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Abstract
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This thesis includes the work of two separate projects, studies on pyrimidine degrading enzymes
and studies on in vitro evolved enzymes. The common denominator of both projects was the
use of structural information to explain functional effects, observed in the studied biocatalysts.

In humans, and other eukaryotic organisms, the nucleobases uracil and thymine are
catabolized by the reductive pyrimidine degradation pathway. This pathway is one of the factors
that control the pyrimidine nucleotide concentrations in a cell. Furthermore, it is the main
clearance route for pyrimidine analogues, often used as cancer drugs, like 5-fluorouracil and
other fluoropyrimidines. Deficiencies in any of the enzymes, involved in this pathway, can lead
to a wide range of neurological disorders, and possibly fatal fluoropyrimidine toxicity in cancer
patients. Two out of the three involved enzymes, dihydropyrimidine dehydrogenase (DPD) and
β-ureidopropionase (βUP), were studied in the first project of this thesis. This resulted in the
first crystal structure of a human β-ureidopropionase variant, which could be used to explain
functional characteristics of the enzyme. Structural analyses on novel DPD variants, found in
patients suffering from DPD deficiency, could explain the decrease in catalytic activity of these
enzyme variants. This strategy, of using structural information to predict functional effects from
sequential mutations, has the potential to be used as a cheap and fast first assessment of possible
deficiencies in this pathway.

Enzymes are, however, not only involved in many diseases, but also used for industrial
applications. The substitution of classical organic synthetic reactions with enzyme catalyzed
reactions usually has a beneficial influence on environmental pollution, as illustrated in the
principles of Green Chemistry. The major drawback of the use of enzymes for these purposes
is their natural selectivity towards a small group of possible substrates and products, which
often do not have the desired composition or conformation for an industrial application. In
order to improve an enzyme for industrial purposes, the alcohol dehydrogenase ADH-A, from
Rhodococcus ruber, was subjected to a semi-rational approach of directed evolution, using
iterative saturation mutagenesis (ISM), in the second project of this thesis. This resulted in
different enzyme variants that showed the desired improvements in activity. Most functional
improvements could be rationalized with the help of structural information and molecular
dynamics simulations. This showed that artificial protein design has the potential to produce
enzyme variants capable of substituting many organic synthetic reactions, and that structural
information can play a key role in the designing process.
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1 Introduction 

According to the United Nations World Population Prospects report from 
2017, the average life expectancy in Europe during the past 50 years in-
creased from 70 years to around 77 years1. Globally, it increased by more 
than 15 years during the same period. One of the reasons for this increase is, 
without a doubt, the increased availability and use of pharmaceutical drugs 
2,3. The development of new chemicals has not only improved health care but 
also many other areas of life. Food additives, cosmetics, plastics or deter-
gents often contain complex organic molecules that make these products 
more efficient, more stable or less toxic. They can even be found in everyday 
devices like the liquid crystal displays in smartphones and TVs. The availa-
bility of these chemicals defines our way of life. This way of life, however, 
often comes with a high price in the form of hazardous waste. Many of the 
manufactured chemicals or substances used in their production endanger our 
health or the environment, and their disposal is usually very expensive. Ac-
cording to an estimate by the United Nations Environment Program (UNEP) 
more than 440 million tons of hazardous waste are produced globally every 
year4. The prolonged life expectancy does, however not mean that people 
nowadays get less sick, and effective drugs are not available for every health 
condition and every person. Drug efficacy strongly depends on its pharma-
cokinetics and –genetics. The rate of drug metabolism differs in every per-
son and the reason for this might sometimes be the inactivity, or overactivi-
ty, of the pathway responsible for metabolizing the drug.  

 
Proteins control these pathways and are involved in everything that happens 
in any cell of any living organism. The exact nature of proteins will be dis-
cussed later, but it is important to bear in mind that they keep our cells alive 
and each has a special function. These functions are determined by the pro-
teins’ structures. In the highly balanced network inside our cells, a small 
structural change could alter the function of a protein and by that, the out-
come of any cell process. One example of this is the regulation of pyruvate 
kinase in our cells. Pyruvate kinase is a protein that produces adenosine tri-
phosphate (ATP). The activity of pyruvate kinase is tightly regulated, as it is 
only economical when there is enough material available to produce energy 
from, which is why the activity of pyruvate kinase is regulated. The activa-
tion signal comes from fructose-1,6-bisphosphate (FBP), a molecule pro-
duced in our cells after food intake. After FBP is produced, it will bind to 
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pyruvate kinase and induce a small structural change of the protein. This 
signal is akin to pushing the protein’s “on-button”. 

 
There are many examples like this, and the only way to fully understand a 
protein’s function and regulation is by understanding its structure. Structural 
information about proteins is used in various fields, such as engineering pro-
teins for industrial applications or drug design, which will also be discussed 
later. Without having structural information about many proteins our stand-
ard of living would be unthinkable. 

 
The work presented in this thesis focuses on two projects. Firstly, studies on 
enzymes involved in human pyrimidine degradation as well as their role in 
cancer therapy and secondly, studies of in vitro evolved enzymes used to 
produce complex drug precursors. The aim of these projects was to increase 
the functional understanding of the aforementioned enzymes with the help of 
structural information. This information can then be used to create prediction 
models for the effects of genetic mutations in the first project, or to connect 
chemoselectivity to structural changes in a designed enzyme. 

 
Even though the studied enzymes have little in common they are perfect 
examples of how important structural information is for biochemical re-
search. The method used for structure determination was X-ray crystallog-
raphy and an overview about relevant theories and methods is given in the 
first chapters of this thesis. Following these basic concepts are the results of 
the individual projects. 
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2 Theoretical background 

2.1 Nucleotides and proteins – molecules of life  
 
Nucleotides and proteins are two of the essential molecule classes in the 
cells of every living organism. Nucleotides are usually involved in infor-
mation- and energy storage, while proteins are the primary means, by which 
the stored information is expressed, and thus life processes maintained. They 
are, for example, involved in transport processes and almost all chemical 
reactions taking place within cells. Furthermore, proteins mediate many es-
sential cellular processes primarily by interacting with other proteins. Under-
standing the function and metabolism of nucleotides and proteins is therefore 
essential to many research areas in medicine, biology, and chemistry. The 
nature of both types of molecules is explained in the following sections. 

2.1.1 DNA & RNA – the code of life 
 
Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are biopolymers 
build up by nucleotides. A nucleotide consists of a ribose, in RNA, or deoxy-
ribose, in DNA, connected to a nucleobase and at least one phosphate group. 
There are four different nucleobases that make up the genetic information in 
DNA: adenine (A) and guanine (G), which are purine derivatives, and cyto-
sine (C) and thymine (T), which belong to the class of pyrimidine derivatives 
(Figure 1). The nucleotides are connected by forming a bond between the 
phosphate group of one nucleotide and the ribose ring of another nucleotide. 
This way a whole DNA or RNA chain can form. The backbone of these 
chains, is very stable against degradation. The nucleobases, of two separate 
nucleotide chains, can interact with each other by forming hydrogen bonds, 
which stabilize them, for example, by forming the well-known DNA double 
helix structure. A fifth nucleobase, uracil (U), is present in RNA as a substi-
tute for thymine.  
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Figure 1. Molecular structures of pyrimidine (A), the pyrimidine derivative thymine 
(B) and the nucleotide thymidine monophosphate (C). 

2.1.1.1 The central dogma of molecular biology 
 
The central dogma of molecular biology might be the most important princi-
ple a biochemist needs to understand. Francis Crick stated the following in 
1970 5: 

 
“The central dogma of molecular biology deals with the detailed residue-

by-residue transfer of sequential information. It states that such information 
cannot be transferred back from protein to either protein or nucleic acid.” – 
Francis Crick 

 
That means that the genetic information which is encoded in the deoxyribo-
nucleic acid (DNA) and ribonucleic acid (RNA) sequence can never be re-
covered once it has been translated into the amino acid sequence of the re-
spective protein. A graphical interpretation of the central dogma is shown in 
Figure 2, which also shows the fundamental principle of DNA acting as a 
blueprint for proteins. In order to produce a certain protein, DNA is first 
transcribed into RNA, i.e. a copy of DNA, which then gets further translated 
into a protein. That means that every vital process in a cell that involves 
proteins, is dependent on these processes. The regulation of transcription and 
translation is therefore essential for any cell. The architecture of a human, 
and any other eukaryotic cell, promotes this regulation, by physically sepa-
rating transcription and translation. All the information, in form of DNA, is 
stored in the cell nucleus, whereas the expression of this information, in 
form of translation, takes place in the cell cytosol. These cellular compart-
ments are separated by the nuclear membrane, which regulates the molecular 
exchange between them. This way, the amount of molecules in the cell nu-
cleus that regulate, which part of the DNA will be transcribed into RNA, can 
be controlled. Hence, this allows the cell to react, for example, on environ-
mental changes, like food uptake. Additionally, the intermediate transcrip-
tion step, and separation from proteins in the cytosol, ensures the integrity of 
the DNA. The unit of DNA that encodes for a single protein is called a gene. 
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Figure 2. The central dogma of molecular biology. The information encoded in the 
DNA can be replicated, in order to pass the genetic information to the next genera-
tion of offspring for example or transcribed into RNA from which it is translated into 
proteins. RNA replication and reverse transcription from RNA to DNA are mecha-
nisms found in some viruses. 

2.1.2 Proteins – workhorses in our cells 
 
As mentioned earlier, proteins are involved in every cellular reaction and 
process. They function as regulators and transporters, detect and neutralize 
pathogens, transduce signals inside and in-between cells, secure the structure 
of cells and give them the ability to move. They also facilitate an enormous 
number of chemical reactions. Proteins catalyzing chemical reactions are 
called enzymes and are discussed in more detail in the next section.  
 
Proteins are polymers of basic building blocks, called amino acids. The 
standard set in humans consists of 20 different amino acids. Each protein 
therefore consists of a mixture of these 20 amino acids, connected by peptide 
bonds to form a polypeptide chain. The amino acid sequence of this chain, 
also called the primary protein structure, is determined by the DNA se-
quence of the corresponding gene. The three-dimensional structure of a pro-
tein is dependent on the different interactions between the amino acids. 
Amino acids in close proximity can form hydrogen bonds that stabilize so-
called secondary structures, like α-helices or β-strands, shown in Figure 3. 
The tertiary structure consists of the spatial arrangement of the different 
secondary structure motifs, formed by a polypeptide chain, usually stabilized 
by interactions between them. Finally, the quaternary structure describes 
how the folded polypeptide chains of oligomeric proteins are assembled to 
the complete protein structure. This means that the order of the amino acids 
per polypeptide chain, which by itself is encoded in the nucleotide sequence 
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of the corresponding gene, determines the three dimensional structure of any 
protein. 

 

 
Figure 3. Protein structure is described on four hierarchical levels. The primary 
structure represents the simple amino acid sequence (AA1, AA2, etc.), describing all 
interactions mediated by covalent peptide bonds. In contrast to this, the secondary 
structure represents small motifs, like α-helices or β-strands that are stabilized by 
hydrogen bonds between different amino acids. The tertiary structure represents the 
entire three-dimensional structure of a polypeptide chain, build up from different 
secondary motifs. This arrangement is often stabilized by hydrogen bonds, covalent 
disulfide bonds, and hydrophobic as well as aromatic interactions. Many proteins 
consist of multiple polypeptide chains and the quaternary structure describes how 
the tertiary structures of the single polypeptide chains interact with each other. 

2.2 Enzymes – why study them? 
Enzymes catalyze most chemical reactions in any organism. Catalysis means 
that the enzymes enhance the reaction rate of the conversion of substrate to 
product by stabilizing the reaction’s transition state and thereby lowering its 
activation energy. There is a large variety of reactions catalyzed by enzymes, 
each with a special reaction mechanism that often evolved over millions of 
years. Studying these enzymes allows us to understand how this reaction rate 
enhancement, typically in the range of 5 to 17 orders of magnitude, com-
pared to the uncatalyzed reactions 6, is achieved, and how function is deter-
mined by structure. Consequently, the gained knowledge can be exploited to 
manipulate enzyme structure and function in a way that is beneficial to us. In 
order for a chemical reaction to happen, the substrate needs to bind at the so 
called active site of an enzyme. Interactions between the substrate and the 
enzyme at the active site facilitate correct binding of the substrate, which 
allows product formation. Some enzymes are able to catalyze the reactions 
solely based on the reactivity of their active side amino acid residues that 
interact with the substrate. Others need to use so called cofactors, which are 
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organic molecules or metal ions, capable of perform chemical reactions. 
Examples of cofactors will be discussed later.  
 
The active sites of some enzymes are relatively exposed to the surrounding 
solvent, whereas for others the active site is buried deeply within the en-
zyme. Substrate binding before, as well as product release after the chemical 
reaction, is enabled by a solvent channel, connecting the active site and sol-
vent like a tunnel. The accessibility of the active site needs, however, to be 
restricted for many reactions, in order to enhance the reaction rate or avoid 
side products. Many enzymes can therefore regulate the active site accessi-
bility by structural changes. Therefore, enzymes need to maintain a certain 
degree of flexibility. For many cases, this flexibility even facilitates the en-
zymes’ ability to enhance a reaction rate 7. Upon substrate binding, the active 
site of these enzymes undergoes a structural change 8. The reaction rate, or 
activity, of an enzyme can be influenced by a number of factors, like tem-
perature, pH and substrate concentration 9. Every enzyme displays a certain 
degree of substrate and product specificity, i.e. the range of potential sub-
strates and products is specific for an enzyme. Product specificity means that 
only a portion of theoretically possible products is formed by an enzyme. An 
example for this is the histone methylation by histone methyltransferases. 
Histones are proteins that bind and organize DNA in the cell nucleus. Meth-
ylations of distinct lysine and arginine side chains of histones serve as a sig-
nal in DNA transcription. Histone methyltransferases can transfer between 
one and three methyl groups onto a lysine side chain, resulting in different 
signals 10. The grade of methylation is dependent on which enzyme catalyzes 
the methyl transfer 11. On the other hand, substrate specificity means that, in 
order to be converted to product, a substrate has to have the right functional 
groups (chemoselectivity), at the right position (regioselectivity) and with 
the right three-dimensional orientation (stereoselectivity). This principle 
could already be demonstrated by Louis Pasteur in 1860 12, by showing that 
in a racemic mixture of tartaric acid mainly the L-enantiomer is metabolized 
by Penicillium glaucum. The energy profile of such an enzyme catalyzed 
reaction is illustrated in Figure 4. Thermodynamically, an enzyme does not 
shift the reaction equilibrium. It only accelerates the rate of reaching the 
equilibrium and can therefore also catalyzes the conversion from product 
back to the original substrate 9. 
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Figure 4. Energy profiles of enzyme catalyzed reactions based on reference [13] 13. 
The two substrates A and B are enantiomers and therefore energetically equal. The 
difference in Gibbs free energy (ΔG) is also equal for both products (P and Q), 
which means that they are energetically and possibly even chemically equal. The 
activation energies for both reactions (EA(E+A) and EA(E+B)) are however differ-
ent. The energetic difference (ΔΔG#) of the two transition state [EA]# and [EB]# 
favors the conversion of B to Q. 

 
All reactions catalyzed by enzymes involve the breaking and/or creating of a 
covalent bond. Hydrolases, for example, have the ability to hydrolyze a vari-
ety of chemical bonds, i.e. cleave the bonds while adding a water molecule 
to one of the reaction partners. Ligases have the ability to catalyze the fusion 
between two molecules, whereas oxidoreductases catalyze electron transfers 
from an electron donor to an electron acceptor molecule, which change the 
oxidative states of both molecules. Electron transfers are usually mediated 
by redox cofactors, which will be discussed in later. 

2.2.1 Enzyme kinetics  
The velocity, or reaction rate, of a reaction catalyzed by an enzyme is de-
pendent on the degree of the stabilization of the reaction’s transition state. 
This stabilization is in turn dependent on factors, such as substrate binding, 
substrate conversion, or product release. It also depends on the reaction con-
ditions, like pH, temperature, or substrate concentration. The reaction from 
substrate to product can consist of several reaction steps. Analysis of the 
kinetic parameters such as, for example, the individual rate constants of each 
step can give information about the reaction mechanism and factors that 
influence the enzyme’s chemo-, stereo- and regioselectivity. An enzyme 
reaction can usually be divided into two phases that add valuable infor-
mation: the steady state phase, in which the concentration of any reaction 
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intermediates are constant, and the pre-steady state phase, which describes 
the time segment between reaction start and steady state phase. 

 

2.2.1.1 Steady state kinetics 
 
A reaction scheme of a simple two-step reaction is illustrated in scheme 1. 
The reaction constant for the formation of the enzyme-substrate complex 
(ES) is represented by k1 and the reaction constants for the dissociation of 
the enzyme-substrate complex are represented by the k-1, towards substrate 
formation, and k2, towards product formation. In steady state, the formation 
and dissociation of ES occur at equal speed, which keeps the ES concentra-
tion constant over time. Enzymes exhibit saturation, which occurs when all 
the enzymes’ active sites are occupied by a substrate molecule. A further 
increase of the substrate concentration will not have an influence on the re-
action rate and the relation between reaction rate and substrate concentration 
for a given enzyme concentration can be displayed with a saturation curve 
(Figure 5). The mathematical description of such a saturation curve was de-
rived by Leonard Michaelis and Maud Menten, who developed a model to 
describe enzyme kinetics, called Michaelis-Menten kinetics 14. The famous 
Michaelis-Menten equation is shown in equation 1, with substrate concentra-
tion [S], reaction rate v0, and the Michaelis constant KM, which describes the 
ratio of ES-dissociation rates and ES-formation rates. The maximal reaction 
rate, Vmax, is reached at enzyme saturation. 

 
 

 
scheme 1 

 
 
 
 =                                              eq. 1 

 
The most important variables of equation 1, Vmax and KM, can be determined 
experimentally by plotting the experimental data into a v0/[S] diagram and 
then fitting a saturation curve to the data points. Vmax and KM can then be 
determined as the limit of the function and the substrate concentration when 
it reaches half of this limit, respectively (Figure 5). 
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Figure 5. Steady state kinetics. The saturation curve (solid black line) represents the 
different reaction rates (v0) at given substrate concentrations ([S]) for a constant 
enzyme concentration. The reaction rate reaches a limit, called Vmax (dotted black 
line) and the corresponding substrate concentration at ½Vmax (dotted grey line) 
represents the Michaelis-constant, KM. 

 
KM and Vmax are substrate dependent and used to compare different enzymat-
ic reactions. KM can be used as an indicator for substrate affinity if k2 is 
much slower than k-1. Then KM can be reduced to the dissociation constant 
Kd with =  6,15. However, this is not usually the case, which makes KM 
a more complicated constant depending on how complicated the reaction 
mechanism is. Vmax represents, as mentioned before, the product formation 
rate at enzyme saturation. In the simple reaction of scheme 1 it is only de-
pendent on the reaction constant k2. However, if the reaction from the en-
zyme-substrate complex to free product consists of more than one reaction 
step, as shown in scheme 2, Vmax represents the slowest, or rate-limiting, 
reaction step, if one of them is considerably slower than the others. In the 
case that the reaction rates of more than one reaction step are similar, then 
Vmax represents a combination of them. In order to be able to compare differ-
ent enzymes, a more general reaction constant, kcat, was introduced. Kcat 
represents the rate-limiting reaction constant and can become a function of 
different reaction rates, depending on their contribution to the rate-limiting 
reaction step. The product formation rate is then defined as = , 
which results in equation 2 with  = . 

 
 =                                            eq. 2 
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                       scheme 2 

 
 
 
 
Kcat is called the turnover number and describes how many substrate mole-
cules are converted to product per unit time at enzyme saturation. Enzyme 
efficiency is the second constant used to compare different enzymes and it is 
defined as   . This ratio describes the reaction constant of the conversion 
of E + S to E + P, as shown in scheme 3. 

 
 

                                              scheme 3 
 

 
 

Some enzymes do not follow simple Michaelis-Menten kinetics. Upon sub-
strate binding their affinity for other substrate molecules can change. This 
phenomenon is called cooperativity and it occurs, for instance, when sub-
strate binding triggers a conformational change in the enzyme. If the for-
mation of the enzyme-substrate complex contributes to the reaction rate, an 
increased substrate affinity (positive cooperativity) will increase enzyme 
activity, whereas a decrease in substrate affinity (negative cooperativity) will 
slow down the reaction rate. The type of cooperativity can be determined by 
fitting the saturation curve data points with a modified Michaelis-Menten 
equation (eq. 7). In this equation K0.5 corresponds to the substrate concentra-
tion at ½Vmax and the exponent n is called the Hill coefficient. In the case 
when n=1, equation 7 transforms into the regular Michaelis-Menten equation 
(eq. 5), with K0.5 = KM and a hyperbolic shape. However, for n>1 positive 
cooperativity is observed, whereas n<1 indicates negative cooperativity. The 
higher or lower the value for n is, the stronger the positive or negative coop-
erativity, respectively. The typical saturation curves can be seen in Figure 6. 

 = ( . )                                          eq. 7 
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Figure 6. Saturation curves of enzymes showing positive cooperation (dash-dotted 
black curve), negative cooperation (dotted black curve) and regular Michaelis-
Menten behavior (solid black curve). The Hill-coefficient can be determined by 
fitting the curves with equation 7. Instead of using the Michaelis constant KM, the 
substrate concentration at ½Vmax is usually called K0.5 for reactions showing coop-
erativity. 

 

2.2.1.2 Pre-steady state kinetics 
 
Immediately after enzyme is exposed to substrate and before steady state is 
reached, the reaction is in the pre-steady state phase, characterized by a reac-
tion rate burst (Figure 7). 

 
 

 

Figure 7. Product formation over time. The pre-steady state phase usually experi-
ences a reaction rate burst. In the steady state phase the reaction rate is constant. 

In order to investigate the mechanism of reactions consisting of more than 
one reaction step it is often helpful to measure pre-steady state kinetics, as 
they allow determination of individual rate constants. However, the pre-
steady state phase is often very short and usually cannot be detected by con-
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ventional techniques. Measurements using stopped-flow instruments are 
therefore very useful, since they have the possibility to detect signals in the 
millisecond range. 

