Thermo scientific) were used 
for polymerase change reaction(PCR); Electrocompetent BL21 E. coli cells, Electrocompetent 
E. coli cells TOP-10 nick repair, LB-SOC medium heated for 1h at 37°C, LB Kanamycin agar 
plates, electroporation cuvettes (Bridge Bioscience Corporation) were used for plasmid 
transformation with electroporation; autoclaved Luria-Bertani (LB) medium, 50 mg/L 
Kanamycin were used for colony cultivation, Thermo scientific GeneJETTM Plasmid 
Purification Miniprep kit, Special wash solution, MilliQ H2O were used for plasmid purification; 
4 L baffled shake flasks, TB medium, TB salts, Kanamycin were used for cultivation; 1M 
Isopropil-β-D-1-tiogalattopiranoside (IPTG) was used for induction; HEPES buffer (50mM, pH 
8.2) was used to resuspend the cells; DESIDOS was used to wash the flasks after cultivating; 
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Binding buffer, pyridoxal-5'-phosphate (PLP) (Aldrich) was used to resuspend the cell before 
protein purification; Immobilized metal ion affinity chromatography (IMAC) binding buffer, 
IMAC eluition buffer, MilliQ water, 20% Ethanol, His-Tag Nickel column  were used for protein 
purification; PD10 column (GE Healthcare), HEPES buffer (50mM pH 8.2) were used for 
desalting; (S)-α-methylbenzylamine (α-MBA) (Aldrich), sodium pyruvate (Aldrich), HEPES 
buffer (50mM, pH 8,2) were used for reaction solution; Organic solvent dymethilsulfoxide 
(DMSO) (Scharlab S.L.), 2-propylamine (IPA) (Aldrich) were used for enzyme incubation; 1.5 
mL UV-cuvettes (BRAND) were used to test activity in the spectrophotometer; acetophenone 
(Aldrich) was used for the modified acetophenone assay; 40% Acrylamide/Bis solution (Bio 
rad laboratories), bovine serum albumine (BSA) for Bradford assay; 2-acetonaphtone 
(Aldrich), 4-phenyl-2-butanone (Aldrich), IPA were the substrates used in the reactions; 
hydrochloride acid (HCl) (Merck), n-pentane (Aldrich), 5.13M decane (Aldrich), sodium sulfate 
(Aldrich) were used for ketone extraction, centrifugal ultrafiltration tubes (Amicon Ultra-15, 
Merck Millipore Ltd., Cork, Ireland) were used to concentrate enzyme solutions. 

	  

 

8.1.1 Devices	  

GeneAmp PCR System 9700 (PE Applied Biosystems), Akta explorer (GE Healthcare),Dual 
beam spectrophotometer (Cary 300, Varian Inc.), Gas Chromatography with a Varian 
Chrompack capillary column CP Chirasil DEX-CB (25 m, 0.32 mm, 0.25 µm). 

 

8.1.2 Buffers	  and	  solutions	  
 
Table 5: overview of buffers and solutions used 
BUFFERS AND SOLUTIONS COMPOSITION 
Luria Bertani LB medium 8 g Tryptone, 8 g NaCl, 4 g yeast extract in 

0.8 L MilliQ water;  

 
LB SOC 10 mM NaCl, 2,5 mM KCl, 10 mM MgCl2, 

20 mM MgSO4, 20mM Glucose 

 
Special wash solution 4 M Guanidine*HCl, 40%isopropanol 
TB medium 12 g Tryptone, 24 g Yeast extract, 4 mL 

Glycerol in 0.9 L MilliQ water; 

 
TB salts 2.31 g KH2PO4, 12.5 g K2HPO4 in 0.1 L 

MilliQ water 
HEPES buffer 50mM pH 8.2 0.1L 200mM HEPES buffer in 0.3L MilliQ 

water 

 
IMAC Binding Buffer 3.56 g Na2HPO4 dihydrate, 29.2 g NaCl, 
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MilliQ water in 1 L, pH 7.4 

 
IMAC Eluition Buffer 3.56 g Na2HPO4 dihydrate, 29.2 g NaCl, 

34.04 g Imidazol, MilliQ water in 1 L, pH 7.4 

 
1M α-MBA stock solution 60.59 mg α-MBA in 0.5 mL DMSO 
1M pyruvate stock solution 55 mg pyruvate in 0.5 mL MilliQ water 
1M acetophenone stock solution 116.5 µL acetophenone in 883.5 µL DMSO) 