 
Kinetic analyses were a part in every study, presented in this thesis. Steady 
state kinetic parameters were determined for all studied enzymes, and addi-
tional pre-steady state kinetic analyses were performed for the studies of 
alcohol dehydrogenase enzyme variants, described in Paper IV-VI. 

2.2.2 Regulation of enzyme activity 
 
The ability for an enzyme to catalyze a reaction depends on four conditions 
that need to be fulfilled. Firstly, the enzyme needs to be stable, which means 
that it is folded correctly. The fold of an enzyme is stabilized by the interac-
tions between its amino acids, like hydrogen bonds, ionic and hydrophobic 
interactions or disulfide-bonds. These interactions can be interrupted by a 
change in pH or temperature, the addition of detergents, reducing or oxidiz-
ing agents and even physical forces, like increased pressure or shaking. Ana-
lyzing the connection between reaction conditions and catalytic activity 
might add information about the catalytic mechanism. For example, a pH-
dependence analysis of an enzymatic reaction might inform whether or not 
proton transfer is involved in the catalytic mechanism and which amino acid 
residues might be involved in this proton transfer. Secondly, the substrate 
needs to bind in the right position in the active site to achieve productive 
binding, resulting in its chemical conversion. Depending on the structural 
features of active site and substrate, non-productive binding can occur, as 
will be discussed in the present investigations chapter. Thirdly, the formed 
product needs to be able to be released and lastly, the enzyme and possible 
cofactors need to be reset into their original state after the reaction. By 
changing the reaction conditions in a way that slows down any of these pro-
cesses, the enzyme will be inhibited. Enzymes are very common drug targets 
and inhibition is usually achieved by exposing the enzyme to small organic 
molecules. There are two major forms of inhibition, irreversible and reversi-
ble inhibition. 

 
An irreversible inhibitor usually inactivates the enzyme by forming a cova-
lent bond with an active site residue that cannot be broken again. An exam-
ple of irreversible inhibition is the mechanism of action of aspirin. The ac-
tive ingredient of aspirin is acetylsalicylic acid, which is an excellent acety-
lation reagent 16. Acetylsalicylic acid inhibits the enzymes cyclooxygenase-1 
(COX-1) and -2 (COX-2) 17, which are both involved in prostaglandin bio-
synthesis 18. Prostaglandins are mediators of pain, which is the reason why 
COX-1 and COX-2 inhibitors are used as pain killers. 
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In reversible inhibition, the interactions between enzyme and inhibitor are 
non-covalent. Different reversible inhibition modes exist, called competitive, 
uncompetitive, non-competitive, and mixed inhibition. In competitive inhibi-
tion (Figure 8), for example, the binding of an inhibitor causes a blockage of 
the substrate binding site. Substrate binding therefore cannot occur until the 
inhibitor is released from the enzyme again. 

 
 
 

 
Figure 8. Competitive inhibition reaction scheme. An inhibitor is competing with the 
substrate for the same binding site. After inhibitor binding, no substrate molecule 
can bind, because the binding site is blocked by the inhibitor, hence no reaction can 
occur until the inhibitor is released again. 

 
A way to determine which kind of inhibition takes place is to record satura-
tion curves of an enzyme with and without inhibitor and comparing KM and 
Vmax of the reaction without inhibitor with the apparent KM (KM,app) and ap-
parent Vmax (Vmax,app) of the reaction in presence of a constant inhibitor con-
centration. The type of inhibition can be determined by the differences in 
these constants. For example, for uncompetitive inhibition both constants are 
reduced while the inhibitor concentration is increased. For non-competitive 
inhibition, only Vmax,app is reduced, while KM,app equals KM and is not a func-
tion of inhibitor concentration. For competitive inhibition, on the other hand, 
KM,app increases with increasing inhibitor concentration, while Vmax remains 
constant (Figure 9). That means that in order to occupy all enzyme active 
sites with substrate and thus achieve the maximal reaction velocity Vmax, 
the reaction has to be performed with an increased substrate concentration to 
compensate the inhibitory effect.  
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Figure 9. Saturation curve for competitive inhibition. The reaction with (dotted 
black curve) and without (solid black curve) inhibitor reach the same reaction rate 
limit Vmax (blue dotted line). However, KM increases to KM,app with increased inhibi-
tor concentration. 

 
In order to compare the potency of different inhibitors, different constants 
have been introduced. One of these constants is called the inhibitory con-
stant, KI, which is the dissociation constant of the enzyme-inhibitor complex 
19. Mathematically it can be described for a competitive inhibition using 
equation 8 with the inhibitor concentration [I], the Michaelis constant of the 
inhibited reaction KM,app, and the Michaelis constant of the uninhibited reac-
tion KM. 

 = , 	                                           eq. 8 

 
In many cases enzymes are inhibited by the formed product. This is called 
product-inhibition and helps to regulate the product concentration in a cell. 
In some cases enzymes are even inhibited by their substrates. This phenom-
enon is called non-productive binding and describes the situation in which a 
substrate molecule is binding into the active site without being converted to 
product 20. The reasons for this might be the incorrect orientation of a sub-
strate with regard to the catalytic residues, the substrate’s protonation state, 
or inactive enantiomers. It is important to keep in mind that the apparent kcat, 
for a reaction with a substrate that can bind in a non-productive way, can be 
slower than the rate determining step by an order of magnitude. The true 
value of kcat can thus be masked by non-productive binding, and its effect is 
dependent on the proportion of substrate molecules binding in a non-
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productive way. Therefore, even though these substrate molecules act like a 
competitive inhibitor, the kinetic effects of non-productive binding are dif-
ferent and the inhibitory effect cannot be outcompeted by increasing the 
substrate concentration.  

2.2.3 Enzymes as drug targets 
 
The fact that enzymes catalyze almost every biological reaction means also 
that a malfunctioning enzyme is likely to cause a disease. According to Hop-
kins and Groom 21 enzymes make up around half of all drug targets, with 
phosphotransferases such as kinases as the major target 22. Drugs that target 
enzymes are usually inhibitors 23, as discussed in 2.2.2. There are many 
strategies on which enzymes to target, ranging amongst others from targeting 
enzymes that are directly causing a disease, to targeting enzymes that acti-
vate the disease causing enzyme, or targeting an enzyme that is involved in 
drug degradation. In some cases drugs do not target enzymes directly in-
volved in the disease, but rather enzymes involved in the symptoms of the 
disease, such as acetylsalicylic acid in the inhibition of COX-1 and COX-2. 
Structural information is crucial in drug design and medical research in two 
ways. Firstly, it helps in understanding the reason for the enzymatic mal-
functioning by illuminating the positioning of the amino acid residues im-
portant for activity or stability. Secondly, structure function relationships can 
identify interactions between a drug and the targeted enzyme, and thereby 
aid in understanding pharmacodynamics of a drug, and drug design. Increas-
ing the number of interactions by changing the atomic composition of a drug 
usually results in more specific and effective binding of the drug. Drug spec-
ificity and affinity are key properties and should be as high as possible to 
minimize potential side effects. 

2.2.4 Enzymes in industrial applications – Green Chemistry 

It is usually not possible to achieve the same product enantiomeric purity 
and yield in a classical organic synthesis reaction compared to a reaction 
catalyzed by enzymes. By understanding the mechanisms of catalysis and 
regulation of enzymes, and the underlying structure function relationships, 
we do not only gain a deeper understanding of life processes, but also facili-
tate the application of specific enzymes to increase our standard of living. 
 
The use of enzymes for industrial applications has increased in popularity in 
recent years. They are used to synthesize drugs and other chemicals, process 
food, detoxify soil and water or produce fuel 24–26. One of the biggest bene-
fits of using enzymes for these processes, besides product yield and purity, is 
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the use of milder reaction conditions compared to an organic synthesis reac-
tion. Enzymes usually work in aqueous solutions at moderate temperatures, 
pH, and pressure, and are renewable and biodegradable. This makes them a 
perfect example of Green Chemistry, a concept formulated by Paul Anastas 
and John Warner in 1998 27. Besides the request for minimization of the 
toxicity of produced chemicals, the principles of Green Chemistry include 
the demand for environmentally friendly and renewable materials used in 
chemical reactions, use of catalysts instead of stoichiometric reagents, and 
the prevention of waste products and high energy use. 
 
Even though they fulfill the principles of Green Chemistry very well, en-
zymes cannot yet be used in all industrial applications. They are limited by 
their substrate specificity, stability and reactivity and can therefore not per-
form every desired reaction.  

2.3 X-ray crystallography 
X-ray crystallography is a structure determination method that exploits the 
fact that crystallized molecules diffract X-rays, thereby generating a distinct 
diffraction pattern on a detector. By measuring the intensities and diffraction 
angles it is possible to reproduce the three-dimensional structure of the crys-
tallized molecules. X-ray crystallography was the first developed method for 
protein structure determination, and the very first protein structure was de-
termined by Sir John Kendrew and his co-workers in 1958, by using sperm 
whale myoglobin crystals 28. Even though it is not the only method for pro-
tein structure determination anymore, it is still the most frequently used one, 
with around 90% of the roughly 140 000 deposited structures on the protein 
data bank (PDB) determined by X-ray crystallography. 

2.3.1 From crystal to protein structure 
 
Bond lengths between atoms in a protein are typically between 1 and 2 Å 
(0.1-0.2 nm). An optical microscope, however, cannot resolve spots that are 
less than roughly 200 nm apart. The reason for that is the resolution limit of 
any optical system, estimated by the Rayleigh criterion (eq. 9), described by 
Lord Rayleigh 29, with angular resolution θ, wavelength of the light λ and the 
diameter of the lens’ aperture D. 
 

 = 1.22                                                 eq. 9 
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In order to resolve small objects like proteins, it is therefore necessary to use 
radiation of shorter wavelength. X-ray radiation, with a wavelength of about 
1 Å, has been proven to be suitable for this purpose. However, exposing a 
liquid protein sample to X-ray radiation will only result in a mixture of indis-
tinguishable and weak signals due to the proteins’ different orientations and 
conformations. A way to solve this problem is to force the protein molecules 
to arrange themselves in. form a crystal. A protein crystal is a solid aggre-
gate consisting of a highly ordered periodic arrangement of protein mole-
cules. This arrangement of proteins extends in all three dimensions and is 
achieved by slowly increasing the protein concentration of a solution to a 
supersaturated state. This supersaturation of proteins is practically accom-
plished by adding a precipitant to a protein solution. Percipitants are mole-
cules that lower the proteins’ solubility in solution. Figure 10 shows the il-
lustration of a protein crystallization phase diagram, as described by Naomi 
Chayen 30. The x- and y-axis represent precipitant concentration and protein 
concentration, respectively. Instead of the precipitant concentration, the x-
axis could also represent other factors that influence protein solubility like 
pH, ligand concentration or temperature. The phase diagram is divided into 
two areas by the solubility curve: an undersaturated area in which the protein 
is soluble and will not crystallize, and a supersaturated area in which the 
protein concentration exceeds its solubility. This supersaturated area con-
tains three zones: the precipitation zone in which the protein will just precip-
itate, the nucleation zone in which the protein can form crystal nuclei, and 
the metastable zone in which crystal nuclei can grow bigger but no nuclea-
tion events will take place. A crystal will only form from a protein solution if 
the conditions allow first nucleation and then crystal growth. The amount as 
well as the size of the resulting crystals is dependent on how long the nuclea-
tion and metastable zone conditions exist.  
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Figure 10. Illustration of a protein crystallization phase diagram, adapted from ref 
[30]30. The solubility curve (brown) divides the phase diagram into the undersatura-
tion and supersaturation areas. The protein can only form crystal nuclei in the nu-
cleation zone, whereas it will just precipitate in the precipitation zone. Crystal 
growth of the nuclei can only be achieved in the metastable zone in between the 
solubility curve and the supersolubility curve (dark blue). In order to crystalize a 
protein, the conditions would have to go from undersaturation (1) to the nucleation 
zone (2) and from there to the metastable zone (3). 

 
After successfully growing a well ordered protein crystal and exposing it to 
X-radiation, the X-rays will be scattered by the protein’s electrons in all 
directions. Most of the scattered X-rays will cancel each other out by de-
structive interference, however, for some directions, constructive interfer-
ence that amplifies the resulting signals can occur. These directions follow 
Bragg’s law 31  shown in equation 10 with d as the distance between diffract-
ing planes, θ as the scattering angle, n as any integer, and λ as the X-rays’ 
wavelength. 

 2 sin = 	                                         eq. 10 
 
 

A graphical explanation of Bragg’s law is shown in Figure 11. Constructive 
interference of two waves occurs only if they are in phase after the scattering 
event. Therefore, the path difference of the two scattered waves, 2d sin θ, 
has to be an integer of λ.  
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Figure 11. Graphical explanation of Bragg’s law adopted from ref [32] 32. X-ray 
waves with identical phase and wavelength λ are scattered off two electrons (black 
circles) of a protein crystal with the scattering angle θ. The distance between the 
two electrons is d and the path difference of the scattered waves is 2d sin θ. Con-
structive interference of the two scattered waves occurs if the path difference is an 
integer of λ, as shown here. 

 
The X-rays used for such an experiment are nowadays usually generated in a 
type of particle accelerator, called a synchrotron (Figure 12). There, an elec-
tron gun shoots electrons into the so called booster synchrotron, or booster 
ring in which the electrons are accelerated to almost the speed of light. The 
accelerated electrons are then injected into the storage ring, which consists 
of different types of electromagnets. Bending magnets force the electrons to 
circulate in the storage ring and wigglers or undulators, which are periodic 
arranged dipole magnets, make the electrons wiggle. This electron oscilla-
tion produces X-rays that are led into specific experimental hutches, in so 
called beamlines in which the protein crystal is placed in their path. The X-
rays scattered by the protein crystal are recorded by a detector, revealing a 
diffraction pattern like the one shown in Figure 13. The crystal is rotated in 
the beam and a diffraction image is taken in regular intervals, until a suffi-
cient amount of data has been collected. 
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Figure 12. Schematic composition of the Diamond Light Source synchrotron in 
Harwell. An electron gun (1) shoots electrons via the linear accelerator into the 
booster synchrotron (2). Here, the electrons are accelerated and then injected into 
the storage ring (3). Magnets in the storage ring make the electrons wiggle, thereby 
producing X-radiation. The X-rays are then lead into the different beamlines, con-
sisting of an optics hutch (5), an experimental hutch (6) and a control cabin (7). 
This image was reused from ref [33]33 with the permission of the publisher. 

 
 
 

 
Figure 13. X-ray diffraction image of a protein crystal. The black spots represent 
the position where the scattered X-rays hit the detector. The diffraction image was 
recorded at Diamond Light Source on September 25th 2017. 
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The collected diffraction patterns can be transformed to an electron density 
map by Fourier transformation. Usually the protein’s amino acid sequence is 
known, and with the help of computer software, one can solve and refine the 
protein’s structure by modelling the amino acids into the electron density 
map. An example of a density map and the fitting of an amino acid into it is 
shown in Figure 14. 

 
 

 

Figure 14. Example of an electron density map. The map visualization and model 
building is done with the COOT software. (A) Electron density map, calculated from 
the diffraction patterns. (B) With the help of a suitable model structure a protein 
model can be calculated. The first model however usually needs some manual re-
finement. Here, for example, a phenylalanine side chain is not properly modelled 
into the electron density. (C) Perfectly fit protein structure. 

2.3.2 Limitations of X-ray crystallography 
 
The major obstacle of X-ray crystallography is the growing of high-quality 
crystals in order to obtain good structural data. Many factors can contribute 
to the failure to produce protein crystals. Amongst those that probably were 
most relevant for the projects presented in this thesis are protein flexibility 
and polydispersity, caused by the presence of different oligomerization 
states. These different oligomers, which are proteins consisting of several 
identical polypeptide chains, can interfere with the packing of just one spe-
cies of protein in a crystal lattice. A crystal lattice describes the three-
dimensional arrangement of the proteins in the crystal. Even if one succeeds 
in stabilizing the protein in the right state, the nucleation and metastable 
zones of the crystallization phase diagram might be very small so that the 
right conditions are never found. 

 
Flexible regions are not only an obstacle to overcome in the crystallization 
of a protein, but also one of the biggest limitations of X-ray crystallography. 
The experimental data comes from a crystal and shows the average position 
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The experimental data comes from a crystal and shows the average position 
of each electron, and with this, of each atom in the crystal. This means that 
information about alternative conformations of residues or whole protein 
regions are usually lost. It is important to be aware of this fact when working 
with crystal structures.  

2.3.3 Molecular dynamics simulations and docking calculations 
 
A very important question that is usually not fully addressed by X-ray crys-
tallography is, as mentioned earlier, protein dynamics. These protein mo-
tions often contribute to the protein’s biological function and can be modeled 
with molecular dynamics simulations (MD). MD techniques calculate the 
potential energy, or force field, of each atom in a protein based on empirical-
ly validated algorithms 34. This way, the positions of the atoms are calculated 
for a given time frame, creating different snapshots of the three dimensional 
protein structure. Similar snapshots are then averaged and form a so called 
cluster. 

 
MD simulations are widely used to understand atomic interactions that stabi-
lize the protein function, protein-protein interactions, or interactions between 
an enzyme and its substrates or drugs. With the help of supercomputers, a 
protein can be virtually studied under physiological or experimental condi-
tions. Molecular docking calculations allow the exploration of protein-ligand 
interactions, like a drug and its target enzyme, based on the docking pro-
gram’s scoring function 35,36. The method predicts the orientation of a ligand 
that would form the most stable complex upon binding. In the presence of a 
large library of millions of compounds, virtual screening calculations can be 
performed in order to find possible ligands for any target, possibly saving a 
lot of time and manual labor. The docking calculations are usually a lot fast-
er and need fewer resources but do not produce as accurate results as MD 
calculations. Thus, molecular docking experiments are often followed by 
MD calculations to verify the stability of the complex and study a possible 
readjustment of the target and ligand. 

 
It is, however, important to keep in mind that MD calculations are based on 
approximations and therefore have limitations 37. The applied force fields, 
which describe the contributions of all forces influencing the movement of 
all atoms, are not perfect in many cases and low computational power only 
allows simulations on a nanosecond scale, ignoring potential important ef-
fects happening on a much larger time scale. Yet, computational simulations 
of protein-protein and protein-ligand interactions are a story of great success 
and constantly evolving so that this powerful method seems to become more 
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and more essential in combination with experimental methods in protein 
studies. 

2.3.4 Other protein structure solving methods 
 
In contrast to X-ray crystallography, some techniques are able to study pro-
tein structures in solution, like nuclear magnetic resonance spectroscopy 
(NMR), or in a vitrified state, which results from the rapid cooling of a solu-
tion to the frozen hydrated state, like cryo-electron microscopy (cryoEM). 
This makes these methods complimentary to X-ray crystallography and the 
combined data would be extremely helpful in any research project. 

 
In protein NMR, the protein sample is placed into a strong magnetic field, 
creating different local magnetic fields at atomic nuclei like 13C, 15N or 2H. 
The differences in the magnetic fields at different nuclei are caused by the 
differences in their chemical surrounding, i.e. their neighboring atoms. These 
differences can be measured and used to determine the neighboring atoms of 
each nucleus and even the distances between them. With this information an 
average structure of all the protein molecules in the solution can be deter-
mined. It is even possible to study time dependent structural changes by 
changing the solution conditions. The major limitation of this method, how-
ever, is the increasing difficulty of data analysis with protein size. The stud-
ied protein usually needs to have a molecular mass below 30 kDa, but tech-
nological advances and improved sample preparation techniques might be 
able to push this limit even higher. 

 
In cryoEM, the protein sample is quickly frozen to around -180°C, thus cre-
ating a snapshot of all the proteins and protein conformations in solution. A 
focused high voltage electron beam is then transmitted through the sample, 
and due to the wave nature of electrons, a picture of the samples can be de-
tected as with an optical microscope and daylight. The results of a cryoEM 
experiment are many two-dimensional images of all the different orienta-
tions of the proteins in the sample, which are used to reconstruct a three-
dimensional Coulomb potential distribution map. With this map the three-
dimensional shape of the protein in the sample can be determined. Moreover, 
like in protein NMR, it is possible to do time resolved studies of a protein 
sample with cryoEM. 
 
The major limitations of this method are usually the need for big proteins or 
protein complexes and problems obtaining data with a higher resolution than 
3.5 Å. However, this technique has also been improved massively in the past 
years and it appears that it might improve even more in the near future. Pro-
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tein structures with a higher resolution than 2.5 Å, with the best at 1.8 Å, 
have been deposited at the PDB. 

2.4 Protein engineering 
The need for improved or altered enzyme activity and stability for industrial 
applications was commented on earlier. The field dedicated to this task is 
called protein engineering. In protein engineering proteins are manipulated 
by introducing mutations into their genes. This is usually done either by 
chance, in a method called directed evolution, or by deliberately selecting 
specific amino acids for mutation, often based on available structural infor-
mation, in a method called rational design. The effects of the mutations are 
then evaluated and additional rounds of mutation might be performed in 
order to get the desired result. 

2.4.1 Directed evolution 
 
Directed evolution is mimicking natural evolution in a lab environment by 
different methods, just on a considerably shorter time scale. For example, in 
error-prone polymerase chain reaction (epPCR) and sequence saturation 
mutagenesis (SeSaM), gene sequences are manipulated by creating reaction 
conditions for DNA amplification in which the risk of DNA mutagenesis is 
increased. The mutations happen by chance, which is why a large number of 
DNA copies have to be analyzed in order to make sure that the probability of 
finding the most beneficial mutation is high enough. This reveals the major 
disadvantage of this approach, which is the need for a high-throughput 
screening method to identify the change in the protein’s property one was 
aiming for. The big advantage of directed evolution, however, is that it does 
not require any information about the protein’s structure and that combina-
tions of mutations, whose additive effect could not have been predicted, may 
arise.  

2.4.2 Rational design 
 
In rational design, specific amino acid residues are targeted for mutation. 
The residues are often changed by site-directed mutagenesis, a well-
established technique in which the DNA sequence is changed by polymerase 
chain reaction (PCR) using specially designed primers. This means that the 
chosen residues are mutated to specific amino acids and the effects of the 
mutations were predicted in advance based on the protein’s structure. The 
major drawback of this approach is the need for structural information, 
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which can be difficult to obtain. Furthermore, mutagenesis effects might not 
be easy to predict in many cases. An advantage of rational design is the time 
efficiency compared to directed evolution, since no extensive screening is 
needed. 

2.4.3 Semi-rational design 
 
The combination of directed evolution and rational design is called semi-
rational design. In this approach, structural information is used to identify 
residue positions that might influence the enzyme’s properties, such as sta-
bility or activity. These positions are then randomly mutated and the result-
ing effects analyzed. Usually two or three residues that are structurally adja-
cent to each other are grouped together, forming a mutation site, and targeted 
for mutagenesis. If the aim of this laboratory enzyme evolution is to alter the 
enzyme’s kinetic properties, the targeted residues are mostly located in the 
active site. This method is called combinatorial active site saturation test 
(CAST) 38.  

 

 
Figure 15. Iterative saturation mutagenesis model of two mutation sites, A and B. In 
the first round wild type (wt) enzyme is subjected to one round of CASTing (black 
lines), creating promising variants A1, A2 and A3. These variants are then used as 
parent for a new cycle of CASTing in the B-site creating more promising variants 
that could themselves be starting points for a new round of CASTing. 

Just as for directed evolution, a high-throughput screening method for the 
evaluation of the mutagenesis is needed for this approach. A mutation site 
consisting of two amino acid positions and a combination of 64 possible 
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codons per position would consist of 4096 different possibilities. In order to 
statistically ensure that 95% of all possible gene variants were covered one 
would have to screen around three times as many variants. However, the 64 
possible codons encode for only 20 amino acids, meaning that some codons 
encode for the same amino acid. By using a degenerated codon set that in-
cludes only one codon per amino acid, the number of variants that need to be 
screened can be lowered dramatically from 12 288 to 1200. Another method, 
called iterative saturation mutagenesis (ISM), uses CASTing for multiple 
mutation sites 39,40. After identifying a promising variant in one mutation sit, 
this mutation becomes the parent for a new round of CASTing in another 
mutation site. This cycle can, of course, continue until the results are satis-
factory, creating a tree of variants (Figure 15). 

2.5 The reductive pyrimidine degradation pathway 
 
 
Nucleotide metabolism plays an important role in every living cell, since it 
controls the DNA and RNA pool. There exist two types of nucleotide bio-
synthesis pathways: de novo pathways and salvage pathways. In the de novo 
pathways, nucleotides are synthesized from their metabolic precursors, like 
ribose-5-phosphate, carbonate and amino acids, whereas the salvage path-
ways recycle nucleobases and nucleosides from nucleic acid degradation 6. 
In eukaryotes, the catabolism of the pyrimidine nucleobases uracil and thy-
mine is accomplished in the reductive pyrimidine degradation pathway 41 
(Figure 16). The final products of this pathway are ammonium, carbon diox-
ide, and β-alanine (β-Ala) for the degradation of uracil and 3-
aminoisobutyric acid for the degradation of thymine. In mammals, this 
pathway is the sole source of β-Ala 42, which takes on an important role in 
the human body as a neurotransmitter 43 and as part of the antioxidants car-
nosine and anserine 44. 
 

 

 
Figure 16. The reductive pyrimidine degradation pathway, as shown for the break-
down of uracil. Thymine is degraded accordingly. Uracil is reduced to dihydroura-
cil by dihydropyrimidine dehydrogenase (DPD), followed by the ring opening to N-
carbamyl-β-alanine catalyzed by dihydropyrimidinase (DHP). The final hydrolysis 
reaction is catalyzed by β-ureidopropionase (βUP), forming β-alanine, ammonium 
and carbon dioxide. 



 38 

 
The studies in this thesis, regarding the reductive pyrimidine degradation 
pathway, focused on two different projects. Firstly, functional characteriza-
tion and structure determination of human βUP, in order to create a predic-
tion model for βUP deficiency based on genetic variations. Secondly, im-
proving the understanding of the connection between phenotype and geno-
type of DPD deficient patients, with the help of structural information. 

2.5.1 Dihydropyrimidine dehydrogenase 
 
DPD (EC 1.3.1.2) is encoded by the DPYD gene and is the first enzyme in 
the reductive pyrimidine degradation pathway and is rate-limiting for the 
pathway. It catalyzes the reduction of the C-C-double bond in the pyrimidine 
substrate by using NADPH as reducing agent 45. It is a cytosolic enzyme, 
and in mammals it is found in different tissues, with highest activity in 
hepatocytes 46. Mammalian DPD is generally well conserved, even between 
distantly related species. The sequence identities between elephant, rabbit 
and opossum DPD, for example, are within 89% and 93%, with a subunit 
molecular weight of around 111 kDa, suggesting a similar three-dimensional 
structure and catalytic mechanism. Characterization of human, rat, and pig 
liver DPD 47–49, as well as studies on recombinant pig DPD 50, revealed that 
the enzyme forms homodimers. Further analysis of human and pig liver 
DPD showed that they contained 33 and 30 iron atoms, 32 and 31 inorganic 
sulfur atoms, 1.5 and 1.7 FMN molecules, and 1.5 and 1.8 FAD molecules, 
respectively 48,49. The crystal structure of pig liver DPD (pdb ID: 1GTH) was 
determined by Dobritzsch and coworkers, and refined to a resolution of 1.9 
Å 51. This crystal belonged to space group P21, and contained four polypep-
tide chains per asymmetric unit. The structure confirmed the results of for-
mer studies by revealing a homodimeric assembly, with each subunit con-
taining one flavin adenine dinucleotide (FAD), one flavin mononucleotide 
(FMN), four iron-sulfur clusters ([4Fe-4S]), as well as binding sites for 
NADPH and the pyrimidine substrate. Furthermore, each subunit can be 
divided into five different domains (Figure 17).  
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Figure 17. Crystal structure of pig DPD (pdb ID: 1GTH). A) Homodimeric structure 
of DPD in cartoon representation. The two electron transfer chains of both subunits, 
comprised by NADPH (cyan), FAD (green), four iron-sulfur clusters (grey-yellow), 
FMN (blue) and the inhibitor 5-IU and substrate uracil (lime) are shown. Each 
subunit can be divided into five different domains. These domains are colored dif-
ferently in subunit 1 with domain I in blue, domain II in red, domain III in yellow, 
domain IV in grey and domain V in green. Subunit 1 has a 5-iodouracil (5IU) and 
subunit 2 (salmon) has a uracil (URA) molecule bound in their respective substrate-
binding site in domain IV. (B) The two electron transport chains. The iron-sulfur 
clusters ([4Fe-4S]) of subunit 1 are colored in magenta and orange, those of the 
second subunit in black and yellow. 

 
Domain I, which is composed of α-helices and connecting loops, contains 
two of the four [4Fe-4S] clusters, with the iron ions of the first cluster all 
coordinated by cysteine side chains. The second [4Fe-4S] cluster is, howev-
er, coordinated by only three cysteines and one glutamate sidechain, which 
makes this type of coordination unique 51. Domain II, which contains the 
FAD binding site, is sequentially divided into two parts, flanking domain III 
in the amino acid sequence. The adenosine diphosphate moiety of the FAD 
is anchored deep inside domain II, and the flavin moiety is positioned at the 
interface between domain II and domain III, roughly 8 Å distant to the clos-
est [4Fe-4S] cluster in domain I. The NADPH binding site is situated in do-
main III and its nicotinamide ring faces the FAD isoalloxazine ring system. 
The distance between C4 of the nicotinamide and N5 of the isoalloxazine, 
which are both involved in the hydride transfer, is 3.4 Å. These two nucleo-
tide binding domains share a similar topology, with a Rossmann-type fold. 
The third nucleotide binding domain, domain IV, contains a α8β8-barrel, with 
the FMN and substrate binding site located at the C-terminal end of the β-
sheets, forming the core of the barrel (Figure 18). Cys671 is located roughly 
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13 Å distant to the flavin moiety of the FMN, and has been shown to be cru-
cial for enzyme activity 52. Mutating this residue to an alanine resulted in 
only 1% catalytic activity compared to the wild type enzyme. Structure anal-
ysis showed that domain IV resembles the dihydroorotate dehydrogenase A 
from Lactococcus lactis, which catalyzes the oxidation of dihydroorotate to 
orotate in the pyrimidine de novo biosynthesis pathway 53. Domain V is se-
quentially divided as well, and consists of the first 26 residues of the N-
terminus, connected to domain I, and the last 177 residues of the C-terminus, 
connected to domain IV. It contains the last two [4Fe-4S] clusters, with all 
iron ions coordinated exclusively by cysteine side chains. This domain is a 
lot less tightly packed than the other domains, occupying a lot of space pre-
dominantly on the homodimer surface. The two [4Fe-4S] clusters are thereby 
positioned roughly 24 Å distant from the FMN in domain IV. However, 
efficient electron transfer at this distance is not possible 54.  
 

 

Figure 18. Superimposed structures of DPD domain IV from crystal structure with-
out bound ligand (salmon) (pdbID: 1H7W) and with bound ligand (pdbID: 1GTH). 
Ligand binding induces a conformational change, which positions Cys671 closer to 
the FMN. 

 
This peculiarity could be explained by the crystal structure, showing that the 
homodimeric state of DPD is a prerequisite for catalytic activity as redox 
cofactors from both subunits contribute to the electron transfer chain, con-
necting the NADPH and pyrimidine binding site in each subunit. The [4Fe-
4S] clusters of domain V of one subunit are thereby placed in between the 
FMN of domain IV, and [4Fe-4S] clusters of domain I of the other subunit 
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(Figure 17B). This resulted in distances of roughly 7.5 Å to 10 Å between 
the redox cofactors of one electron transfer chain, as commonly observed in 
multicenter electron transfer chains 55. The two subunits of the homodimer 
are related by a non-crystallographic 2-fold axis and residues from all do-
mains are involved in mainly hydrophobic monomer-monomer interface 
interactions. The interface area is quite large, covering 23.2% of each mon-
omer surface. Domain I of one monomer contacts all domains of the other 
monomer and plays therefore an important role in dimer formation. 

 
The crystal structures of four complexes of wild type and Cys671Ala variant 
of pig DPD with different pyrimidine ligands have been determined 56. The 
overall structures of the complexes were very similar to the structure of wild 
type DPD without ligand and had a highest root mean square deviation 
(r.m.s.d.) of between 0.12 and 0.47 Å. Two of these three-dimensional struc-
tures were obtained from crystals grown at physiological pH, resulting in 
one ternary complex of wild type enzyme with NADPH and 5-iodouracil 
(pdb ID: 1GTH), and one ternary complex of wild type enzyme with 
NADPH and uracil-4-acetic acid (pdb ID: 1GT8). In the crystal structure of 
the ternary complex with 5-iodouracil (DPD_5IU), only one substrate bind-
ing site of the four polypeptide chains contained bound 5-iodouracil. The 
other three sites were occupied by either 5-iodo-5,6-dihydrouracil, uracil, or 
5,6-dihydrouracil covalently bound to the side chain of Cys671. The appear-
ance of these three additional ligands could be explained by the mechanism-
based inactivation of 5-iodouracil 57. DPD reduces 5-iodouracil to 5-iodo-
5,6-dihydrouracil, which can alkylate the side chain of Cys671, forming S-
(hexahydro-2,4-dioxo-5-pyrimidinyl)cysteine, and thereby permanently in-
hibit the enzyme. An alternative to this alkylation is the elimination of hy-
drogen iodide, producing uracil, that can then get reduced to 5,6-
dihydrouracil by DPD (Figure 19). Analysis of the complex structures re-
vealed that ligand binding triggers a conformational change of a flexible 
loop in the α8β8-barrel domain, closing the active site and placing Cys671 at a 
distance of roughly 6 Å to the FMN 56.  The Cys671 thiol group is positioned 
at a distance of 3.3 Å to C5 of the bound pyrimidine, which enables a proton 
transfer from Cys671 to the substrate. However, it could be seen from the 
crystal structures of crystals grown at pH 4.7 that physiological pH is neces-
sary for the right positioning of the loop. This explains the observed pH de-
pendence of DPD activity, with decreased activity at low pH values 58. 
Structural information is thus far only available for the recombinant pig liver 
enzyme, which shows 93% sequence identity and 97% sequence similarity to 
human DPD. It is therefore safe to assume, that structural- and functional 
conclusions based on the pig DPD structure are valid for the human enzyme, 
too. 
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Figure 19. Inhibition mechanism of 5-iodouracil (4). After reduction by DPD to 5-
iodo-5,6-dihydrouracil Cys671 can either be covalently inhibited to S-(hexahydro-
2,4-dioxo-5-pyrimidinyl)cysteine (1), or converted to uracil by (3) hydrogen iodide 
elimination. 

 

2.5.1.1 Dihyrdopyrimidine dehydrogenase deficiency 
 

DPD deficiency is an autosomal recessive disease, caused by mutations in 
the DPYD gene. Multiple patients showing DPD deficiency symptoms have 
been reported 59–66. The most common symptoms include seizures, motor and 
mental retardation, or microcephaly. However, the range of possible symp-
toms is large and the disease can even be asymptomic 59,60,65,67. It was shown 
that roughly 3-5% of the general population might be affected by complete 
or partial DPD deficiency 59,68–70. The biochemical phenotype displays ele-
vated levels of uracil and thymine concentrations in plasma and urine 60,65. 
DPD deficiency can therefore be diagnosed by urine and plasma analysis 65. 
Other methods include DPD activity analysis in peripheral blood mononu-
clear (PBM) cells 65, the detection of radiolabeled uracil in peripheral lym-
phocytes 71, the use of monoclonal DPD-antibodies 72,73, or a breath test, 
detecting 13CO2-levels as product of ingested 2-13C-uracil 74. These methods 
are time consuming or lack sufficient sensitivity to detect partial DPD defi-
ciencies 
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2.5.2 Dihydropyrimidinase 
 

DHP (EC 3.5.2.2) was not part of the work performed for this Ph.D thesis 
but it should not be left out as it is part of the reductive pathway of pyrimi-
dine degradation. DHP is a metalloenzyme catalyzing the ring opening of 
5,6-dihydrouracil and 5,6-dihydrothymine, encoded by the DPYS gene. It is 
a homotetrameric enzyme containing two zinc ions in the active site of each 
subunit. The crystal structures of DHP from various organisms, like human 
(pdb ID: 2VR2, Figure 20), Dictyostelium discoideum (pdb ID: 2FTW), and 
Saccharomyces kluyveri (pdb ID: 2FTY), were determined. Furthermore, 
structures of the yeast enzyme in complex with 5,6-dihydrouracil (pdb ID: 
2FVK) and N-carbamyl-β-alanine (pdb ID: 2FVM), as well as of Tetraodon 
nigroviridis DHP in complex with N-carbamyl-β-alanine (pdb ID: 4LCR) 
and N-carbamyl-β-isobutyric acid (pdb ID: 4LCQ), were determined. 
 

 

 
Figure 20. Crystal structure of human DHP (pdbID: 2VR2). A) shows the homo-
tetramer assembly of DHP in cartoon representation and B) shows a close up of the 
active site. The two catalytic zinc-ions (dark spheres) are bound by four histidines, 
one aspartate and one carboxylated lysine. 

2.5.3 β-Ureidopropionase  
 
The last enzyme in the reductive pyrimidine degradation pathway is βUP 
(EC 3.5.1.6), encoded by the UBP1 gene. It hydrolyzes N-carbamyl-β-
alanine (NCβA) and N-carbamyl-β-aminoisobutyric acid (NCβAIBA), also 
known as 3-ureidopropionate and 3-ureidoisobutyrate, respectively, to the 
corresponding β-amino acids, carbon dioxide and ammonium 45 (Figure 16). 
In mammals, β-Ala functions as neurotransmitter in the brain and visual 
system, as agonist of γ-aminobutyric acid (GABA) and glycine receptors 
75,76. It is also used for the biosynthesis of carnosine and anserine, which are 
important scavengers against reactive oxygen species (ROS) 77. Moreover, β-
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Ala can be metabolized to acetyl-CoA via malonyl-semialdehyde 78. A mal-
functioning β-Ala metabolism can therefore result in severe neurological 
disorders 79, which suggest a tight regulation of β-Ala levels in humans and 
other mammals 42. In higher plants, β-Ala is mainly synthesized by βUP and 
further metabolized to pantothenic acid (vitamin B5) 80, which is a coenzyme 
A precursor. Furthermore, β-Ala is metabolized to β-alanine betaine and 
homoglutathione that are synthesized as a response to abiotic stress 81 82,83. 
The product of NCβA hydrolysis, β-aminoisobutyrate (AIBA), was recently 
identified as a myokine 84. AIBA induces the conversion of white to brown 
adipose tissue, stimulates fatty acid β-oxidation in hepatocytes and improves 
glucose homeostasis in mice. Moreover, it could be shown that elevated 
AIBA plasma concentrations were inversely correlated with multiple cardi-
ometabolic risk factors, and might therefore contribute to exercise-induced 
protection from metabolic disease. In another study, it could be shown that 
AIBA prevents obesity in mice partially deficient in leptin by stimulating 
increased leptin production 85. 
 
There exist two evolutionary unrelated subfamilies of eukaryotic βUP, fun-
gal and nitrilase-like 86,87. One representative of the fungal subfamily is 
Lachancea kluyveri βUP. Its crystal structure was determined by Lundgren 
and coworkers in 2003, and it forms homodimers that include a dizinc metal 
center in each subunit, which activates a water molecule prior to carbon-
nitrogen bond cleavage 88. This enzyme is closely related to proteases and 
peptidases of the aminoacylase-1/M20 family, which also are zinc-dependent 
enzymes and form monomers or homodimers 89. Phylogenetic studies 
showed that the eukaryotic “prototype” UBP1 gene was lost in the fungal 
kingdom 41. The low similarity of Lachancea kluyveri βUP to its nitrilase-
like counterparts, due to differences in sequence, might be explained by the 
evolutionary adaption of the βUP function after the loss of the “prototype” 
function in the fungal lineage 41. The members of the nitrilase like “proto-
type” βUP subfamily form one branch of the nitrilase superfamily, which 
consists of 13 branches, classified by their sequence similarity, the presence 
of additional domains, and substrates 87,90. All members of this superfamily 
share a αββα sandwich subunit fold, and hydrolyze or form carbon-nitrogen 
bonds with the help of a catalytic triad consisting of a cysteine, a lysine and 
a glutamate. The side chain of the catalytic cysteine forms the enzyme-
substrate complex by a nucleophilic attack on the substrate’s cyano or car-
bonyl carbon 91–93. Their “prototype” βUP subunit mass lies between 40 and 
50 kDa, and studies on different members of this subfamily showed that they 
assemble in homodimers that can interact with each other to form higher 
oligomers. The size of the predominantly formed oligomers varies between 
the subfamily members. While human liver βUP appears to form ho-
mooctamers and 16-mers 94, the enzymes from Zea mays (maize) and Cae-
norhabditis elegans (roundworm) form oligomers of at least ten subunits 95 
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and Euglena gracilis (algae) βUP even forms oligomers with a mass between 
1.5 and 2 MDa 96. Calf liver βUP forms homohexamers 97, whereas a mixture 
of co-existing oligomers was found for Drosophila melanogaster (fruit fly) 
and Arabidopsis thaliana (thale cress) βUP 95,98. Rat liver βUP, which was 
reported to form homohexamers and homooctamers 94,99, has been shown to 
undergo ligand-induced changes in oligomerization 100,101. Gel filtration 
chromatography experiments resulted in an increase in mass between 400 
and 470 kDa, when performed with NCβA, and around 430 kDa with the 
inhibitor propionic acid. Addition of β-Ala, on the other hand, resulted in a 
decrease in mass to between 118 and 160 kDa and inhibited the enzyme’s 
activity. Dissociation could also be observed for the addition of GABA, 
however, it was not observed for the addition of the product of thymine deg-
radation, β-aminoisobutyric acid (AIBA), even though they share similar 
structure and inhibitory abilities, compared to β-Ala and GABA. A similar 
ligand-induced regulation could be observed for a nitrilase of Rhodococcus 
rhodochrous J1, which is another member of the nitrilase superfamily 102. 
This enzyme exists as a homodimer in its native state but forms ho-
modecamers upon substrate binding. In a more recent study it could even be 
shown that the enzyme can form spirals of variable lengths 103. Another bac-
terial nitrilase, cyanide dihydratase from Bacillus pumilus, could also be 
shown to form long spirals, however, the regulation of the oligomeric change 
is dependent on the pH 104.  

 
Rat βUP showed positive cooperativity towards NCβA with a Hill coeffi-
cient between 1.9 and 2.0, whereas it showed negative cooperativity with β-
Ala 101,105,106. However, positive cooperativity was only observed for sub-
strate concentrations below 12 nM. Above this value, the enzyme followed 
Michaelis-Menten kinetics with a KM value of 8 µM. Matthews and cowork-
ers argued therefore that NCβA binds to a regulatory allosteric site with a 
significantly higher affinity, compared to the affinity for active site binding. 
No positive cooperativity towards NCβA was observed for the enzymes of 
Caenorhabditis elegans, Euglena gracilis, Drosophila melanogaster and Bos 
taurus (calf) liver. Moreover, it was shown that Rattus norvegicus (rat), as 
well as Zea mays βUP, are metal dependent enzymes 95,107. Chemical analy-
sis showed the presence of two zinc ions per subunit for rat βUP and incuba-
tion with zinc complexing chelators reduced the activity for both enzymes.  

 
The studied enzyme in this thesis was human βUP, which is mainly ex-
pressed in the liver and might be upregulated in pancreatic and liver cancer 
108. It shares around 85% sequence identity with the rat enzyme and experi-
ences also positive cooperativity towards NCβA 94. Moreover, it was shown 
that human βUP was inhibited by 1 mM propionic acid but not by 10 mM β-
Ala, and that it contains one zinc ion per homodimeric assembly. These re-
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sults are not fully compatible with the findings about human βUP presented 
in this thesis.  
 

 
Figure 21. Dimeric assembly of DmβUP. One subunit is shown in cartoon rep-
resentation and displays the αββα sandwich fold with β-strands in green and 
α-helices in blue. 