 
2 M isopropylamine stock solution IPA in 50 mM pH 8.2 HEPES buffer 
Reaction solution 100 µL α-MBA Stock solution, 100 µL 

pyruvate stock solution in 10 mL 50 mM pH 
8.2 HEPES buffer 

Bradford solution 5 mL 40% Acrylamide/Bis solution, 20 mL 
MilliQ water 

5 mM decane extracting solution 39 µL decane in 40 mL pentane 
125 mM 2-acetonaphtone stock solution 425.53 mg 2-acetonaphtone in 19.62 mL 

DMSO 
125 mM 4-phenyl-2-butanone stock solution 374.62 µL  4-phenyl-2-butanone in 19.63 

mL DMSO 
3 mL 60 U/mL enzyme stock solution enzyme, 50 mM HEPES buffer, 6 mg PLP 

 
 

8.2 Microbial	  methods	  
 

8.2.1 Cultivation	  and	  protein	  expression	  

Overnight cultures were performed by mixing 8 mL LB medium, 8 µL Kanamycin and a 
colony from an agar plate or a little amount of cells scratched from -80°C stock in 50 mL 
Falcon tubes. The culture was incubated overnight at 37 °C  at 220 rpm. 5 mL of each 
overnight culture were then mixed with 500 mL solution made of 0.9 L TB medium, 0.1 L 
TB salts (separately autoclaved) and 1 mL Kanamycin in 4 L baffled shake flask at 37°C 
(200 rpm). After 2 h, culture OD600 was checked. If  OD600 had resulted lower than 0.6 the 
flasks were kept at 37°C for other 30 minutes, if not 0.4 mM IPTG was added to the 4 L 
baffled shake flask. The culture was incubated for 24 h at 20 °C (200 rpm). To separate 
the cells from the medium, the culture was centrifuged (15 min at 5000 rcf). The 
supernatant was removed and the cells were resuspended in 30 mL HEPES buffer (50 
mM, pH 8.2) and put in 50 mL Falcon tubes. The cells were centrifuged for 30 min at 5000 
rcf at 4°C. The liquid was discarded and the pellets were put in the freezer. 

 

8.2.2 Site	  directed	  mutagenesis	  by	  polymerase	  chain	  reaction	  (PCR)	  
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The PCR-reaction was performed according to the protocol for Phusion High-Fidelity DNA 
Polymerase from Thermo Fisher Scientific. 

The designed primers are displayed in Table 6: 

Table 6: Primer pairs forward (fw) and reverse (rv) with melting temperature 

POSITION PRIMER fw PRIMER rv Tm[°C] 

H18 5'-A GCA CAT  TTT CTG CAT 
CCG TTT ACC GAT ACC-3' 

5'-GGA TGC AGA AAA TGT GCT 
GCA TCC AGT TCA CG-3' 64.4 

H318 
5'-GGT GAT TTT AAT TTT 

GGC TTT ACC TAT AGC GGT 
CAT CC-3' 

5'-GGT AAA GCC AAA ATT AAA 
ATC ACC GCC TGC AAT CAG-3' 64.4 

V96 5'-CAT CCG GCA AAC GTT 
GAA CTG AGC AGC C-3' 

5'-CTC AGT TCA ACG TTT GCC 
GGA TGG GTG G-3' 64.4 

G173 
5'-CGC ATG GTT CGT TAT 

TAT TGG GAT GTT CAG GGC-
3' 

5'-GGA ATC GGC AGA TCA AAC 
TGT TCA TGC ATA TAT TTC 

ATA CC-3' 
64.4 

I311 5'-GGT CTG GAA GCA GGC 
GGT GAT TTT AAT CAT GG-3' 

5'-CAC CGC CTG CTT CCA GAC 
CTT CTG C-3' 64.4 

S323 
5'-GCT TTA CCT ATA AAG 

GTC ATC CGG TTT GTG CAG 
C-3' 

5'-GCA CAA ACC GGA TGA CCT 
TTA TAG GTA AAG CCA TG-3' 64.4 

The total volume is 50µL. 

Table 7: PCR mixture composition  

SUBSTANCE VOLUME[µL] 
MilliQ water 37/36● 
DMSO● 1 
Template DNA 0.5 
5x Phusion HF buffer 10 
Primer 1 
dNTPs(10mM) 1 
Phusion DNA Polymerase 0.5 

● only for position I311 and S323 

The PCR reaction had an initial denaturation step at 98°C for two minutes. The first 5 
cycles started with 20 seconds denaturation step at 98°C, followed by a 30 seconds step 
for the annealing of the primers to the plasmid at 64.4°C. A 2 minutes and 45 seconds or 
30 s for the first step in the Mega Whop PCR (see chapter 8.2.3) (25 s/kb expected 
product) long extension step at 72° C was used for the elongation step of the reaction. The 
last 15 cycles had the same parameters as the first 5 except for the annealing temperature 
changed in 60.4°C. The reaction was completed with a 7 minutes long additional 
elongation step at 72° to make sure that all the plasmids were fully copied. The mixture 
was finally cooled at 4°C. After the PCR reaction, template DNA was digested with 1.8 µL 
DpnI for two hours at 37°C. An incubation at 80°C for 20 minutes to inactivate DpnI 
followed. 
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8.2.3 Simultaneous	  site	  directed	  mutagenesis	  by	  Mega-‐Whop	  PCR	  
 

The DNA fragment to be cloned (megaprimer) of the double mutation G173/R133 was 
prepared in a previous PCR reaction. The total volume is 50µL. 

Table 8: Mega-Whop PCR mixture composition 

SUBSTANCES VOLUME[µL] 
MilliQ water 25.5 
5x Phusion HF buffer 10 
Template DNA 0.5 
Megaprimer derived from the first step 12 
dNTPs(10mM) 1 
Phusion DNA Polymerase 0.5 

The first step of the Mega-Whop PCR was conducted as described in chapter 8.2.2 the 
reaction of the second step started with 2 minutes and 30 seconds at 68°C of amplification 
step. The reaction mixture is then heated at 98°C for 1 minute. Ten incubation cycles 
consisted of a denaturation step at 98°C for 30 seconds, of 30 seconds at 60°C to prevent 
unspecific binding and of an elongation step at 68°C for 4 minutes. The further 14 cycles 
introduced a different duration of the elongation step, 6 minutes instead of 4. At the end the 
sample is cooled at 4°C for 20 minutes. 1.8 µL of DpnI was added to the reaction, which was 
then incubated for 2 hours at 37°C.  

8.3 Biochemical	  Methods	  

8.3.1 Determination	  of	  the	  protein	  content	  

In the beginning the protein content was determined using the active sites quantification 
method[51]. 900 µL of protein solution in 50mM HEPES buffer was measured at 395 nm in 
the spectrophotometer. The obtained absorbance was used to calculate the protein 
concentration (C) through the Lambert Beer law: 

CLAbs ∗∗= 395ε  where ε395 is the protein extinction coefficient at 395 nm, L is the light 
path length, Abs is the absorbance  

As the protein concentration obtained with the active site method were not correct, it was 
replaced by the Bradford assay. To obtain the standard curve, eight bovine serin albumine 
solutions with different concentrations were prepared (0, 0.02, 0.04, 0.08, 0.12, 0.14, 0.16, 
0.2 [mg/mL]) and stored in the freezer. 15 times dilueted protein samples were prepared: 
in a 1.5 mL Eppendorf tube, 13 µL of protein solution was mixed in 182 µL 50 mM HEPES 
buffer. Three wells of a 96 microtetraplate were filled with 20 µL of the same standard or 
protein solution. Then 200 µL of Bradford solution was pipetted into each well.   
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8.3.2 Enzyme	  purification	  

The cells were resuspended in 10 mL IMAC binding buffer and disrupted by sonication. 
The cells were lysed in two cycle of 1.5 min each at 30% duty cycle to avoid overheating 
and then centrifuged for 20 min at 10000 rpm. The solution was filtrated using 0.45 µm 
filter to remove cell debris. The His6-tagged proteins were then purified in Äkta machine by 
adding IMAC eluition and binding buffers and using His Trap HP 5 mL Äkta Column. The 
protein was separated from imidazol using a PD10 column and HEPES buffer and 5 mg of 
PLP was added to the 7 mL transaminase solution. Once the PLP had been completely 
dissolved, the solution was stored in the fridge at 4°C protected by an aluminium sheet 
due to the high sensitivity to the light of enzyme-PLP complex until the following morning. 