 
D. melanogaster βUP (DmβUP) was the only member of the “prototypic” 
βUPs, whose structure has been determined so far 109. This enzyme shares 
64% sequence identity with human βUP with a large proportion of conserva-
tive mutations for the non-identical residues. Data sets of two different crys-
tals could be collected, with one crystal belonging to space group C2 (nat1; 
pdbID: 2VHI) and the other one belonging to P21212 (nat2; pdbID: 2VHH). 
The nat1 structure could be refined to 3.3 Å, with eight polypeptide chains 
per asymmetric unit, whereas nat2 could be refined to 2.8 Å, containing a 
homotetramer per asymmetric unit. A homooctameric structure could be 
produced for nat2 by applying crystallographic symmetry and both struc-
tures were highly identical with an r.m.s.d. of 0.35 Å between two homo-
tetramers. Each subunit of DmβUP contained the characteristic αββα sand-
wich and formed tightly interlocked homodimers with the neighboring subu-
nit (Figure 21), mainly stabilized by hydrophobic interactions. The two N-
terminal helices of both monomers formed a bundle of mainly hydrophobic 
side chains facing each other, thereby maximizing the interactions between 
the monomer-monomer interfaces. This applies also partly to the C-termini, 
which formed mainly hydrophobic interactions with a rather large surface 
area of the neighboring subunit, thereby creating an image of the two subu-
nits appearing to hug each other. Four of these dimeric units assembled the 
homooctamer, with a helical turn-like shape, forming equivalent interactions 
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between all dimers. The dimer-dimer interfaces were stabilized by equal 
proportions of hydrophobic and hydrophilic interactions between to opposite 
positioned subunits (B-C, D-E, and F-G), and mainly hydrophobic and aro-
matic interactions between vicinal subunits (A-C, B-D, C-E, D-F, E-G, and 
F-H) . These interactions forced three loop regions into a distinct position. 
They consisted of the residues in position 130 – 133, 202 – 217, and 297 – 
309, and will be referred to as EL1, EL2 and EL3, respectively. All three 
loops were adjacent to each other and formed a major part of the B-C dimer-
dimer interface. Both EL3 loops of the B and C subunits interacted directly 
with each other. The burying of these loops between the dimer-dimer inter-
faces explains the lack of electron density for these regions in the corner 
units, A and H, of the assembled homooctamer (Figure 22). Here, EL1-3 are 
exposed to the solvent, which increases the flexibility of these regions, 
which very likely leads to their disorder. The active site was located in prox-
imity to this dimer-dimer interface, only separated by EL1, 2 and 3 from the 
adjacent subunit. The fact that these loop regions are positioned close to the 
catalytic triad suggests an important role of their arrangement with regard to 
the. A comparison of subunits A and B showed that EL2 covered the active 
site of subunit B, whereas its absence left the active site of subunit A widely 
exposed to the solvent. This loop also accommodates a second glutamate 
(Glu207 in the HsβUP sequence), whose side chain is positioned between 2.6 
and 3.9 Å distant to the catalytic triad residues, and which has been proposed 
to be involved in the catalytic reaction mechanism 110,111 (Figure 23). This 
indicates that the formation of at least tetramers might be necessary for the 
enzyme to be in an active state, due to the right positioning of Glu207 by the 
described interactions between the B-C dimer-dimer interface. 
 

 
Figure 22. Crystal structure of βUP from Drosophila melanogaster (pdbID: 2VHH). 
(A) Side view of the homooctamer assembly with all subunits in different colors. (B) 
Top view of the homooctamer assembly. Further stacking of dimers or octamers 
seems possible, forming a left-handed spiral. (C) Active site with the catalytic triad 
Cys233, Lys196 and Glu119. Additionally Glu207 positioned on a loop above the active 
site is shown. The numbering of the residues corresponds to the positions in the 
human enzyme. 
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This would also explain the connection between dissociation and inactivity, 
observed in the rat enzyme. A similar activity regulation was suggested for 
the bacterial cyanide dihydratases from Pseudomonas stutzeri AK61 and 
Bacillus pumilus C1 112, which also form spiral structures, similar to the 
aforementioned bacterial nitrilases. A spiral assembly of 24 subunits could 
be modeled in silico for DmβUP 109, showing at least theoretically that eu-
karyotic βUPs might be regulated in a similar way. 
 
The crystal structures of several other members of the nitrilase superfamily, 
like N-carbamoylputrescine amidohydrolase from Medicago truncatula 
(MtCAP) 113 (pdb ID: 5H8K), N-carbamoyl-D amino acid amidohydrolases 
from Agrobacterium sp. strain KNK712 (AbDCase) 114 (pdb ID: 1ERZ),  and 
Pyrococcus horikoshii (PhDCase) 115 (pdb ID: 1J31), and nitrilases from 
Caenorhabditis elegans (CeNitFhit) 116 (pdb ID: 1EMS) and Saccharomyces 
cerevisiae strain S288C (ScNit) 117 (pdb ID: 1F89) were determined. The 
subunit core structures of all of these enzymes, as well as their C-terminus 
and dimeric assembly, with the exception of CeNitFhit, are very similar to 
DmβUP. They differ however greatly in the presence or arrangement of the 
N-terminus, and, with the exception of MtCAP, EL1-3. This explains why, 
out of this enzyme group, only MtCAP forms spiral-like oligomers similar to 
DmβUP. 
 

 
Figure 23. Adapted reaction mechanism of NCβA hydrolysis catalyzed by βUP, as 
proposed for amidohydrolases 114. The catalytic cysteine is activated by deprotona-
tion of Glu119 before performing a nucleophilic attack on the carbamyl-carbon. After 
the elimination of ammonia a water molecule, activated by Glu207 performs, per-
forms a nucleophilic attack on the formed amide-enzyme complex. Then the covalent 
bond between Cys233 and the intermediate product is broken again, releasing N-
carboxy-β-alanine, which dissociates to carbon dioxide and β-Ala.  
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2.5.3.1 β-Ureidopropionase deficiency 
 
βUP deficiency, like DPD deficiemcy, is an autosomal recessive disease that 
is caused by mutations in the UPB1 gene. To date around 40 patients have 
been reported, showing neurological symptoms like mental retardation, ab-
normal MRI results, developmental delay, seizures, autism, speech difficul-
ties, and growth retardation 118–125. However, some of the patients, did not 
show any symptoms 121,126. This broad spectrum of neurological symptoms to 
an asymptomatic phenotype makes it difficult to diagnose βUP deficiency. 
The main biochemical phenotype of β-UP deficiency is elevated concentra-
tions of the β-UP substrates, NCβA and NCβAIBA. These molecules can 
therefore serve as biomarkers for β-UP deficiency, and be detected, for ex-
ample, via NMR 127,128, gas chromatography–mass spectrometry 124 or 
HPLC-electrospray tandem mass spectrometry 129 from urine, plasma or 
cerebrospinal fluid samples. It was estimated that 1 in 6000 Japanese are  
βUP deficient 121. A recent study showed that around 1.8% of the Japanese 
population are heterozygous for the c.977G>A mutation, resulting in an 
Arg326Gln mutation in the amino acid sequence of the enzyme, with an ob-
served allele frequency of 81% and 62% homozygosity in Japanese βUP 
deficiency patients 119. This mutation is almost exclusively found in patients 
of East Asian ancestry. This and other published amino acid mutations are 
summarized in Table 1. In vitro activity studies of some of these enzyme 
variants allowed an assessment of their effect on the enzyme’s catalytic abil-
ity. With the help of a homology model, based on the crustal structure of 
Drosophila melanogaster βUP, it could be seen that the discovered muta-
tions, leading to decreased βUP activity, are mostly located close to the ac-
tive site, or close to an interface between two or more subunits. This is an-
other indication for the close connection between the assembly of higher 
oligomers and the catalytic activity.  
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Table 1. Published BUP1 mutations, their activities and location in the Drosophila 
melanogaster βUP crystal structure. 

Mutation activity compared 
to wild type [%] 

possible structural 
effects on 

Leu13Sera 5.9 monomer-monomer 
interface 

Gly31Serb 51.6 monomer-monomer 
interface 

Ala85Gluc n.d.e dimer-dimer interface 

Gly235Arga n.a.f active site 

Arg236Trpa n.d. active site 

Ser264Arga 19.8 monomer-monomer 
interface 

Glu271Lysb 0.7 monomer-monomer 
interface 

Ile286Thrb 69.8 protein core 

Arg326Glnb 1.3 monomer-monomer 
interface 

Arg326Trpd n.a. monomer-monomer 
interface 

Thr359Meta n.d. monomer-monomer + 
dimer-dimer interface 

a adapted from 118. b adapted from 126. c adapted from  124. d adapted from 120. 
e not detectable. f not available. 

 

2.5.4 The influence of pyrimidine degradation on cancer 
patients 

 
The reductive pyridmidine degradation pathway also metabolizes pyrimidine 
analogues, often used as antimetabolites in cancer treatment. 5-fluorouracil 
(5-FU; Figure 24), and its oral prodrug capecitabine, is the most widely used 
of them 130, and used to treat various cancer types, like colorectal, gastric, 
and breast cancer 131,132. 5-FU has to be metabolized into its active forms (5-
FUMP), 5-fluorouridine triphosphate (5-FUTP) or 5-fluoro-deoxyuridine 
triphosphate (5-FdUTP), before it can act as a drug 131. 5-FUMP inhibits 
thymidylate synthase (TS), a key enzyme in DNA repair and replication, 
which leads to cell death 133,134. A side effect of TS inhibition is the accumu-
lation of dUTP in the cells 135,136. In the presence of high concentrations of 
dUTP and 5-FdUTP, nucleotide excision is futile after the erroneous incor-
poration of the two nucleotides, since excised nucleotides will only get erro-



 51

neously incorporated again 137. This will finally lead to DNA strand breaking 
and cell death. The third pharmacological effect of 5-FU intake is the dam-
aging of RNA, due to misincorporation of 5-FUTP. This misincorporation 
inhibits rRNA maturation, post-translational modifications of tRNAs, and 
the assembly of mRNA-protein complexes, which inhibits pre-mRNA splic-
ing 138–143. 
 
As with many other cancer drugs, the therapeutic window for 5-FU is quite 
narrow 144. Pharmacokinetic studies showed that more than 80% of the ad-
ministered 5-FU dose is broken down by DPD before it can induce apoptosis 
by the aforementioned mechanisms 145–147. Therefore, high doses of 5-FU 
need to be administered in order to see an effect. A dysfunctional pyrimidine 
degradation pathway can slow down 5-FU degradation and therefore have 
severe, and possible fatal, consequences for cancer patients treated with 5-
FU 148. It has been shown that nearly 40% of these patients experience severe 
5-FU toxicity, with common symptoms like hematologic toxicities, mucosi-
tis, diarrhea, and neurotoxicity, which results often in interruption or post-
ponement of the chemotherapy. Between 30% and 40% of these cases are 
caused by complete, or partial DPD deficiency 149. Moreover, correlations 
between DHP and βUP deficiency, and severe 5-FU toxicity were discovered 
150,151. This illustrates the necessity to screen cancer patients especially for 
DPD deficiency, but possibly also for DHP and βUP deficiency, prior to 5-
FU treatment. A fast and simple method could be to screen for genetic de-
fects in the DPYD, DPYS and UBP1 genes, and use this information to pre-
dict the probability of 5-FU toxicity. For this, a profound understanding of 
the mechanisms and regulations of all three enzymes is necessary. Structural 
information about these enzymes is therefore essential, in order to draw 
functional conclusions from sequential changes. 
 

 
 

Figure 24. Molecular structure of uracil (1), 5-fluorouracil (2), eniluracil (3), 
tegafur (4), 5-chloro-2,4-dihydroxypyridine (5) and oxonic acid (6). 
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An alternative approach on 5-FU therapy is the administration of 5-FU with 
an adjunct DPD inhibitor. Inhibition of DPD would eliminate speculations 
about possible deficiencies in the reductive pyrimidine degradation pathway, 
and it could be shown that it results in a 20-fold prolonged half-life of 5-FU 
152. The principal route of 5-FU elimination then becomes renal excretion 153. 
Tested inhibitors were among others uracil, 5-ethynyluracil (eniluracil), and 
tegafur combined with 5-chloro-2,4-dihydroxypyridine and oxonic acid (S-
1) (Figure 24). These compounds showed promising results in early clinical 
studies, but failed in phase II and III due to low efficacy 154. DPD neverthe-
less remains a key drug target, in order to increase 5-FU efficacy in chemo-
therapy. 

 

2.6 NAD(P)-dependent alcohol dehydrogenases 
Nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinu-
cleotide phosphate (NADP) dependent alcohol dehydrogenases (ADHs; EC 
1.1.1.1) are a group of enzymes that belong to the oxidoreductase enzyme 
class and are found in many bacteria, yeasts, plants and animals 155. They 
catalyze the conversion from aldehydes or ketones to the corresponding al-
cohols as well as the reverse reaction (Figure 25), using NAD(P)+/NAD(P)H 
as cofactor. The animal NAD(P)-dependent ADHs are divided into three 
groups: group I are zinc-dependent, group II are metal-independent and 
group III are iron-dependent 156.  
 

 

 
Figure 25. Reaction catalyzed by a NAD(P)-dependent alcohol dehydrogenases. A 
primary (R2 = H) or secondary (R2 = organic rest) alcohol is oxidized to the corre-
sponding aldehyde or ketone. The reverse reaction is also catalyzed by alcohol de-
hydrogenase. 

 
 
 



 53

2.6.1 Possible industrial applications 
 
Saccharomyces cerevisiae ADH has already been used for baking bread and 
brewing beer 5000 years ago 157, which makes them probably the oldest in-
dustrially used enzymes. They are, however, interesting catalysts for indus-
trial applications not solely for their value in the production of beer and 
bread. Hydroxyl-groups and carbonyl-groups belong to the most important 
functional groups used in organic synthesis. Moreover, alcohols, aldehydes, 
and ketones are important drug precursors and the importance of ethanol as 
fuel, produced from sugars, has increased worldwide over the last two dec-
ades 158. Traditionally, alcohol oxidation in organic synthesis is performed 
with heavy-metal catalysts. This reaction type is one of the most abundant in 
organic synthesis, however, it is also one of the most polluting ones 159. The 
list of metals that can be used for this reaction type includes Cr, Mn, Cu, Ru, 
Pd, Au, Fe, V, Ir, Os, and Co 160. The reaction conditions are usually harsh, 
with high temperatures or pressures, and often produce a fair amount of un-
wanted by-products. Furthermore, the use of organic solvents increases the 
produced waste and most of the heavy-metal catalysts are very toxic com-
pounds. Therefore, using enzymes for these chemical conversions is benefi-
cial, as long as existing limitations regarding the natural substrate range, 
stereo-, and regioselectivity can be overcome.  

2.6.2 Alcohol dehydrogenase A from Rhodococcus ruber 
 
One of the enzymes studied in this thesis project was alcohol dehydrogenase 
A (ADH-A) from the bacterium Rhodococcus ruber (DSM No: 44541; EC 
1.1.1.1). Like its human orthologues, it is an NAD-dependent class I ADH 
161 (Figure 26). The crystal structure could be determined to a resolution of 2 
Å, with four polypeptide chains per asymmetric unit. Each subunit contains 
two zinc ions, one of which is catalytic, and the other structure stabilizing 162 
as well as one NAD molecule as a cofactor. The zinc ion in the active site is 
complexed by Cys38, His62 and Asp153 (Figure 27A). The fourth coordination 
position in crystal structures of ligand-free ADH is often occupied by a wa-
ter molecule or a bound ligand.  
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Figure 26. Structure of ADH-A from R. ruber (pdbID: 3JV7) in cartoon representa-
tion. (A) Homotetrameric assembly of the four polypeptide chains per asymmetric 
unit. (B) Homodimeric assembly of the enzyme. Each monomer (green and salmon) 
contains a NAD molecule (cyan) and two zinc ions (grey). (C) Representation of an 
ADH-A monomer. The NAD-binding site is partially formed by a Rossmann fold 
motif (yellow) including  five β-strands (red) that form a β-sheet. This β-sheet is 
extended by its counterpart from the second monomer, which can be seen in (A). The 
substrate binding site is colored in blue. 

 

 
Figure 27. Active site of ADH-A (pdbID: 3JV7) in cartoon representation. (A) Com-
position of the active site. The catalytic zinc ion (grey) is complexed by Cys38, His62 
and Asp153 (all in green). Furthermore, NAD (cyan) and Ser40 (green), which can 
form a hydrogen bond are displayed. The corresponding residues from horse liver 
ADH (pdbID: 1HLD) are shown in yellow (not labeled). Compared to ADH-A, there 
are two differences. Instead of an Asp153 complexing the zinc, horse liver ADH has a 
Cys (174), and instead of Phe43, there is a His (51) pointing towards the NAD. (B) 
Surface of the ADH-A active site. It is covered by a loop from the other subunit of 
the homo-dimer (dark teal), containing three phenylalanines, PheB

281, PheB
282 and 

PheB
286 (all blue). The positioning of this loop is stabilized by π-π stacking interac-

tions between PheB
286 and Tyr294 (green). 
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The entrance to the active site is partially formed by a loop from another 
subunit of the homotetramer (Figure27B). The major contributions come 
from three phenylalanines, Phe281, Phe282 and Phe286. The positioning of this 
loop is stabilized by π-π stacking interactions between the aromatic side 
chains of Phe286 and Phe294. The NAD-binding site is formed by five α-
helices and seven β-strands, with most of them forming a Rossmann fold 
motif (Figure 26C). Five β-strands form a slightly twisted, parallel β-sheet 
which is extended by the exact same motif from the other subunit of the ho-
modimer.  

 
The structure of wild type ADH-A (pdbID: 3JV7) is very similar to the 
structure of horse liver ADH (pdbID: 1HLD) (Figure 29). Since most of the 
residues in the active site are conserved between them, it can be expected 
that the catalytic mechanisms (Figure 28) are identical or at least very simi-
lar.  

 

 
Figure 28. Catalysis mechanism of R. ruber ADH-A, adapted from the mechanism 
proposal for horse liver ADH. A hydrogen network between the substrate, Ser40 and 
the 2’-hydroxyl group of the NAD-ribose is established.  

The proposed mechanism for alcohol oxidation by horse liver ADH suggests 
a hydrogen bond network between the substrate, Ser40 (ADH-A numbering), 
the ribose of NAD+, and a histidine (His51), stabilizing the enzyme-substrate 
complex 163. The only mechanistically important difference in ADH-A is the 
substitution of His51 to a phenylalanine (Phe43), whose side chain is pointing 
away from NAD+ in contrast to His51. However, a water molecule is filling 
the position of the His51 side chain in the ADH-A wild type crystal structure. 
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Figure 29. Superimposed structures of horse liver ADH (blue; pdbID: 1HLD) and 
R. ruber ADH-A (salmon; pdbID: 3JV7) in cartoon representation. The two zinc 
ions of ADH-A are colored in grey and NAD is colored in cyan whereas the two zinc 
ions of horse liver ADH are colored in red and NAD is colored in green. The two 
structures superimpose well, with a root mean square deviation (r.m.s.d.) of 2.2 Å 
for 307 Cα positions. 

 
There are two factors making ADH-A an interesting enzyme for industrial 
application and protein engineering efforts. Firstly, the wild type enzyme is 
highly enantiospecific, favoring the oxidation of bulky, secondary (S)-
alcohols and the reduction of their corresponding ketones 164,165. Even vicinal 
diols can be used as substrates, producing α-hydroxy ketones, so called 
acyloins, that are important building blocks for pharmaceuticals or starting 
points in a variety of organic synthesis reactions.  
 
Secondly, ADH-A retains a large amount of its activity in organic solvents, 
such as 50% (v/v) acetone, 80% (v/v) 2-propanol and 99% (v/v) hexane 165–

167. This facilitates application of the enzyme in a coupled reaction setups 
requiring high concentrations of organic solvents and, maybe more im-
portantly, allows in situ regeneration of the expensive cofactor 
NAD(P)/NAD(P)H by the addition of 2-propanol or acetone (Figure 30). 
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Figure 30. In situ cofactor regeneration for ADH-A. After oxidation of a secondary 
alcohol substrate the resulting NADH is re-oxidized by participating in the reduc-
tion reaction of acetone (2) to 2-propanol (1). Dependent on the ADH-A substrate 
this regeneration cycle works also in opposite direction. 
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3 Present investigations 

3.1 Structural and functional characterization of human 
β-ureidopropionase (Paper I) 

 
As mentioned earlier, eukaryotic βUPs can be divided into two subfamilies 
of the nitrilase superfamily: fungal and nitrilase-like. Members of the ni-
trilase-like, or “prototype” subfamily, formed different oligomers build-up 
by dimeric units. One of the characterized members, rat βUP, was allosteri-
cally regulated and showed positive cooperativity towards its substrate, 
NCβA. This enzyme shares 85% sequence identity with the human enzyme 
and was shown to be zinc dependent 168. The crystal structure of DmβUP 
was the only one from the “prototype” subfamily that has been determined 
111. It was used to create a homology model, in order to explain the pheno-
type of βUP deficient patients based on their genotype 60,126.  

 
The aim of this project was to increase our understanding of the mode of 
action of human βUP (HsβUP). Therefore, it was investigated if HsβUP is 
allosterically regulated, and if so, how the catalytic activity is influenced by 
it. Moreover, it was explored if HsβUP also shows positive cooperativity 
towards NCβA, and how pH and the presence of zinc are influencing the 
enzymes’ oligomer assembly and activity. These functional studies were 
accompanied with X-ray crystallography studies, in order to explain the 
functional effects on a structural level, and to create a more accurate predic-
tion model for βUP deficiency. 

 

3.1.1 Characterization of wild type HsβUP 
 

Human βUP was recombinantly produced in BL 21 E.coli cells as an N-
terminally His-tagged protein. However, the His-tag was removed during the 
purification procedure to avoid any influence of the tag on kinetic or crystal-
lization behavior. In order to assess kinetic parameters for the hydrolysis of 
NCβA, the reaction product, β-Ala, was quantified via a colorimetric assay. 
For this, the enzymatic reactions performed at 37°C were stopped by increas-
ing the pH to a value of 12.4, which denatures the enzyme. For quantitative 
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analysis of β-Ala, ortho-phthalaldehyde and 3-mercaptopropanol were added 
to the stopped reaction mixture. According to Stobaugh and coworkers this 
results in fluorescent isoindoles as shown in Figure 31 169.  