The purified enzymes were desalted a second time to remove the PLP excess after 1 h or 
2 h incubation at 37°C depending on the enzyme. 

Table 9: Optimum incubation time with PLP at 37°C for each enzyme 

ENZYME INCUBATION TIME [h] 
CV _WT 1 
CV_ H18F 1 
CV_ H318F 2 
CV _V96N 2 
CV_ DM 1 
CV _I311E 2 
CV _S323K 2 
Vfl_ WT 1 
CV _K193I 2 
CV _E48D/K193T 1 
CV _ E48L/K193N 2 
CV _E48Q 2 

 

8.3.3 Acetophenone	  activity	  assay	  

Classic acetophenone assay was used to measure the enzymes' activity over time at 245 
nm in the spectrophotometer. Different enzyme solutions were mixed in an UV-cuvette 
with HEPES buffer and reaction solution (250 µL) in 1 mL total volume. To obtain a clear 
slope, different enzyme amount were added in the UV-cuvette depending on their activity: 

Table 10: enzyme amount in 1 mL  

ENZYME ENZYME AMOUNT [µL] 
CV_WT 5 
CV_H18F 80/100 
CV_H318F 80/100 
CV_V96N 100 
CV_DM 80 
CV_I311E 5 
CV_S323K 80 
Vfl_WT 5 
CV_K193I 5 
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CV_E48D/K193T 5 
CV_E48L/K193N 10 
CV_E48Q 10 

 Acetophenone concentration (Cacetophenone) was obtained from Lambert Beer law: 

neacetophenoCLAbs ∗∗= 245ε    where ε245 is the acetophenone extinction coefficient at 245 nm, 
L is the light path length 

From stoichiometric balance, it was known that for each acetophenone mole, an α-MBA 
mole had been converted. Introducing the enzymatic unity, defined as the amount of 
enzyme that converts one µmol of substrate into product in a minute, activity expressed in 
U/mL was found. At the end specific activity[U/mg] is calculated using protein 
concentration from Bradford assay. 

Modified acetophenone assay was developed to quantify enzyme activity after immediate 
addition of  different concentration of DMSO. The measurement was carried out at 290nm 
in 1 mL volume. In the UV-cuvette enzyme aqueous solution, different amount of DMSO, 
and HEPES buffer were mixed. The specific activity was then calculated from the Lambert 
Beer law using the acetophenone extinction coefficient at 290 nm. 

The acetophenone extinction coefficient at 290 nm was derived simulating different 
conversions by measuring absorbance at 290 nm of 1 mL solutions containing different 
concentrations of α-MBA and acetophenone. The programm used was the single read 
software. First 2.5 mM α-MBA and acetophenone stock solutions in HEPES buffer were 
prepared. Different concentrations of α-MBA and acetophenone were mixed in UV-cuvette 
to simulate different conversions. 

Table11: substrate and product concentrations and the correspondent absorbances   

CONVERSION [%] α-MBA 
CONCENTRATION 

[mM] 

ACETOPHENONE 
CONCENTRATION 

[mM] 

ABSORBANCE 

0 2.5 0 0.004 
10 2.25 0.25 0.2383 
20 2 0.5 0.4749 
30 1.75 0.75 0.7209 
40 1,5 1 0.9671 
50 1.25 1.25 1.2637 
60 1 1.5 1.4686 
70 0.75 1.75 1.6798 
80 0.5 2 1.8818 

    A linear regression with acetophenone concentration on x-axis [mM] and  absorbance 
on y-axis was done using Excel. The slope of the obtained curve was the acetophenone 
extinction coefficient at 290 nm (see Figure 36) . 
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Figure 36: acetophenone standard curve at 290 nm 

 

8.3.4 Asymmetric	  synthesis	  

Twelve reactions were performed for each chosen enzyme (CV WT CV E48D/K193T CV 
K193). The reactions were performed in glas vials, at 22°C, at pH 8.2 in 1 mL total volume for 
24 h. Two substrates were used: 50 mM 2-acetonaphtone (2-A) or 4-phenyl-2-butanone (4-P). 