 

 
Figure 31. Reaction scheme for the isoindole (4) formation from β-Ala (1), ortho-
phthalaldlehyde (2) and 3-mercaptopropanol (3). 

 
The optimal reaction conditions for the hydrolysis of NCβA were found to 
be pH 6.5 (Figure 32) and 37°C. The catalytic parameters of wild type 
HsβUP were determined by measuring the reaction rates in dependence on 
substrate concentration at optimal (6.5) and at physiological pH (7.4), and 
are shown in Table 2. HsβUP showed positive cooperativity towards NCβA 
at physiological pH with a Hill coefficient or roughly 1.8, but did not show 
cooperativity at pH 6.5. At the optimal pH kcat and KM were determined to 
0.469 s-1 and 47.97 µM, respectively.  
 

 
Figure 32. Reaction velocity for the hydrolysis of NCβA at different pH values. The 
error bars indicate the standard deviation of at least triplicate measurements. The 
used buffer systems were Na-acetate (pH 5), MES (pH 5.6 and 6.5), Bis-Tris (pH 6), 
and HEPES (pH 7 and 7.5). 
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Changing the pH from 6.5 to 7.4 resulted in a decrease in kcat of roughly 
35%. The effects of ligand binding on the enzyme’s activity were investigat-
ed, too. Prior to kinetic measurements, HsβUP was therefore incubated with 
the substrate analogues 5-aminolevulinic acid (5-ALA) and 4-ureidobutyrate 
(4-UBA), the product analogue γ-aminobutyric acid (GABA), iodoacetamide 
(IAA), which can act as an alkylation agent, and β-Ala and β-
aminoisobutyric acid (AIBA), which are the final products of uracil and 
thymine degradation, respectively. The addition of 5-ALA, 4-UBA and 
GABA resulted all in competitive inhibition. For the inhibition with 5-ALA, 
KI was determined to 47 µM and KM,app and 99 µM, respectively (Table 2). 
The incubation with IAA rendered the enzyme completely inactive, suggest-
ing alkylation of the catalytic Cys233 thiol group. Product inhibition was ob-
served for both, β-Ala and AIBA, even at the presence 500 µM NCβA. A 
product concentration of 10 µM, prior to the reaction, decreased the reaction 
rate with 49% and 19% for β-Ala and AIBA, respectively. More detailed 
studies with β-Ala showed that it also acts as a competitive inhibitor with a 
1.7-fold increase in KM,app and a KI value of 13.49 µM. This strong inhibitory 
effect of β-Ala contradicts previous reported results of a KI value of 1.08 
mM for the rat enzyme 170 and no product inhibition at all for the human 
enzyme 94. The determined values for KM and kcat/KM of 9.8 mM-1s-1 at pH 
6.5 were 6-fold higher and 8-fold lower than the published value for the rat 
enzyme, measured at pH 7, respectively. The measurements with HsβUP, 
performed by Sakamoto and coworkers 94, showed an activity of 0.0182 
µmol min-1mg-1 for a substrate concentration of 200 µM at 37°C and pH 7. 
The equivalent measurement at pH 6.5 in this study showed an activity of 
912 µmol min-1mg-1. This enormous difference does not seem to arise from a 
0.5 unit shift in pH. It might be, however, explained by the use of two differ-
ent activity assays. Sakamoto and coworkers used glutamate dehydrogenase 
to quantify the produced ammonium. This approach was also initially used 
in this study; however, it could be observed that β-Ala had an inhibitory 
effect on glutamate dehydrogenase. 
 
In order to see if 4-UBA is a substrate of HsβUP, reactions with 4-UBA 
were performed in the absence of NCβA. These experiments showed that 4-
UBA is indeed a substrate, albeit a very poor one, with obtained reaction 
rates with 250 µM 4-UBA that correspond to the ones observed with 2.5 µM 
NCβA. 

 
The question of whether HsβUP is zinc dependent or not was addressed, as 
well. The enzyme was therefore pre-incubated with 1 mM EDTA, and 50 
µM Zn2+. No effect was observed for the addition of EDTA, which is con-
sistent with the literature 94, and the addition of Zn2+ resulted in only 5.5% 
residual activity. This suggests that HsβUP, unlike rat and maize βUP, is not 
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dependent on zinc. Furthermore, it could be shown that the enzyme’s activity 
did not change at increased NaCl concentrations up to 1 M. 
 

 

Table 2. Kinetic parameters for the hydrolysis of NCβA. The reaction was studied at 
different pH values and inhibitor concentrations. 

pH [5-ALA]   
[µM] 

[β-Ala] 
[µM] 

kcat             
[s-1] 

KM
a        

[µM] 
kcat/KM

b      
[mM-1 s-1] 

KI        
[µM] nc 

6.5 - - 0.469±0.012 47.97±3.15 9.77±0.44 - (1) 

6.5 50 - 0.443±0.020 98.76±10.60 4.49±0.31 47.22±5.94 (1) 

6.5 - 50 0.501±0.063 83.53±30.56 5.99±1.58 13.49±5.01 (1) 

7.4 - - 0.306±0.018 18.8±2.91 15.41±0.24 - 1.76±0.27 
 

a Refers to the Michaelis constant if the Hill coefficient (n) = 1. Otherwise it refers to K0.5, which is equal to the substrate 
concentration that results in half maximum reaction velocity. For the reactions with 5-ALA and β-Ala included, KM 
refers moreover to KM,app.  b If the Hill coefficient does not equal 1then this describes kcat/KM and for reactions with 5-
ALA and β-Ala included, it refers to kcat/KM,app. c Hill coefficient.  

 
 
 

3.1.2 Oligomerization equilibrium of HsβUP 
 
In order to determine whether human βUP undergoes changes in oligomeri-
zation in response to reaction substrate and product, similarly to rat βUP, and 
in response to pH as homologous enzymes from the nitrilase branch of the 
nitrilase superfamily 104, analytical gel filtration experiments were performed 
under different conditions. The approximate molecular weights of the sepa-
rated protein fractions could be determined by static light scattering. Firstly, 
wild type βUP was studied at a series of different pH values (Figure 33). The 
results showed a clear pH dependence of the oligomeric state, changing from 
mainly octamers and higher oligomers at pH 5 to exclusively dimers at pH 9. 
At the pH interval between 6.5 and 7.4, the enzyme eluted in three distinct 
peaks, with peak tops at around 41 ml, 48 ml and 53 ml, corresponding to 
octamers, tetramers and dimers, respectively. At pH 7.4 the oligomeric mix-
ture consisted of a slightly higher dimer to higher oligomers ratio than at pH 
6.5. 
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Figure 33. Influence of the pH on the oligomer equilibrium of βUP. Analytical gel 
filtrations were performed at different pH values. Static light scattering analysis of 
the major peaks showed that peaks at 41 ml correspond to octamers, peaks at 48 ml 
correspond to tetramers and peaks at 53 ml correspond to dimers. 

Next, it was investigated if the oligomer distribution changes upon binding 
of various ligands. Analytical gel filtration experiments were therefore per-
formed at pH 7.4 in the presence of NCβA, 5-ALA, GABA, β-Ala, or AIBA 
(Figure 34A). In order to prevent observation of the result of two opposite 
effects, due to conversion of NCβA to β-Ala during the experiment, an inac-
tive enzyme variant was used for the molecular size determination with 
NCβA. This inactive variant was created by mutating the catalytic Cys233 to 
alanine. For these experiments a shorter gel filtration column was used, 
which resulted in elution peaks for the wild type at around 19 ml, 21 ml and 
23 ml that corresponded to octamers, tetramers and dimers, respectively. The 
addition of ligands to the wild type enzyme resulted in clear shifts in oligo-
mer distribution. While the addition of 10 mM β-Ala caused a shift towards 
smaller, i.e. mainly dimeric species, the addition of 50 µM 5-ALA shifted 
the oligomer equilibrium to predominantly octamers. Surprisingly, this was 
also the case for the addition of 2 mM of the thymine derived hydrolysis 
product AIBA, which was reported to not have any influence on the oligo-
meric assembly of rat βUP, and 50 µM of the product analogue GABA. The 
same effect, even though somewhat weaker, could also be seen for the addi-
tion of NCβA to the Cys233Ala enzyme variant, whereas in absence of sub-
strate this variant formed a mixture of oligomers comparable to the wild type 
enzyme, but with slightly higher occurrence of the dimeric species. It could 
also be shown that neither protein concentration, in the range of 0.2 to 23 
mg/ml, nor NaCl concentration, in the range of 30 to 700 mM, had any 
measurable effect on the oligomerization of HsβUP. 
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Figure 34. Influence of ligand binding on the oligomer equilibrium of βUP. (A) 
Performed analytical gel filtration experiments with different ligands at pH 7.4. The 
peaks at 19 ml correspond to octamers, the peaks at 21 ml correspond to tetramers 
and the peaks at 23 ml correspond to dimers. (B) Molecular structures of the NCβA 
(1), 5-ALA (2), β-Ala (3), AIBA (4) and GABA (5). 

 
With these results it is, at least partly, possible to explain the regulation of 
human βUP activity. The most active form, at pH 6.5, exists as a mixture of 
octamers, tetramers and dimers. High concentrations of formed product do not 
only competitively inhibit the enzyme, but also shift the oligomer equilibrium 
to predominantly dimers, which according to our subsequent studies are inac-
tive, as described below. In contrast, substrate binding induces a shift of the 
oligomer equilibrium towards higher oligomers, which seem to be more ac-
tive, as indicated by the observed positive cooperativity. The question of 
which effect, between ligand induced, and pH caused oligomeric change, is 
stronger could be answered by comparing the oligomeric state at pH 6 with 
and without the addition of 10 mM β-Ala (Figure 35). This experiment 
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showed that the predominant octameric state at pH 6 is not changed by the 
addition of β-Ala, which means that the pH effect on the oligomer equilib-
rium is more dominant than the effect of ligand binding. However, this 
dominant pH effect most likely has little physiological meaning, as the 
cytosolic pH of 7.4 is relatively constant. The fact that the enzyme is less 
active at a pH lower than 6.5, even though forming a higher proportion of 
more active tetramers and octamers, suggests that a change in the protona-
tion state of certain amino acid residues causes a decrease in activity. With 
regards to the proposed catalytic mechanism 114, this is not a big surprise, 
since it involves protonation and deprotonation steps that require appropri-
ate protonation states of active site residues acting as catalytic acids and 
bases. A drop of the pH close to, or below, the pka values of, for example, 
the Glu119 or Glu207 side chains could hamper the activation of Cys233 or 
water and thus slow down the reaction. 
 
 

 
Figure 35. Comparison between wild type βUP with (solid line) and without (dashed 
line) 10 mM β-Ala. 

3.1.3 Site-directed mutagenesis studies 
 

Extensive crystallization trials with wild type HsβUP were performed. How-
ever, rarely appearing microcrystals could never be reproduced or optimized 
to well-diffracting crystals. This is likely, at least in part, caused by the co-
occurrence of different oligomeric states of the enzyme that will inhibit crys-
tal growth. A number of residues, whose counterparts were revealed to be 
involved in dimer-dimer interface interactions in the crystal structure of the 
enzyme from Drosophila melanogaster (DmβUP), were therefore targeted 
by site-directed mutagenesis. All chosen residues are conserved in the 
HsβUP sequence, and the amino acid side chains introduced at these posi-
tions were selected to maximize their destabilizing effect on the dimer-dimer 
interface, in order to obtain a homogeneously dimeric sample. Additionally, 
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a Leu13Ser and a Thr359Met mutation were introduced, as they were found to 
cause βUP deficiency and form mainly dimers 171. All created enzyme vari-
ants are listed in Table 3 and the mutation sites are shown in Figure 36. The 
Leu13Ser mutation targeted the monomer-monomer interface in the N-
terminal bundle of α-helices, whereas the Thr359Met mutation is located at 
the monomer-monomer interface, in close proximity to EL2, and at the B-D 
dimer-dimer interface. Two enzyme variants were generated with the inten-
tion to stabilize higher oligomeric forms, bearing a Ser208Cys and Thr299Cys 
mutation, respectively. Both side chains of Ser208 and Thr299 are in close 
proximity to their counterparts in the neighboring subunit at the B-C dimer-
dimer interface, so that a mutation to a cysteine would facilitate the for-
mation of a disulfide linkage under oxidizing conditions. Arg130 and Lys132 
are located at the same interface, interacting with residues from the neigh-
boring subunit, and residues from the same subunit, respectively. Glu137 is 
located on an α-helix at the B-D dimer-dimer interface. It interacts with a 
threonine and another glutamate from a loop of subunit D, consisting of resi-
dues 60 to 71.  
 

Table 3. Generated βUP variants for crystallographic studies. Original and mutated 
amino acid residues are denoted in 1-letter amino acid code, and the location and 
origin of the mutations are indicated. 

Residue Introduced 
Mutation Location 

L13 Sa monomer-monomer interface 

R130 
Dc 

B-C dimer-dimer interface 
Ib 

K132 L B-D  dimer-dimer interface 

E137 K B-D  dimer-dimer interface 

S208 
A 

B-C dimer-dimer interface C 
Rc 

T299 C B-C dimer-dimer interface 

T359 Ma B-C-D interface 

aThis mutation was identified in βUP deficient patients. bThis mutation was acci-

dentally introduced during PCR. cApart from the two single mutants R130D and 

S208R, one double mutant R130DS208R was generated. 

 
 
Analytical gel filtration and native polyacrylamide gel electrophoresis exper-
iments revealed that all mutations shifted the oligomer equilibrium strongly 
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towards dimeric or even monomeric states. This was also the case for the 
Ser208Cys and Thr299Cys variants that were intended to stabilize the for-
mation of higher oligomers. The presence or absence of a reducing agent did 
not have any effect on the oligomeric state of these enzyme variants. Fur-
thermore, all the generated enzyme variants were inactive, which supports 
the hypothesis that the enzyme has to form higher oligomers in order to 
show catalytic activity, as proposed for the rat enzyme 99 and based on the 
crystal structure of DmβUP 111. 
 

 
Figure 36. Dimer-dimer interfaces in dmβUP between subunit B (cyan), C (yellow) 
and D (green). The residues mutated for site-directed mutagenesis studies are shown 
in orange.(A) Selected residues at B-C interface. All of them participated in hydro-
gen bonding within the same subunit or in between both subunits. (B) Interactions 
between Glu137 of subunit B and residues of subunit D. (C) Interface between subu-
nits C and D. Leu13 is positioned in a hydrophobic region, belonging to N-terminal 
α-helices-bundle. 
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3.1.4 The crystal structure of HsβUP 
 
Crystallization trials were performed with all generated enzyme variants. 
The only reproducible and well diffracting crystals were obtained for the 
Thr299Cys variant (βUP-T299C) at pH 7.75, appearing after more than 4 
weeks. The structure of this variant could be solved at 2.08 Å resolution by 
molecular replacement, using the DmβUP subunit as a search model. The 
βUP-T299C crystals contained one subunit per asymmetric unit, and crystal-
lized in the C2221 space group. The crystal structure of the βUP-T299C sub-
unit revealed the presence of the characteristic αββα sandwich (Figure 27). 
The dimer structure is assembled by application of crystallographic sym-
metry. Superimposition of βUP-T299C and DmβUP subunits revealed that 
both enzymes are very similar, with an overall r.m.s.d. of 0.96 Å. Significant 
differences between the two crystal structures are only observed for the loop 
regions 126-132, 292-311, which correspond to EL1 and EL3, respectively, 
loop region 61-70, and a region preceding the C-terminal helix (345-357). 
No electron density was observed for βUP-T299C for residues 202-211, 301-
310, which belong to the active site entrance loops EL2 and EL3, which 
form the B-C dimer-dimer interface, and the 31 first amino acids of the N-
terminus, which were thus not modelled. The lack of electron density for 
EL2 and EL3 was also observed for the corner subunits A and H of the 
DmβUP homooctamer structure, as mentioned earlier (Figure 37). The ab-
sence of the EL3 counterpart for these subunits allows EL2 and EL3 to be 
disordered. This corresponds well with the observed dimeric assembly and 
inactivity of βUP-T299C. Also the lack of electron density for the N-
terminal region is probably due to structural disorder. From the overall strict 
conservation of the helical residues between βUP-T299C and DmβUP it can 
be assumed that the N-terminal α-helices would adopt an identical structure 
as their DmβUP counterparts. By superimposing, for example, subunit B of 
DmβUP (DmβUP_B) on subunit B of the generated βUP-T299C (βUP-
T299C_B) dimer, it is possible to create an artificial N-terminus for βUP-
T299C, by transferring the N-terminal coordinates of DmβUP_B to βUP-
T299C_B. The comparison of these artificial N-terminal α-helices with their 
original DmβUP counterparts at the monomer-monomer interface reveals 
that both regions are shifted by up to 3.2 Å. This shift would result in a clash 
of the N-terminal residues in the βUP-T299C dimer, which might explain 
their disorder. However, without a crystal structure of wild type HsβUP, it is 
only possible to speculate about this, since this N-terminal shift might also 
be caused by the Thr299Cys mutation.  
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Figure 37. Effects of the Thr299Cys mutation. (A) Interfaces between subunit A 
(wheat), B (cyan) and C (yellow) of the DmβUP crystal structure. EL1, EL2 and 
EL3 of subunit B and C are colored in magenta. (B) Interface between subunit A 
(blue), subunit B (red) and subunit C (black) of the βUP-T299C crystal structure. 
Subunit C was generated by superpositioning another βUP-T299C dimer onto subu-
nit C and D from the DmβUP crystal structure. Subunit A (wheat) from DmβUP is 
superpositioned on subunit A from βUP-T299C. The regions that show structural 
differences in βUP-T299C, compared to DmβUP, are colored in pink. EL3 from 
subunit B and C would clash at a potential B-C dimer-dimer interface.  

The crystal structure of βUP-T299C revealed that the Cys299 side chain, lo-
cated on EL3, formed an intramolecular disulfide bond with the Cys128 side 
chain, located on EL1. This tied EL1 and EL3 together, thereby positioning 
EL1 closer towards the subunit core and away from a potential dimer-dimer 
interface. This prevents a similar positioning of EL2 compared to the 
DmβUP structure, which might be the reason for the disorder of EL2. The β-
strand in the DmβUP structure that includes residues 290 to 299, which part-
ly form EL3, became disordered. This altered the region corresponding to 
the B-C dimer-dimer interface in DmβUP. The generation of a βUP-T299C 
tetramer, by superimposing two βUP-T299C dimers onto the DmβUP te-
tramer structure shows a severe clash between the two dimers. Both Ser300 
residues of subunits B and C of this artificial B-C dimer-dimer interface 
would be positioned in a distance of around 1 Å to each other, if dimeriza-
tion would follow the DmβUP structure. The loop region 61-70 and α-helix 
that included residues 345-357 were located in close proximity to each other 
on the surface region that is part of the A-C, and B-D dimer-dimer interface 
in the DmβUP structure.  The α-helix position was slightly shifted by 2-3 Å, 
compared to its DmβUP counterpart, whereas the flexible loop changed its 
structure to a higher degree, also shifting more towards the subunit core. 
That way, the interactions between the Glu138 side chain and the Gln66 back 
bone nitrogen, and Thr67 side chain were lost. The α-helix was also posi-
tioned adjacent to the disordered EL2, connecting EL2 with the loop region 
61-70 in an imaginary chain of these three regions. The intrusion of EL1 in 
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the EL2 docking site of the B-C dimer-dimer interface might push EL2 fur-
ther towards the α-helix, which in turn pushes further towards the loop re-
gion 61-70. The changed conformation of region 61-70 might, however, also 
result from crystal packing interactions, like the interactions of Arg68 with 
Glu137 and Glu140 from the subunit of an adjacent asymmetric unit. All of 
these rearrangements at potential dimer-dimer interfaces can explain the 
apparent inability of βUP-T299C to form tetramers or even higher oligo-
mers. 

3.1.5 Conclusions 
 
This study resulted in the very first structure of human βUP, albeit being the 
structure of a mutated enzyme variant. It is highly similar to the crystal 
structure of DmβUP, with which the human enzyme shares 64% sequence 
identity. The introduced Thr299Cys mutation causes the enzyme to only form 
homodimers, and the reasons for this can be explained with the obtained 
crystal structure. This inability to form higher oligomers could be linked to 
the enzyme’s inactivity. It could also be shown that the wild type enzyme 
can form homodimers, -tetramers, -octamers and even higher oligomers. The 
equilibrium between these oligomers is of functional relevance and it could 
be shown that it is pH dependent. It could also be shifted by addition of reac-
tion substrate and product, as well as structurally homologous other com-
pounds, however only at physiological pH. This suggests that the enzyme 
has evolved to be responsive to changes in ligand concentrations at his pH. 
An allosteric binding site for substrate and product was suggested for rat 
βUP 170. However, the presence or absence of an allosteric site, causing these 
changes, could not be determined so far, and should be the subject of future 
investigations. It could also be shown that the enzyme is regulated by prod-
uct inhibition and substrate activation at physiological pH. These features are 
quite common for enzymes involved in such important metabolic pathways. 
In contrast to rat and plant βUP, HsβUP did not show any dependence on 
zinc ions. Due to the disordered active site entrance loops EL2 and 3, Glu207 
was unfortunately not resolved in the crystal structure. It was therefore not 
possible to draw any conclusions about the nature of its participation in the 
reaction mechanism. In order to investigate this, a way to crystallize higher 
oligomers needs to be found. This might be achieved by the addition of a 
ligand, possibly followed by crosslinking, crystallization at low pH values, 
or the discovery of an enzyme variant with stabilized dimer-dimer interfaces. 
The so far created enzyme variants have only destabilized the dimer-dimer 
interfaces, which shows, how sensitive these interfaces are towards change. 
For the prediction of βUP-deficiency in a cancer patient, it is therefore im-
portant to assess any possible changes in the dimer-dimer interfaces as a 
result of a genetic mutation. 
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3.2 Identification and analysis of DPYD gene 
mutations (Paper II and III) 

 
Mutations in the DPYD gene, can cause different neurological symptoms and 
can cause a potentially life threatening fluorouracil toxicity in cancer pa-
tients, as mentioned in 2.6.4 172. It is therefore essential to detect a DPD defi-
ciency as early as possible in cancer patients, who receive treatment with 5-
FU, or similar antineoplastics, and adjust the drug dose accordingly. The aim 
of this project was to investigate the effects of novel genetic mutations on 
DPD activity and rationalize these effects with the help of available structur-
al information. On previous occasions 61,65,118,123,173–176, in vitro analysis of 
the resulting mutant enzymes has shown that these predictions have been 
remarkably accurate, probably due to the high sequence conservation be-
tween pig- and human DPD.  

3.2.1 Analysis of the patient cohort  
 
This project included two studies, both which had the aim of rationalizing 
the connection between DPD deficiency phenotypes and their genotypes. In 
the first study (paper II), nine cancer patients were subjected to multiplex 
ligation-dependent probe amplification (MLPA), and sequence analyses of 
cDNA and gDNA encoding for DPD. Eight of these nine patients were treat-
ed with chemotherapy consisting fluoropyrimidine, like 5-FU, capecitabine, 
which is a 5-FU prodrug or UFT, which is a mixture of the 5-FU prodrug 
tegafur and uracil. All of these patients showed severe 5-FU toxicity ranging 
from grade III to lethal grade V. DPD determination in peripheral blood 
mononuclear cells showed that all patients were suffering from DPD defi-
ciency, with DPD activities of 9 to 53%, compared to a control group of 
non-DPD deficient individuals. The DPD deficiency for one patient was 
detected upfront. This patient was then successfully treated with 50% of the 
normal capecitabine dose, resulting in 5-FU toxicity reduction to grade I. 
Three of the patients had been diagnosed with rectal cancer, four had been 
diagnosed with colorectal cancer, one had been diagnosed with esophageal 
cancer and one patient had been diagnosed with colon carcinoma. A list of 
the patients DPD amino acid sequence mutations, their DPP activity, their 
symptoms, as well as their 5-FU toxicity grade is displayed in Table 4. 
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Table 4. Fluoropyrimidine toxicity, DPD activity, symptoms and genotype of the 
studied patients in paper II. 

Patient 
5-FU 

toxicity 
Grade 

in vitro  DPD 
activity [%]a Symptoms Mutation effects on 

AA sequence 
Additional 

effects 

1 V 10 

Diarrhea, Nausea, 
Vomiting, Pancolitis, 
Sepsis, Leukopenia, 

Thrombopenia 

Val427Ala – hetb         
Ile543Val - het 

deletion in 
exon4 

2 I 53 Diarrhea 

Cys29Arg - het          
Met166Val - het          
Ile543Val - het           
Ile948Thr - het 

  

3 V 9 
Diarrhea, Mucositis, 

Leucopenia, Thrombo-
penia 

Cys79Thr, fsc - het 
Ser543Asn – het          
Ile543Val - het 

  

4 IV 21 Neutropenia, Stomatitis Met166Val - het          
Gly284Val - het   

5 IV 26 Diarrhea, Mucotitis, 
Pancytopenia 

Lys87Arg - het          
Ile948Thr - het           
Cys23Arg - het          

Met166Val – homd 
  

6 IV 49 Diarrhea, Stomatitis, 
Hand-Foot syndrome dele Ser509 - Lys580 - het   

7 IV 40 Diahrrea, Mucositis, 
Sepsis Cys79Thr, fs - het   

8 III 35 Diarrhea, Pain, Malaise Cys29Arg - hom         
Ile543Val - hom 

aberrant 
DPD 

protein 

9 IV 43 
Diarrhea, Mucositis, 

Leucopenia, Thrombo-
penia 

del Leu803 - Gly809 - het   
Met166Val - het   

a DPD activity in PBM cells compared to control group. b het=heterozygous. c fs= frame shift. d hom=homozygous.    
e del=deletion 

 
 
In the second study (paper III), a mother and her two children showed symp-
toms of DPD deficiency and were therefore subjected to cDNA and gDNA 
sequence analyses, as well as whole genome and whole exome sequencing. 
The mother had pregnancy-induced symptoms, such as severe abdominal 
pain, gastrointestinal dysmotility, pancreatitis, pancreatitis, and intermittent 
changes in consciousness. After her third pregnancy, she developed stroke-
like episodes and right-sided spasticity. Her firstborn daughter was diag-
nosed with congenital blindness and developmental delay. These symptoms 
improved over time. However, in her teens, she also developed gastrointesti-
nal dysmotility. The mother’s second pregnancy ended in a miscarriage, 
while the third pregnancy resulted in the birth of her son. He was also diag-
nosed with congenital blindness and severe developmental delay. Further-
more, he developed severe spasticity and hyperreflexia, possibly due to an in 
utero stroke. His symptoms improved over time and his phenotype now con-
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sists of spastic paraparesis with mild intellectual disability. The uracil and 
thymine concentrations in urine and plasma of all three patients were elevat-
ed, and DPD activity in fibroblasts were measured for the mother and son 
and showed no residual activity. A list of the patients’ DPD activity and their 
genotype is displayed in Table 5. It can be seen, that the novel Gly567Glu 
mutation in daughter and son, which they were both heterozygous for, was 
inherited by the father, who showed 64% DPD activity. The mother and son 
were both heterozygous for a 116 kb inversion in the DPD gene, a Cys29Arg 
and Val732Ile mutation, and a deletion between Asp581 and Asn635. Further-
more, both children were heterozygous for a Met166Val mutation. 
 

Table 5. DPD activity and genotype of the studied patients in paper II. 

Patient in vitro DPD 
activity [%]a 

Mutation effects on 
AA sequence 

Additional 
effects 

Mother n.d.b 
Cys29Arg - hetc           

del.d Asp581 - Asn635 - het 
Val732Ile - het 

115,731 bp 
inversion - het 

Daugther n.a.e 
 Met166Val – het    
Gly567Glu - het            

del. Asp581 - Asn635- het  

Son n.d. 

Cys29Arg - het         
Met166Val - het           
Gly567Glu - het          
Val732Ile - het 

115,731 bp 
inversion - het 

Father 64 Gly567Glu - het 
 

a DPD activity in PBM cells compared to control group. b n.d.= not detectable c het = het-
erozygous. d del = deletion. e n.a.= not available  

 
 
The sequence analyses in both studies resulted in the discovery of four novel 
mutations, changing the amino acid sequence of DPD (Table 6). The effects 
on enzyme function for these mutations were studied by determination of 
their catalytic activity. The mutations were introduced in the DPYD gene via 
site-directed mutagenesis, and the DPD variants were produced in HEK293 
Flp-In cells, and transfected with the mutated genes. 
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Table 6. Novel identified DPD variants in this study and their catalytic activities. 

Identified muta-
tion 

in vitro DPD 
activity [%]a 

Gly284Val 0.5 

Val427Ala 103 

Gly567Glu ca. 110 

Ile948Thr 30 

aPercentual activity compared to the wild type enzyme. 

3.2.2 Homology model analysis 
 
As mentioned in before, the sequence identity between human and pig DPD 
is roughly 93%. It was therefore possible to analyze the effect of the muta-
tions using a homology model of human DPD that was generated based on 
the crystal structure of pig DPD. Gly284, Gly567 and Ile948 are strictly con-
served residues in the deposited DPD sequences of many eukaryotic organ-
isms, such as Xenopus laevis (african clawed frog), Entamoeba histolytica 
(amoeba), Arabidopsis thaliana (thale cress), and Apis cerana cerana (orien-
tal honeybee), whereas Val427 is mainly conserved in organisms closely re-
lated to humans, like Oryctolagus cuniculus (rabbit), and Bos Taurus (cat-
tle), or conservatively conserved in Salmo salar (salmon), or Nematostella 
vectensis (sea anemone). 
 
Gly284 is found in the FAD binding site, located in domain II. Its Cα atom is 
around 4 Å distant from the cofactor’s diphosphate group. A substitution of 
this residue to a valine will result in a clash with the FAD (Figure 38A). The 
hydrophobic valine side chain is brought within a distance of 1.5 Å to the 
diphosphate group, probably not allowing the cofactor to bind at the right 
position and therefore compromising the electron transport chain. This anal-
ysis is strongly supported by the in vitro activity, measured for the respective 
DPD variant.  

 
Val427, is positioned at the dimer interface in domain III, which harbors the 
NADPH binding site (Figure 38B). Its side chain is surrounded by Leu391, 
Phe408 and Leu429 from the same subunit, and Arg410 and Gln425 from the 
other subunit. Mutation of Val427 to an alanine does not produce any steric 
clashes or interfere with any interactions, and should therefore not alter the 
enzyme’s activity. Activity measurements of this enzyme variant support 
this conclusion. 
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The last investigated mutation was Ile948Thr, which is part of the non-polar 
environment, created around the four iron-sulfur clusters of the electron 
transport chain in DPD (Figure 38C). Essentially all amino acid side chains 
lining the electron transfer path are hydrophobic. This insulation possibly 
helps facilitating the electron transport between the different redox cofactors. 
A change to a threonine side chain would introduce polarity in close proxim-
ity to an iron-sulfur cluster, probably rendering electron transfer inefficient. 
This analysis is also reflected in the activity results shown in Table 6. 
 
Gly567 is located at the C-terminal end of a barrel α-helix in domain IV, 
which contains the FMN- and substrate binding site. This position is typical 
for a glycine serving as C-capping residue 177, and the fact that it is strictly 
conserved, suggests that Gly567 has exactly that function (Figure 38D). It is a 
part of a hydrogen bond network, which also includes Ala563, Asn544 and 
Phe546, and stabilizes the positioning of the adjacent β-strand. This requires, 
however, a backbone dihedral angle (Φ/Ψ), which is energetically not favor-
able for non-glycine residues. A Gly567Glu mutation would therefore proba-
bly prevent C-capping, however, the magnitude of local and global structural 
changes is difficult to predict. Due to the proximity of Gly567 to the interface 
of domain IV and domain V of the other homodimer subunit, it is possible 
that structural changes at this position might affect dimerization and there-
fore have detrimental effects on catalytic activity. Surprisingly, in vitro ac-
tivity measurements of this DPD variant resulted in comparable activity to 
the wild type enzyme, which indicates that the structural effects of the 
Gly567Glu exchange do not affect catalytic activity at the measured condi-
tions. DPD activity, measured in fibroblasts of the patient affected by this 
mutation, decreased at increasing cultivating temperatures, resulting in only 
around 2% activity at 30°C and complete activity loss at 37°C. This indicates 
a destabilization of DPD, potentially caused by the Gly567Glu mutation. 
However, the in vitro activity measurements of the recombinant protein were 
also performed at 37°C, which suggests that multiple factors cause DPD 
deficiency in this patient. These factors could be the heterozygous intragenic 
DPYD inversion, or the other heterozygous mutations, listed in Table 6. 
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Figure 38. Structural effects of novel DPYD mutations. (A) Effects of the Gly284Val 
mutation (dark blue), located adjacent to the FAD (green) binding site in domain II 
(red). (B) Effects of the Val427Ala mutation (yellow and orange) in domain III (yel-
low). Val427 is surrounded by Leu391, Leu429 and Phe408 from the same subunit, and 
Arg410 and Gln425 from the neighboring subunit of the homodimer. (C) Effects of the 
Ile948Thr mutation (green and purple), located in proximity to an iron-sulfur cluster 
(yellow and dark grey) in domain V (green). (D) Effects of the Gly567Glu mutation 
(dark grey and green), positioned at the C-terminal end of a barrel α-helix in do-
main IV (dark grey). Gly567 participates in a hydrogen network between Ala563, 
Asn544 and Phe546. 

 
 
 



 76 

3.2.3 Conclusions 
 
The results of this project showed that the effects of mutations in the DPYD-
gene can be confidently predicted with the help of a homology model, based 
on the pig DPD crystal structure. This prediction model has the potential to 
be used as a first assessment model for DPD deficiency, followed by an in-
dividually fluoropyrimidine dose adjustment, based on the results of this fast 
analysis method.  
 
The suggested structure-destabilizing effects in fibroblasts combined with 
fully restored activity in in vitro activity measurements of the Gly567Glu 
mutation could not be fully explained by homology model analysis. In such 
cases that do not reveal obvious impacts on enzyme structures, confident 
prediction of more subtle effects, such as enzyme stability and dynamics 
probably require more time consuming molecular dynamics simulations. 
This demonstrates that the method is not yet perfect, and that new and fast 
detection methods are needed. The clear signs of DPD-deficiency, in the 
patient bearing the Gly567Glu mutation, indicate that the other discovered 
genetic variations, connected to the DPYD gene, might play a role in DPD 
deficiency. It is also possible that epigenetic or posttranslational effects 
might influence DPD activity, which is why the in vivo regulation of this 
enzyme should be studied more extensive.  
 
A nice outcome of these studies was the successful chemotherapy and de-
crease of 5-FU toxicity of a cancer patient with adjusted capecitabine dose 
due to an early DPD diagnose. Unfortunately two cancer patients died during 
the study due to grade V 5-FU toxicity. This illustrates the need for a fast 
and reliable prediction model for DPD deficiency that can be used prior to 
chemotherapy.  
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3.3 Design of ADH-A mutation site for enzyme 
evolution 

 
For the project on ADH-A, four mutation sites were constructed randomiz-
ing active site residue position selected based on analysis of the wild type 
ADH-A structure (pdb ID: 3JV7). For each mutation site two structurally 
adjacent residues were paired together. The different sites are shown in Fig-
ure 39, consisting of Tyr294 and Trp295 (site A), Tyr54 and Leu119 (site B), 
Phe43 and Ile271 (site C) and Phe43 and Phe282 (site F). The evolved enzyme 
variants were generated by iterative saturation mutagenesis (ISM) using a 
degenerate codon set, as described in 2.4.3.  
 
 
 
 

 
Figure 39. ADH-A (salmon; pdbID: 3JV7) active site residues targeted for CAST-
ing. Mutation site A consisting of Tyr294 and Trp295 (magenta), mutation site  B con-
sisting of Tyr54 and Leu119 (yellow), mutation site C consisting of Phe43 and Ile271 
(green), and mutation site F consisting of Phe43 and Phe282 (orange) were used in 
ISM studies to create enzyme variants with altered catalytic properties. Phe282 from 
mutation site F is located on a loop entering the active site from another subunit of 
ADH-A (dark blue).  
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3.4 Changing the enantioselectivity of ADH-A (Paper 
IV) 

 
As shown by Hamnevik et al.178, wild type ADH-A catalyzes the conversion 
of (S)-1-phenylethanol ((S)-1-PhEtOH) to acetophenone almost 200-times 
faster and 270-times more efficient than the conversion of (R)-1-
phenylethanol ((R)-1-PhEtOH) (Figure. 40). It was argued that the reason for 
this selectivity was non-productive binding of the (R)-1-PhEtOH and that 
enzyme manipulation via mutagenesis might be a way to improve its turno-
ver rate. 

 
The aim of this study was to clarify the observed enantioselectivity of wild 
type ADH-A, by creating enzyme variants that show an increase in activity 
with (R)-1-PhEtOH.  
 
To better rationalize their altered kinetic characteristics we determined the 
crystal structures of selected variants. The obtained results prompted cofac-
tor binding studies that lead to an update of the ADH-A reaction mechanism. 
 
 

 
Figure 40. Used substrates of ADH-A used in this study. Wild type ADH-A prefers 
(S)-1-PhEtOH (1) over (R)-1-PhEtOH (2). The product with both substrates is the 
oxidized acetophenone (3). 2-propanol (4) was used as a positive control and for 
deuterium kinetic isotope effect studies. 

3.4.1 Designed mutants and their overall structures 
 
In order to find enzyme variants with changed enantiopreference, CASTing 
38 was performed in mutation site A (Tyr294 and Trp295). For screening, crude 
cell lysates of ADH-A variants were mixed with 10 µM ZnSO4, 0.5 mM 
NAD+ and 10 mM (R)-1-PhEtOH at pH 8. As a positive control, the mutated 
ADH-A variants were also tested with 20 mM 2-propanol as substrate.  
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Two variants with improved activity with (R)-1-phenylethanol as substrate, 
A1 and A2, were identified. A2 was then used as a parent for another round 
of CASTing in the C-site, resulting in three selected variants, A2C1, A2C2 
and A2C3. Additionally to mutations in the A- and C-sites, A2C2 and A2C3 
had His39 mutated to a tyrosine. This mutation was introduced during DNA 
amplification by PCR. A2C2 was then used as parent for a final CASTing 
round in the B-site resulting in A2C2B1 and A2C2B2 as the two selected 
variants. The amino acid residue exchanges accumulated in the selected var-
iants are shown in Table 7.  
 

Table 7. Selected enzyme variants for kinetic studies and their mutations. The posi-
tions of the selected residues are shown below the mutation site names. The His39Tyr 
mutation was accidentally introduced during PCR. Non-mutated residues are 
marked with a dash. Mutations are given in 1-letter amino acid code and non-
mutated residues are marked with a dash. 

 Mutation site  

Enzyme  
A B C PCR 

artifact 
294 295 54 119 43 271 39 

wild type Y W Y L F I H 

A1 - A - - - - - 

A2 F A - - - - - 

A2C1 F A - - H - - 

A2C2 F A - - H - Y 

A2C3 F A - - S - Y 

A2C2B1 F A F - H - Y 

A2C2B2 F A W - H - Y 

 
 

The crystal structures of A2 (pdbID: 5O8Q), A2C2 (pdbID: 5O8H), A2C3 
(pdbID: 5O9F) and A2C2B1 (pdbID: 5O9D) were determined by molecular 
replacement using the ADH-A wild type structure (pdbID: 3JV7) as a 
searching model, to resolutions of 1.64 – 2.22 Å. The backbone structures of 
the wild type enzyme and all four variants are essentially identical, as shown 
in Figure 41.  
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Figure 41. Superimposed cartoon representations of the subunit structures of wild 
type ADH-A (salmon) and variants A2 (red), A2C2 (blue), A2C3 (deep purple), and 
A2C2B1 (yellow). The two zinc ions (grey), shown in spheres, and NAD+ (cyan), 
shown in stick representation, are taken from the wild type structure. The cofactors 
from the crystallized enzyme variants are, however, perfectly superimposable on 
them. Apart from a minor repositioning of a few loops the overall structures of the 
enzymes are identical, as indicated by the r.m.s.d.s of pairwise superpositioning 
ranging from 0.38-0.78 Å. 

3.4.2 Update of the kinetic reaction mechanism 
 
It was proposed that, similar to the horse liver enzyme 179,180, the rate deter-
mining step of ADH-A catalyzed alcohol oxidation or ketone reduction are 
conformational changes in the enzyme-NAD+ binary complex 178. A linear 
correlation between observed reaction rates and NADH concentration was 
found for wild type ADH-A (Figure 42), and turnover numbers with (S)-1-
PhEtOH and 2-propanol and the NADH release rate (Table 8) indicates that 
the ADH-A catalyzed reaction proceeds via a simpler, ordered five-step bi-bi 
mechanism (Figure 43).  
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Figure 42. Observed reaction rates as a function of NADH concentration for wild 
type ADH-A (black circles), A2 (white circles), A2C2 (squares), A2C3 (triangles). 
The data was fitted with kobs=kon[NADH]+koff and the error bars represent standard 
deviation of replicates. The same measurements with the A2C2B1 and A2C2B2 
variants showed a linear dependence as well (data not shown here). 

 

 
Figure 43. Updated kinetic reaction mechanism of alcohol oxidation catalyzed by 
ADH-A. After NAD+-binding (k1) the enzyme-NAD+-complex (E·NAD+) binds the 
substrate (R-OH; k2). This is followed by the oxidation step (k3), product release (k4) 
and NADH release (k5). The turnover number, kcat, includes the reaction steps k3 to 
k5, whereas kcat/KM includes k2 to k4.   
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Table 8. Rates of NADH release (k5) and kcat for wild type and studied ADH-A vari-
ants with (S)-1-PhEtOH, (R)-1-PhEtOH and 2-propanol. 

 NADH (S)-1-PhEtOH (R)-1-PhEtOH 2-propanol 

Enzyme k5 (s-1) kcat (s-1) kcat (s-1) kcat (s-1) 

wild type 51±6 80±20a 0.45±0.005a 85±1 

A2 270±20 0.26±0.007 2.2±0.04 25±1 

A2C2 260±4 0.22±0.006 4.0±0.2 40±4 

A2C3 200±60 0.67±0.01 20±7 n.s.b 

A2C2B1 65±6 0.26±0.02 3.4±0.2 n.s. 

A2C2B2 110±6 0.55±0.05 9.3±2 n.s. 

a Adapted from 178. b n.s., no enzyme saturation within the practically usable substrate 
concentration range. 

 
 
Furthermore, deuterium kinetic isotope effects (KIE) parameters were ob-
tained by comparing the reaction of 2-propanol with deuterated 2-propanol-
2d1 for wild type ADH-A, and selected generated variants. The results are 
shown in Table 9 and support the updated kinetic mechanism. Since the KIE 
on k3 is 3.6 but its influence on kcat is only 1.5, k3 cannot be the slowest reac-
tion step. Reversely, this means that at least one of the other reaction rates 
included in kcat, k4 or k5, must be slower than k3. The same conclusion can be 
drawn from the comparison of kcat with kcat/K0.5. The lower KIE of kcat sug-
gests that one reaction step included in kcat but not in kcat/K0.5, i.e. NADH 
release k5, must be the rate determining step. 
 

Table 9. Deuterium kinetic isotope effects on reaction rates of 2-propanol oxidation 
for wild type and selected ADH-A variants. 