 

Figure 37: asymmetric synthesis substrates 

 The solvent was 40% DMSO in HEPES buffer. 

Table 12: variable reaction parameters 

REACTION IPA [M] ENVIRONMENT 
1 0.2 Open 
2 0.2 Closed 
3 0.3 Open 
4 0.3 Closed 
5 0.5 Open 
6 0.5 Closed 
7 0.2 Open 
8 0.2 Closed 
9 0.3 Open 
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10 0.3 Closed 
11 0.5 Open 
12 0.5 Closed 

Always used 15 U/mL enzyme 250 µL volume [determined with acetophenone assay using 
2.5 mM α-MBA and pyruvate in HEPES buffer] .  

The reactions performed are schematised in Figure 38. 

  

Figure 38: reaction performed 

After 24 h, the ketone were extracted from each reaction batch according to the following 
procedure: 

1) addition of 100 µL HCl to protonate the amines 
2) addition of 1 mL decane-pentane solution 
3) shaking and vortexing the emulsion for 30 s 
4) transfering of the emulsions in 2 mL Eppendorf tubes 
5) centrifugation at full speed (16000xg) for 5 minutes 
6) addition of sodium sulfate to dry the samples. This step was required because the GC 
column was sensible to water. 
7) centrifugation at full speed for 1 minute 
8) transfer the organic phases (upper phases) in GC vials. 

The GC analysis aim was to quantify the ketone amount left after 24 h. Presuming that there 
were a negligible evaporation of the ketone and that there was a stoichiometric ratio 1:1 
between moles of ketone converted and moles of amine product, the conversion was 
calculated from a standard curve. 

The standard curve was developed simulating the conversions shown in Table 13. 

Table 13: Overview standard curve simulated concentrations 
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CONVERSION [%] KETONE CONCENTRATION [mM] 
0 50 
10 45 
20 40 
30 35 
50 25 
70 15 
90 5 

It was used 0.3 M IPA. Each samples was extracted following the same steps applied on the 
reaction batches and analysed in the GC. The decane and ketone areas were integrated to 
calculate the normalised peak area. It was done a linear regression with the normalised peak 
area on the y-axis and the ketone concentration on the x-axis led to the normalised response 
factor, which could be used to obtain the conversion of each reaction. 

Table 14: obtained standard curves and the correspondent response factor 

KETONE STANDARD CURVE RESPONSE FACTOR mi 
2-acetonaphtone y= m2-acetonaphtone *x 0.1793 
4-pheny-2-butanone y= m4-phenyl-2-butanone *x 0.1678 

Two standard curve were obtained (see Figures 39 and 40). 

standard curve 2-acetonaphtone y = 0.1793x
R2 = 0.9335
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Figure 39: 2-acetonaphtone standard curve 
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standard curve 4-phenyl-2-butanone
y = 0.1678x
R2 = 0.9475
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Figure 40: 4-phenyl-2-butanone standard curve 

From the chromatogram of each reaction the areas of the ketone and of the decane were 
integrated to obtain the normalised peak area (y) dividing the ketone area by the decane area. 
This data is then insert in the standard curve equation, xmy ketone ∗=  to gain the ketone 
concentration (x). Finally the conversion was calculated. 

8.4 Analytical	  methods	  

8.4.1 Gas	  chromatography	  (GC)	  

The temperature method started at 60°C and reached 300°C at the end. In the first step the 
temperature increased by 5°C/min until 75°C, then with a rate of 10°C/min until 90°C, and 
finally with 20°C until 300°C. 

 

8.5 Computational	  methods	  

8.5.1 In	  silico	  preparation	  of	  mutants	  	  
All mutants have been created in silico with the YASARA Structure molecular modeling 
software[37]. The amino acids of interest have been swapped to the desired ones in both 
subunits. The resulting structures have been minimized by repeated energy minimisations 
and short molecular dynamics simulations for 1200 fs at 298 K in vacuum. 
The AMBER03[52] force field with a 7.86 Å force cut-off have been applied. The PyMOL 
molecular graphics software[38] has been used for the evaluation. 
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