Enzyme substrate k3 (s-1) Dk3 kcat (s-1) Dkcat 
kcat/K0.5

a      
(s-1mM-1) 

Dkcat/K0.5 

wild type 
2-propanol 430±90 

3.6±0.8 
85±1 

1.5±0.05 
3.9±0.1 

2.8±0.3 
2-propanol-2-d1 120±10 57±2 1.4±0.1 

A2 
2-propanol -b 

- 
25±1 

3.1±0.1 
0.045±0.003 

2.9±0.3 
2-propanol-2-d1 -b 8.2±0.2 0.016±0.0007 

A2C2 
2-propanol -b - 40±4 

3.1±0.05 
0.024±0.004 

1.6±0.3 
2-propanol-2-d1 -b   13±0.7 0.015±0.002 

a K0.5 is used here instead of KM because all enzyme variants showed positive cooperativity with 2-propanol. b No 
burst during the pre-steady state phase was observed.  
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3.4.3 First generation 
 
Hamnevik et al. 178 proposed that wild type ADH-A favors the oxidation of 
(S)-1-PhEtOH primarily due to non-productive binding of the R-enantiomer. 
This hypothesis is supported by docking experiments performed with the 
crystal structures obtained in this study. The positioning of the substrate is 
restricted by the narrow active site cavity and the coordination of the hy-
droxyl-oxygen to the active site zinc ion (Figure 44A). Only (S)-1-PhEtOH 
can be bound in a way in which hydride transfer from C1 of the alcohol to C4 
of the nicotinamide ring is possible, whereas (R)-1-PhEtOH binding is non-
productive due to the wrong positioning of the C1-hydrogen (Figure 44B).  
 
The Trp295Ala mutation manifested in the first generation enzyme variants, 
A1 and A2 (Table 7), introduces an additional pocket in the active site cavity 
due to the absence of the Trp295 indole-group. This structural change facili-
tates productive binding of (R)-1-PhEtOH (Figure 44C), increasing kcat 
around 5-fold in both enzyme variants for this substrate (Table 10). Howev-
er, a simultaneous 10- and 8-fold increase in KM, for A1 and A2, respective-
ly, resulted in a decrease of kcat/KM. Simultaneous increase of kcat and KM 
with the same factor is a typical phenomenon for the decrease of non-
productive binding 15. The reason why kcat and KM increase with different 
factors here is probably due to the new substrate binding mode of (R)-1-
PhEtOH. The substrate affinity, for productive binding in wild type, and A1 
and A2, might differ, which makes it difficult to compare KM values between 
them.  
 
(S)-1-PhEtOH binding in the same position is instead non-productive (Figure 
44D), which explains the decrease of kcat for (S)-1-PhEtOH. The enanti-
opreference (E-value) changes from a 270-fold preference for (S)-1-PhEtOH 
for wild type ADH-A, to an almost 3-fold preference for (R)-1-PhEtOH for 
A2. 

 
In contrast to the wild type enzyme, all studied variants, except A2C3 and 
A2C2B2, showed positive cooperativity for the oxidation of (R)-PhEtOH. 
This might indicate an increase in flexibility of the created variants. 
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Figure 44. Docking results for (S)-1-PhEtOH and (R)-1-PhEtOH with wild type 
ADH-A (A and B) and A2 variant (C and D). The surfaces of both enzymes are 
shown in gray, indicating the dimensions and shapes of the active site cavities. The 
positioning of the substrates (yellow) is promoted by interactions between the hy-
droxyl group of the alcohol and the active site zinc ion (dark grey sphere). For wild 
type ADH-A, a hydride transfer (black dotted lines) from C1 of the alcohol to C4 of 
the nicotinamide ring (cyan) is only possible with (S)-1-PhEtOH (A). Binding of (R)-
1-PhEtOH in the narrow active site cavity forces the C1-hydrogen to point away 
from the NAD+(B). A hydride transfer is therefore not possible. The Trp295Ala muta-
tion in the A2 variant and its offspring creates an additional pocket in the active site 
cavity so that productive binding of (R)-1-PhEtOH is possible (C). Binding of (S)-1-
PhEtOH in the same pocket (D) results, however, in a non-productive binding mode, 
similar to (R)-1-PhEtOH in the wild type enzyme. 
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Table 10. Steady state kinetic parameters for wild type and studied ADH-A variants 
with (R)- and (S)-1-PhEtOH. The enantiopreference (E-value) is given as the ration 
of kcat/KM for (R)-1-PhEtOH and kcat/KM for (S)-1-PhEtOH. 

  (R)-1-PhEtOH  (S)-1-PhEtOH    

Enzyme 
kcat KM a kcat/KM b 

n 
 kcat KM kcat/KM 

n 

 
E-value 
(R)/(S) 
(fold) (s-1) (mM) (s-1×mM-1)  (s-1) (mM) (s-1×mM-

1) 
 

wild 
type 

0.45 
±0.005c 

0.94 
±0.04c 

0.48 
±0.01c 1d  80 

±20c 
0.63 

±0.05c 
130 
±30c 1 d 

 
0.0037 

A1 2.2 
±0.1 

9.7 
±0.7 

0.23 
±0.02 

1.6 
±0.1  0.48 

±0.01 
2.7 

±0.2 
0.18 

±0.01 
1.3 

±0.07 
 

1.3 

A2 2.2 
±0.04 

7.7 
±0.3 

0.28 
±0.01 

1.6 
±0.06  0.26 

±0.007 
2.5 

±0.2 
0.10 

±0.007 1 d 
 

2.8 

A2C1 2.3 
±0.1 

13 
±1 

0.18 
±0.02 

1.6 
±0.1  0.12 

±0.002 
3.0 

±0.1 
0.040 

±0.002 
1.3 

±0.04 
 

4.5 

A2C2 4.0 
±0.2 

10 
±0.9 

0.40 
±0.04 

1.5 
±0.1  0.22 

±0.006 
2.3 

±0.3 
0.096 
±0.01 1 d 

 
4.2 

A2C3 20 
±7 

100 
±40 

0.20 
±0.02 1 d  0.67 

±0.01 
3.1 

±0.2 
0.22 

±0.01 1 d 
 

0.9 

A2C2B1 3.4 
±0.2 

7.6 
±0.8 

0.45 
±0.05 

1.9 
±0.3  0.26 

±0.02 
4.2 

±0.6 
0.061 
±0.01 

1.7 
±0.3 

 
7.4 

A2C2B2 9.3 
±2 

80 
±20 

0.12 
±0.005 1 d  0.55 

±0.05 
16 
±3 

0.034 
±0.003 1 d 

 
3.5 

a Refers to Michaelis constant if the Hill coefficient (n) = 1. Otherwise it refers to K0.5, which is equal to the substrate 
concentration that results in half maximum reaction velocity.  b If the Hill coefficient does not equal 1then this describes 
kcat/KM. cAdapted from 178.  d The Hill coefficient was set to a value of 1 during the fitting. 

 
Interestingly, the second position in mutation site A, 294, was either mutated 
to a phenylalanine (A2) or it remained unchanged as tyrosine (A1). This 
preserved the π-π stacking interactions between Phe286 and Phe294 or Tyr294 

(Figure 45), and aided in formation of the active site as described earlier.  
 
Another effect of the amino acid exchanges in the A2 variant was the 5-fold 
elevated NADH release rate (Table 8) and loss of the burst in pre-steady 
state measurements  that was caused by accumulation of the binary E·NADH 
complex in wild type ADH-A. This suggests that NADH release no longer is 
the rate determining step in this variant. This conclusion is supported by the 
deuterium kinetic isotope effect measurements (Table 9), showing that kcat 
(KIE = 3.1) is equally influenced as kcat/K0.5 (KIE = 2.9). These values are 
very similar to the KIE of the oxidation step (k3) of wild type ADH-A, 
which, assuming that the chemistry in both enzymes is identical, indicates 
that the oxidation step is the rate determining step in A2.   

 
 
 



 86 

 
Figure 45. Structural changes in the ADH-A A2 variant (pdbID: 5O8Q). Tyr294 and 
Trp295 in the wild type enzyme (salmon) are exchanged by Phe294 and Ala295 in A2 
(red). The important π-π stacking interactions (black dotted line) between Phe286 of 
subunit B (blue) and residue 294 of subunit A, and vice versa, are preserved. 

3.4.4 Second generation 
 
Both selected second generation variants, A2C2 and A2C3, were mutated at 
only one of the mutation sites of the C-site. In A2C2, Phe43 was exchanged 
for a histidine, whereas in A2C3 it was mutated to a serine. However, in both 
variants His39 was accidentally exchanged to a tyrosine during PCR amplifi-
cation, resulting in the loss of a hydrogen bond between the His39 sidechain 
and a phosphate group of the NAD-cofactor (Figure 46). In the crystal struc-
tures of both variants the Tyr39 sidechain is pointing away from NAD. This 
mutation increases kcat with (R)-1-PhEtOH almost 2-fold compared to A2C1, 
which does not have the His39Tyr mutation. Since the KIE on kcat for A2C2 
was identical to that of the A2 parent (Table 9), it is however not likely that 
this effect is based on the loss of the interactions between His39 and the 
NAD-cofactor. Cofactor release still appears not to be the rate limiting step 
in A2C2. An effect of this lost hydrogen bond interaction on the NADH 
release rate therefore remains undetected. Comparing steady state parameters 
of A2C1 and the A2 parent variant shows that the effect of the Phe43His mu-
tation on the reaction with (R)-1-PhEtOH is minimal (Table 10). A possible 
reason for the mutation of Phe43 could be identified after determining the 
crystal structure of the second generation variants. In wild type ADH-A the 
Phe43 side chain is pointing away from the NAD, whereas the side chains of 
both His43 and Ser43 point towards one of the ribose moieties of the cofactor.  
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Figure 46. Structural changes in A2C2 (pdb ID: 5O8H) and A2C3 (pdb ID: 
5O9F). (A) Amino acid exchanges introduced in the second generation variant 
A2C2 (slate blue), Phe43His and His39Tyr. In contrast to Phe43 from the wild type 
enzyme (salmon), His43 points towards the NAD cofactor (cyan), being positioned 
almost exactly identical to His51 from horse liver ADH (green; pdb ID: 1HLD). 
The His43 sidechain can form a hydrogen bond (black dotted lines) with the NAD 
and thereby participating in the hydrogen bond network proposed for horse liver 
ADH 163, including Ser40. The effect of the His39Tyr, on the other hand, is the loss 
of a hydrogen bond formed between the enzyme and NAD. (B) Amino acid ex-
changes introduced in enzyme variant A2C3 (deep purple) in which the only dif-
ference to A2C2 is the exchange of His43 for a serine. The distance between the 
Ser43 sidechain and the ribose from NAD is too large to form a hydrogen bond. 
However, a water molecule (red sphere) is positioned appropriately to maintain 
the hydrogen bond network. 

 
Superimposing ADH from horse liver and A2C2 shows that the Phe43His 
mutation in the A2C2 variant places the histidine side chain almost exactly 
at the position of the His51 side chain in the horse liver enzyme. This estab-
lishes a hydrogen bond network connecting His43, NAD, Ser40 and possibly 
the hydroxyl group of an alcohol substrate (Figure 46A), as suggested for 
horse liver ADH-A 163, thereby lowering the alcohol’s pka and improving 
substrate and cofactor binding 181. In the A2C3 variant His43 is exchanged by 
a serine, which cannot form a hydrogen bond with the NAD cofactor due to 
the longer distance between them. The position of the imidazole ring of 
A2C2-His43 is however occupied by a water molecule, enabling the partici-
pation of A2C3-Ser43 in the hydrogen bond network (Figure 46B). These 
interactions might explain the comparable NADH release rates of A2C2 and 
A2C3 with their parent (Table 7).  
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The changes in kcat and KM for A2C1 and A2C2 are small compared to the 
first generation variants. Nevertheless, A2C3 experiences a 5-fold increase 
compared to A2C2 and a 9-fold increase compared to A2 in kcat with (R)-1-
PhEtOH as substrate, making it the fastest of all studied variants (Table 10). 
This increase in kcat is accompanied by a 13-fold increase in KM, decreasing 
kcat/KM by approximately 30% compared to A2. A parallel increase in 
kcat/KM with (S)-1-PhEtOH results therefore in the lowest enantiospecificity 
of all studied variants.  

3.4.5 Third generation 
 

The A2C2 variant was chosen for a third round of CASTing in the B-site, 
because it was the best compromise between increased kcat with (R)-1-
PhEtOH and decent enantiospecificity. Two variants, A2C2B1 and A2C2B2, 
were chosen for purification and kinetic characterization. Both variants pre-
served the leucine at position 119 but exchanged Tyr54 for phenylalanine 
(A2C2B1) or tryptophan (A2C2B2). The steady state kinetic parameters for 
A2C2B1 and A2C2 are very similar (Table 10). A slightly higher kcat/KM 
value for the reaction with (R)-1-PhEtOH and a slightly lower kcat/KM value 
for the reaction with (S)-1-PhEtOH makes A2C2B1 however the variant 
with the highest preference for the R-enantiomer. Comparing A2C2B2 with 
A2C2, on the other hand, shows that, for the reaction with (R)-1-PhEtOH, 
kcat increases for A2C2B2 around 2.5-fold with a simultaneous 8-fold in-
crease in KM, making it the second fastest of all studied variants. The kinetic 
parameters increase equally for the reaction with (S)-1-PhEtOH, so that the 
overall enantiospecificity between A2C2 and A2C2B2 did not change. 
 
The structure of A2C2B1 variant was determined, showing that the Phe54 is 
positioned on a loop at the active site entrance with the benzyl side chain 
pointing towards the access solvent channel. It is surrounded by Val44, Met47, 
Tyr52, Leu58 and Leu119 creating a rather hydrophobic environment. The loss 
of the hydroxyl group seems not to make a big structural difference, which 
was not surprising considering the obtained kinetic parameters.  
 
Since position 54 is quite distant from the active site, the increase in kcat and 
KM in the A2B2C2 variant is difficult to explain. One might speculate about 
a decrease in non-productive binding due to a long-range increase of flexibil-
ity. However without any information about protein dynamics it is not possi-
ble to draw reliable conclusions about the reason behind these effects. 
 
Interestingly, the NADH release rates of both third generation variants de-
crease, with the rate for A2C2B1 being in the same range as kcat for the wild 
type enzyme with (S)-1-PhEtOH as substrate (Table 8). Also the reason for 
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this effect is not obvious and due to practical reasons it was not possible to 
determine the KIE on kcat for this variant. Therefore, the question about 
which reaction step is rate determining cannot be answered for A2C2B1. 

3.4.6 B-factor analysis 
 
In an effort to identify regions of changed flexibility the crystallographic 
temperature factors (B-factors) of the wild type ADH-A and all crystallized 
variants were compared. A graph displaying the B-factor differences is 
shown in Figure 47.  
 

 
Figure 47. B-factor analysis of wild type ADH-A, and generated variants. (A) Com-
parison of the B-factor difference between wild type and A2 (red), A2C2 (blue), 
A2C3 (purple) and A2C2B1 (yellow). Four regions (residues 6-13, 37-57, 108-120 
and 331-339) show distinctive differences between wild type ADH-A and variant A2. 
(B) These four regions in the ADH-A structure are adjacent to each other, forming a 
major part of the enzyme’s active site. 

Comparing B-factor values of different datasets is of course not easy, since 
they vary depending on e.g. the resolution of the dataset. However, four re-
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gions showed noticeable deviations, especially in variants A2 and A2C2 
(Figure 47A). Despite the sequential distance between the regions, it was 
found that, structurally, they are adjacent to each other (Figure 47B), form-
ing a large part of the active and NAD-binding site. A change in flexibility in 
these regions might very well be connected to changes in kinetic parameters 
and cofactor binding rates. 

3.4.7 Conclusions 
 

The aim to create ADH-A variants with changed enantiospecificity via semi-
rational design was achieved. Variant A2C2B1 prefers (R)-1-PhEtOH 7.4-
fold over the S-enantiomer. Compared to the wild type enzyme this is a 
2000-fold E-value increase for this enantiomer, resulting primarily from an 
increase in kcat with (R)-1-PhEtOH and a decrease in kcat with (S)-1-PhEtOH. 
The main reason for this effect became obvious with the help of structural 
information. The Trp295Ala mutation created a new cavity in the active site, 
allowing (R)-1-PhEtOH to bind in a productive way and (S)-1-PhEtOH in a 
non-productive way. Even though the increase in kcat with (R)-1-PhEtOH 
was accompanied by an increase in KM, from an industrial point of view this 
does not carry a lot of weight, since the reaction conditions can be chosen to 
saturate the enzyme. 
 
The B-factor analysis showed that there are regions in the ADH-A variants 
experiencing a change in flexibility compared to the wild type. These chang-
es may play a role in cofactor binding and could be an explanation for the 
changes in the NADH release rates and some of the altered kinetic parame-
ters of the created enzyme variants. These changes are caused by single mu-
tations of non-catalytic residues which in some cases, are distant from the 
active site and are hence not trivial to explain, even with structural infor-
mation being available. This emphasizes the true complexity of enzymatic 
mechanisms, protein flexibility and structure-function relationships, and 
demonstrates the need for more detailed studies. 
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3.5 Increasing the catalytic activity of acyloin 
biosynthesis (Paper V) 

 
Just like the preference of (S)-1-PhEtOH over (R)-1-PhEtOH, Hamnevik et 
al. 178 could also show that wild type ADH-A prefers (R)-1-phenyl-1,2-
ethanediol ((R)-1-PhEtdiol) over (S)-1-phenyl-1,2-ethane-diol ((S)-1-
PhEtdiol), converting it 78-times faster and 14-times more efficient. The 
apparent shift in enantiospecificity between the phenylethanols and the phe-
nylethanediols is caused by the way stereochemistry is assigned at chiral 
centers, and does not reflect a true shift, as indicated in Figure 48. The prod-
uct of the reaction with both diol substrates was shown to be the acyloin 2-
hydroxyacetophenone (2-HAP), which means that the stereoselective oxida-
tion takes place on the secondary alcohol. 

  
The aim of this study was to find ADH-A variants, which have increased 
activity towards (R)-1-PhEtdiol. The structure of selected variants was de-
termined in order to rationalize the catalytic improvements. 
 

 

 
Figure 48. The used substrates for the rational improvement of the catalytic function 
of ADH-A were the secondary alcohol (S)-1-PhEtOH (1) and the secondary diols, 
(R)-1-PhEtdiol (2) or (S)-1-PhEtdiol (3), which are oxidized to the acyloin 2-
hydroxyacetophenone. 

3.5.1 Designed mutants and their overall structures 
  

The strategy and mutagenesis target sites used to create and identify im-
proved enzyme variants were similar to those described in Paper IV. The 
wild type enzyme was exposed to CASTing and new enzyme variants were 
screened for improved activity with (R)-1-PhEtdiol. In the first CASTing 
round one variant from the C-site, C1, was selected for further characteriza-
tion and structure determination. Interestingly C1 is only mutated at position 
43, where Phe43 is exchanged for a histidine. This exchange also occurred in 
A2C1 and A2C2 and its offspring (Paper IV). It became then the parent for a 
round of CASTing visiting the B-site, resulting in the isolation of variant 
C1B1, which carried a Tyr54Leu mutation (Table 11). The crystal structures 
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of C1 (pdbID: 6FFX) and C1B1 (pdbID: 6FFZ) were solved to resolutions of 
2.5 Å and 1.7 Å, respectively. The atomic coordinates of the enzyme vari-
ants superimpose nicely with those of wild type ADH-A with an r.m.s.d of 
0.26 – 0.50 Å. 
 

Table 11. Enzyme variants selected for structural and kinetic studies. The positions 
of the residues exposed to CASTing are shown below the mutation site names. Muta-
tions are given in 1-letter amino acid code and non-mutated residues are marked 
with a dash. 

 Mutation site 

Enzyme 
variant 

B C 

Y54 L119 F43 I271 

wild type Y L F I 

C1 - - H - 

C1B1 L - H - 

3.5.2 Kinetic effects of the mutations 
 
The reaction rates presented in Table 12 show that NADH release is 70-
times faster than kcat for the wild type ADH-A reaction with (R)-1-PhEtdiol. 
Assuming that the oxidation still follows an ordered bi-bi mechanism (Fig-
ure 43) the reason for this must be a large proportion of non-productive bind-
ing of the substrate. Furthermore, it can be seen that kcat for the reaction with 
the (S)-enantiomer is around 80-fold slower, resulting in a 14-fold preference 
for (R)-1-PhEtdiol when comparing the values for kcat/KM. C1 catalyzes the 
conversion of (R)-1-PhEtdiol 2.6-fold, and C1B1 even 7.5-fold faster than 
the wild type under saturated conditions (Table 12). Furthermore, kcat in-
creases for the reduction of 2-HAP to (R)-1-PhEtdiol by C1 almost 10-fold, 
compared to wild type ADH-A. However, the KM-values for both enzyme 
variants with these substrates, increase almost with the identical factor, 
which can be interpreted as arising from a decrease in non-productive bind-
ing 15. This does not result in any change in the catalytic efficiency kcat/KM. 
Additionally, the changes in the alcohol oxidation (k3) and NADH release 
(k5) rates are small compared to the changes in kcat, which further supports 
the conclusion that the introduced mutations in C1 and C1B1 decrease non-
productive binding. 
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It can also be seen that the diols are generally worse substrates compared to 
phenylethanol. Both C1 and C1B1 show the same tendency, an increase in 
kcat and KM, for the oxidation of (S)-1-PhEtOH and the reduction of 2-HAP.  
Interestingly, not only is 2-HAP the sole product of the reaction of wildtype 
ADH-A, C1 and C1B1 with (R)-1-PhEtdiol, but all enzyme variants are also 
so enantiospecific that they practically only produce (R)-1-PhEtdiol in the 
reverse reaction with 2-HAP as substrate. This makes them very interesting 
for industrial applications, since they can be used to produce enantiopure 
acyloins from prochiral substrates or separate (S)-1-PhEtOH from a racemic 
mixture due to kinetic resolution. 
 

Table 12. Steady state kinetic parameters and reaction rates of the oxidation step 
(k3) and NADH release (k5) for wild type ADH-A and both generated enzyme vari-
ants C1 and C1B1 with different substrates. 

Enzyme /       
substrate kcat (s-1) KM (mM) kcat/KM (s-1 mM-1) k3  (s-1) k5 (s-1) 

wild type /        
(S)-1-PhEtOH 80±20a 0.63±0.05a 130±30a 630±40 a 51±6 b 

wild type /        
(R)-1-PhEtdiol 0.73±0.01a 17±0.6a 0.044±0.0008a 42±8 51±6 b 

wild type /        
(S)-1-PhEtdiol 0.0094±0.0005a 3.0±0.7a 0.0031±0.0006a 42±8 51±6 b 

wild type /  
2-HAP 2.0±0.08a 3.7±0.4a 0.55±0.03a - 51±6 b 

C1 /  
(S)-1-PhEtOH  110±7 2.6±0.4 41±4 - 76±20 

C1 /  
(R)-1-PhEtdiol 1.9±0.05 37±2 0.050±0.001 25±2 76±20 

C1 / 2-HAP 19±2 36±6 0.53±0.02 - 76±20 

C1B1 /           
(S)-1-PhEtOH 120±6 6.0±0.9 20±2 340±20 93±10 

C1B1 /           
(R)-1-PhEtdiol 5.5±0.4 120±20 0.050±0.003 58±10 93±10 

C1B1 / 2-HAP 8.8±1 20±4 0.44±0.04 - 93±10 

       a Data adapted from 178. b Data adapted from 182. 

3.5.3 Structural effects of the mutations 
 
As mentioned, the only amino acid substitution occurring in C1 is Phe43His, 
previously identified in A2C1 and A2C2. Unsurprisingly, superposition of 
the crystal structures of C1 and A2C2 revealed that the histidine side chains 
of both variants were positioned in a similar way. This reinstated the hydro-
gen bond network, previously described for horse liver ADH (Figure 49A). 
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An effect of this was improved substrate binding in the horse homolog  181. A 
similar effect could partly explain the increase in kcat for the C1 variant, 
compared to the wild type enzyme. However, substrate binding rates for C1 
were not determined, which is why it can only be speculated about such an 
effect. 
 

 
Figure 49. Superimposed structures of wild type ADH-A (salmon) and the variants 
C1 (green) and C1B1 (lightblue). (A) Mutated residues at position 43 and 54. Simi-
lar to the A2C2 crystal structure, the Phe43His mutation is found in C1 and its off-
spring C1B1, positioning the His43 side chain in all three variants to allowformation 
of a hydrogen bond network (black dotted lines) with the NAD-cofactor (cyan) and 
Ser40. (B) Surface of C1B1 (lightblue) with view on the active site entrance. The 
Tyr54Leu mutation enlarges the volume of the solvent channel, as does the Phe43His 
mutation. 

The second substitution introduced in C1B1, Tyr54Leu, is located at the ac-
tive site entrance. The change from tyrosine to leucine enlarges the volume 
of the solvent channel leading to the active site (Figure 49B), which might 
affect substrate binding and product release. That could also  apply to the 
Phe43His mutation, even though the effect of this substitution is expected to 
be less significant due to the positioning of the phenyl ring on the side of the 
solvent channel. 

3.5.4 Conclusions 
 
The generated ADH-A variants C1 and C1B1 do not only show increased 
activity with (R)-1-PhEtdiol, but also essentially no activity with the (S)-
enantiomer of this substrate. This allows them, for example, to produce en-
antiopure acyloins from prochiral substrates like 2-HAP. The reason for the 
increased activity with (R)-1-PhEtdiol appears to be a decrease in non-
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productive binding and improvements in substrate binding and product re-
lease. The C1 variant converts 2-HAP 9.5-fold faster and the C1B1 variant 
converts (R)-1-PhEtdiol 7.5-fold faster than the wildtype.  
 
While working on this project it became clear that in some cases ISM is only 
successful if the different mutation sites are visited in the right order. For 
C1B1 a synergistic effect became obvious, since visiting mutation site B 
before mutation site C did not give any variants with increased activity under 
the chosen screening conditions. 
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3.6 Changing the regioselectivity of ADH-A (Paper 
VI) 

 
In Paper V it could be shown that wild type ADH-A oxidizes only the ben-
zylic carbon in the reaction with (R)-1-PhEtdiol. This raised the question 
whether this regioselectivity is determined by the low activity with primary 
alcohols or if there is another reason. In order to answer this question a new 
substrate, carrying two different secondary alcohol groups was introduced. 
 
The aim of this study was to investigate the regiopreference of wild type 
ADH-A in the reaction with the substrate 1-phenyl-(1R,2S)-propanediol 
((1R,2S)-PhProdiol) and explain this selectivity using structural information 
gained from molecular dynamics simulations. Furthermore, ADH-A variants 
should be identified that show an increased activity with (1R,2S)-PhProdiol. 
Comparative structural analysis was expected to provide valuable insights 
regarding the underlying mechanisms of the changed catalytic properties.  
 

 
 

 
Figure 50. Molecular structures of substrates used in this study. The activity of wild 
type ADH-A decreases drastically when going from the substrate (S)-1-PhEtOH (1), 
which is oxidized to acetophenone (2), to (R)-1-PhEtdiol (3) or (S)-1-PhEtdiol (4), 
which are both oxidized to the acyloin 2-HAP (5). The aim of this study was to find 
ADH-A variants that have an increased activity with the substrate 1-phenyl-(1R,2S)-
propanediol (6). The possible products of this oxidation reaction are 1-phenyl-(2S)-
hydroxy-propanone (7), 1-phenyl-(1R)-hydroxy-2-propanone (8) and 1-phenyl-1,2-
propanedione (9). 

Possible products of this reaction are the acyloins 1-phenyl-(2S)-hydroxy-
propanone and 1-phenyl-(1R)-hydroxy-2-propanone, as well as 1-phenyl-
1,2-propanedione (1,2-PhProdione). Their structures are shown in Figure 50. 
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3.6.1 Regiopreference of wild type ADH-A  
 
As discussed in Paper V, wild type ADH-A catalyzes the conversion of (R)-
PhEtdiol 78-times faster compared to the reaction with the (S)-enantiomer. 
The kinetic parameters, kcat and KM, for the reaction with (1R,2S)-PhProdiol 
are slightly lower compared to the reaction with (R)-PhEtdiol, but still com-
parable (Table 13). The rates for NAD+ binding, alcohol oxidation and 
NADH release are an order of magnitude higher than kcat. This suggests that 
non-productive binding of (1R,2S)-PhProdiol masks the true value of kcat, 
assuming that cofactor release is the rate limiting step.  

Table 13. Kinetic paramaters for the reaction of wild type ADH-A with different 
substrates. The given rates k1, k3 and k5 refer to NAD+ binding, alcohol oxidation 
and NADH release, respectively, as shown in Figure 43. 

Substrate kcat (s-1) KM
a (mM) kcat/KM

b (s-1 M-1) k3  (s-1) k1               
(s-1µM-1) k5 (s-1) 

(S)-PhEtOH 80±20c 0.63±0.05c 130 000±30 000c 640±40c 6.8±0.5  51±6 d 

acetophenone 36±0.8c 1.2±0.09c 30 000±2 000c - 6.8±0.5  51±6 d 

 (R)-1-PhEtdiol 0.73±0.01c 17±0.6c 44±0.8c 42±8 6.8±0.5  51±6 d 

(1R,2S)-
PhProdiol 0.48±0.01 11±1 43±5 20±9 6.8±0.5  51±6 d 

1,2-PhProdione 62±0.6 0.31±0.01 200 000±9 000 - 6.8±0.5  51±6 d 

 a Refers to Michaelis constant if the Hill coefficient (n) = 1 (data not shown here). Otherwise it refers to K0.5, which is 
equal to the substrate concentration that results in half maximum reaction velocity.  b If the Hill coefficient does not equal 
1then this describes kcat/KM. c Data adapted from 178. d Data adapted from 182 

 
 

The amount of formed products for the oxidation of (1R,2S)-PhProdiol and 
the reduction of 1,2-PhProdione was monitored via 1H-NMR. The results of 
this experiment are displayed in Table 14 and show that wild type ADH-A 
prefers to oxidize C1 over C2 3.6-fold. The diketone 1,2-PhProdione could 
not be detected after letting the reaction go for 30 hours at 30 °C and only 
28% of the substrate had been converted to product after this time. For the 
reduction of 1,2-PhProdione, 22% of the substrate had been converted and 
the main product was 1-phenyl-2-hydroxy-propanone, which was formed 21-
times more often compared to 1-phenyl-1-hydroxy-2-propanone. This 
means, that in contrast to the oxidation of (1R,2S)-PhProdiol, the reduction 
occurs preferably at C2. The product reduced at both carbons, 1,2-PhProdiol, 
could not be detected. This reduction of 1,2-PhProdione to the corresponding 
acyloins was catalyzed almost 130-times faster than the oxidation of 
(1R,2S)-PhProdiol, which results  in the same products, at saturated condi-
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tions. A simultaneous decrease in KM results in a 4700-fold higher kcat/KM 
value for the reduction reaction and therefore similar kinetic parameters to 
the oxidation reaction of (S)-PhEtOH. Compared to the reaction with the 
structurally homologous acetophenone, the reduction of 1,2-PhProdione is 
even 1.7-times faster under saturated conditions and has a 6.7-times higher 
value for kcat/KM.  

 

Table 14. Relative amounts of detected 1H-NMR signals from the oxidation of 
(1R,2S)-PhProdiol and the reduction of 1,2-PhProdiol.  

1H-NMR integrals (%)a 

oxidation of (1R,2S)-PhProdiol  reduction of 1,2-PhProdione 

 wild 
type B1 B1F4   wild 

type B1 B1F4 

 
(1R,2S)-

PhProdiol 

72 70 32  
 

1,2-PhProdione 

78 82 71 

 
1-phenyl-(2S)-

hydroxy-
propanone 

22 7 12   
1-phenyl-2-

hydroxy-
propanone 

21 17 27 

 
1-phenyl-(1R)-

hydroxy-2-
propanone 

6 24 55   
1-phenyl-1-
hydroxy-2-
propanone 

1 1 2 

 
1,2-PhProdione 

- - -  
 

1,2-PhProdiol 

- - - 

a Calculated from the relative abundance of the distinguishing methyl protons.  

3.6.2 Molecular dynamics simulations on wild type ADH-A 
 

With the aim of rationalizing the observed kinetic characteristics of wild 
type ADH-A, enzyme-substrate interactions were studied with MD simula-
tions. This study included (R)-1-PhEtdiol, (S)-1-PhEtdiol, (1R,2S)-PhProdiol 



 99

and 1,2-PhProdione. The already mentioned 78-fold higher turnover number 
with (R)-1-PhEtdiol can be easily explained by the outcome of the simula-
tions. The statistically most often occurring binding mode for this substrate 
positions the C1-hydrogen approximately 3.1 Å distant to the nicotinamide 
ring, thereby allowing hydride transfer (Figure 51A). In contrast to this, the 
binding mode for the (S)-enantiomer positions the substrates phenyl ring 
close to the NAD, forcing the C1-hydrogen to face away from the nicotina-
mide ring (Figure 51B). Hydride transfer in this binding mode seems to be 
very unlikely. The simulations for the binding of (1R,2S)-PhProdiol generat-
ed equally interesting results. The main clusters contained two different sub-
strate binding modes. In the first one, the substrate is positioned by interac-
tions between the zinc ion and the C1-hydroxyl group, positioning the C1-
hydrogen around 2.7 Å distant to the nicotinamide ring (Figure 51C), there-
by allowing hydride transfer. In addition to this, the second binding mode is 
regulated by interactions between zinc and the C2-hydroxyl group of the 
substrate. This way, the distance between the C2-hydrogen and the nicotina-
mide ring is around 2.7 Å, too, resulting in the oxidation of the C2-carbon 
(Figure 51D). From the measured product ratios (ΔK) it was possible to cal-
culate the energetic difference (ΔΔG) between the oxidation at C1 and C2, 
using equation 11 with the universal gas constant R and temperature T. At 
30°C this energetic difference is only 0.8 kcal/mol. It was therefore no sur-
prise to find both binding modes in the MD simulations. 
 
 − 	ln	( ) =                                    eq. 11 
 
 
Surprisingly, the MD simulations did not yield any averaged structures that 
would allow reduction of either carbonyl carbon of 1,2-PhProdione. This 
might suggest that this substrate could bind in many different binding modes 
in the wild type active site. The stereochemistry of the formed products of 
the reaction with this substrate is therefore probably dependent on factors 
influencing the binding mode of 1,2-PhProdione. 
 
For the reaction with (1R,2S)-PhProdiol the enzyme displays negative coop-
erativity with a Hill coefficient of 0.75. This could mean that after binding 
the substrate the enzyme undergoes a conformational change that influences 
the activity of the neighboring subunit in a negative way. Unfortunately, the 
MD simulations did not result in information that could explain this effect 
conclusively.  
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Figure 51. Main cluster results of wild type ADH-A MD simulations. The binding 
was simulated in subunit B (salmon) and a tetrahedral zinc model (grey spheres) 
was used for the calculations. Phe282 and Phe286 (pink) from the neighboring subunit 
form the active site entrance. (A) Binding mode of (R)-PhEtdiol (yellow), which 
makes a hydride transfer (black dotted line) from the benzylic carbon to the NAD+ 
(cyan) possible. (B) Binding mode of (S)-PhEtdiol in which the substrate’s phenyl 
ring is almost parallel to the nicotinamide ring. This position results in the C1-
hydrogen pointing away from the NAD+ and thus no hydride transfer can occur. (C) 
Binding mode of (1R,2S)-PhProdiol (green) to the zinc with its benzylic hydroxyl 
group, thereby positioning the C1-hydrogen in close proximity to the nicotinamide 
ring. (D) Binding mode of (1R,2S)-PhProdiol (green) to the zinc with its C2-hydroxyl 
group, thereby allowing the transfer of the C2-hydrogen. 
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3.6.3 Designed mutants and their crystal structures 
 

As in Papers IV and V, wild type ADH-A was exposed to CASTing in order 
to find enzyme variants that have an increased activity with (1R,2S)-
PhProdiol. Mutation site B was visited first and one variant, B1, was selected 
for further studies. It was also used as parent for another round of CASTing 
in the F-site. This resulted in eight more variants with an apparent activity 
increase, however, after more detailed investigation only two variants, B1F1 
and B1F4, were selected. The B1 variant carries a Tyr54Gly and a Leu119Tyr 
substitution (Table 15), whereas B1F1 carries an additional Phe43His muta-
tion, which has been observed before (Papers IV and V). Variant B1F4 has 
two additional substitutions, Phe43Thr and Phe282Trp. The latter residues 
positioned at the active site entrance and belongs to the neighboring subunit. 
The crystal structures of variants B1 (pdbID: 5OD3) and B1F4 (pdbID: 
6FG0) were solved at 1.83 Å and 1.74 Å resolution, respectively. As for all 
previous variants, no major changes in backbone coordinates compared to 
wildtype ADH-A are observed.  
 

Table 15. Amino acid substitutions occurring in the variants identified by screening 
for increased activity with (1R,2S)-PhProdiol. For B1 and B1F4, crystal structures 
were determined. The positions of the residues exposed to CASTing are shown be-
low the mutation site names. Substitutions are given in 1-letter amino acid code and 
non-mutated residues are marked with a dash. 

 Mutation site 

Enzyme 
variant 

B F 

54 119 54 119 

wild type Y L F F 

B1 G Y - - 

B1F1 G Y H - 

B1F4 G Y T W 

 
 
Figure 52A shows a comparison of the active site structures of wild type 
ADH-A, B1 and B1F4. Their structures superimpose remarkably well, how-
ever, the Tyr54Gly and Leu119Tyr substitutions in both variants result in a 
significant change in their active site architectures. The Tyr54Gly mutation 
creates a large space previously occupied by the Tyr54 side chain in which 
the Tyr119 side chain is now positioned, at an angle of almost 90° compared 
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to the Leu119 side chain in the wild type structure. This, on the other hand, 
increases the volume of the active site cavity, as shown for the B1F4 variant 
in Figure 52B. The introduced Phe43Thr mutation in B1F4 results in the 
reestablishment of the hydrogen bond network found in horse liver ADH and 
described in Paper IV and V (Figure 52C).  

 

 

Figure 52. Structural effects of the susbtitutions in B1 and B1F4. (A) Superim-
posed active sites of wild type ADH-A (salmon), B1 (orange) and B1F4 (blue), 
including zinc ions (grey sphere) and NAD (cyan) of the B1 crystal structure. 
Residues 282 and 286 of the neighboring subunit are colored pink (wild type), 
orange (B1) and blue (B1F4). The biggest structural effects have the Tyr54Gly and 
Leu119Tyr mutations, with the Tyr119 sidechain positioned where the Tyr54 
sidechain is in wild type ADH-A. (B) Active site cavity surface of the B1F4 vari-
ant. Due to the Tyr54Gly and Leu119Tyr mutations the active site cavity is enlarged 
compared to the wild type ADH-A. (C) Reestablishment of the hydrogen bond 
network between the enzyme and the NAD cofactor. Similarly to the A2C3 variant 
(deep purple), the hydrogen bonding between Thr43 and NAD is facilitated by a 
water molecule (red sphere). 

 
The methyl group of the threonine side chain points into the same direction 
as the Phe43 side chain of the wild type enzyme, away from NAD. The hy-
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droxyl group is, however, pointing towards the cofactor though unable to 
establish a hydrogen bond due to the 4.5 Å distance between them. The hy-
drogen network is therefore established in the same way as seen for the 
A2C3 variant from paper I, by the positioning of a water molecule between 
Thr43 and the cofactor’s ribose. And indeed, superposition of the B1F4 and 
A2C3 crystal structures shows that both, the hydroxyl groups of Thr43 and 
Ser43 and the bridging water molecules are located at the exact same posi-
tions of their counterparts. The additional Phe282Trp mutation of B1F4 does 
not seem to have any major effects on the enzyme’s structure. The indole 
ring of Trp282 is located exactly at the same position as the phenyl ring of the 
Phe282 sidechain. 

3.6.4 Kinetic effects of the mutations – change in 
regioselectivity 

 
Detailed characterizations of the enzyme variants gave insights into their 
kinetic properties. Variant B1 showed a 2-fold increase in kcat (Table 16) for 
the reaction with (1R,2S)-PhProdiol compared to the wild type enzyme and a 
simultaneous change from negative to positive cooperativity with a Hill co-
efficient of 1.2 (not shown in Table 16). The K0.5 value increased from 11 
mM to 33 mM, which resulted in a slightly lower kcat/K0.5 value. Besides 
that, the oxidation rate (k3) increases 3.9-fold to a value of 77 s-1. This still 
exceeds the kcat value by an order of magnitude, just like the rates for NAD+ 
binding (k1) and NADH release (k5), leading to the conclusion that the in-
crease in kcat results from a decrease in non-productive binding. However, 
the analysis of the product ratio via 1H-NMR (table 14) showed that B1 oxi-
dizes (1R,2S)-PhProdiol 3.4-times more often at C2 than C1. The reason for 
this must be two different binding modes of the substrate, which allows only 
a very cautious comparison of the kinetic parameters, if at all. 
 
This change in regiopreference was also observed for the B1F4 variant. For 
the reduction of 1,2-PhProdione the regiopreference of both variants was 
similar to the wild type enzyme, preferring reduction at C2. The Phe43Thr 
and Phe282Trp mutations in B1F4 resulted in a 2.3-fold and 1.9-fold increase 
in kcat for the reactions with (1R,2S)-PhProdiol and 1,2-PhProdione, respec-
tively. Concerning the increase in kcat for the diol oxidation, it is probably 
caused by a decrease in non-productive binding, for the same reasons men-
tioned for the B1 variant. The value for KM is unchanged for the reaction 
with (1R,2S)-PhProdiol and slightly higher for the reaction with 1,2-
PhProdione so that the values for kcat/KM increase for these reactions as well.  
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The introduced Phe43His mutation in B1F1 resulted in very similar values for 
kcat and slightly higher values for KM, compared to B1. Therefore, it was not 
chosen to be included in 1H-NMR studies and in crystallization trials. 
Interestingly, the kcat values for the reduction of 1,2-PhProdione for all three 
created enzyme variants, as well as for wild type ADH-A, are in the same 
range or faster than the NADH release rate, which suggests that non-
productive binding does not occur with this substrate. At least not in an ex-
tent that influences the reaction velocity. Furthermore, all studied enzymes 
favored the reduction at C2, producing 1-phenyl-2-hydroxy-propanone (Ta-
ble 14). 
 

Table 16. Steady state parameters for the reactions with (1R,2S)-PhProdiol and 1,2-
PhProdione and reaction rates of the oxidation step (k3), NAD+ binding (k1) and 
NADH release (k5) for wild type ADH-A and the created variants B1, B1F1 and 
B1F4. 

Enzyme 
variant Substrate kcat (s-1) KM

a (mM) kcat/KM
b 

(s-1 M-1) k3  (s-1) k1  
(s-1µM-1) k5 (s-1) 

wt (1R,2S)-
PhProdiol 0.48±0.01 11±1 43±5 20±9 6.8±0.5  51±6 d 

 1,2-
PhProdione 62±0.6 0.31±0.01 200 000±9 000 - 6.8±0.5  51±6 d 

B1 (1R,2S)-
PhProdiol 0.98±0.03 33±2 30±2 77±20 9.7±0.4 64±20 

  1,2-
PhProdione 85±0.5 0.32±0.009 260 000±8 000 - 9.7±0.4 64±20 

B1F1 (1R,2S)-
PhProdiol 0.76±0.01 41±1 19±0.6 - - - 

  1,2-
PhProdione 84±2 1.8±0.1 48 000±3 000 - - - 

B1F4 (1R,2S)-
PhProdiol 2.3±0.04 35±1 66±3 68±20 6.9±0.3 56±30 

  1,2-
PhProdione 160±2 0.51±0.02 320 000±2 000 - 6.9±0.3 56±30 

a Refers to Michaelis constant if the Hill coefficient (n) =1 (data not shown here). Otherwise it refers to K0.5, which is 
equal to the substrate concentration that results in half maximum reaction velocity.  b If the Hill coefficient is not equal to 
1 then this describes kcat/KM. 

3.6.5 Molecular dynamics simulations on ADH-A variants 
 

The rationalization of the kinetic changes between the wild type enzyme and 
the generated variants with their crystal structures alone was not trivial. 
Therefore MD simulations were performed for the B1 and B1F4 enzyme 
variants, with (1R,2S)-PhProdiol and 1,2-PhProdione as ligands.  
 
The simulations with the B1 variant resulted in two main clusters of sub-
strate positioning, which are shown in Figure 53. They differ in the position 
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of the potentially oxidized carbon. Oxidation of C1 results in the acyloin 1-
phenyl-(2S)-hydroxy-propanone, whereas oxidation of C2 results in 1-
phenyl-(1R)-hydroxy-2-propanone. Figure 53A shows the diol substrate 
coordinating the zinc ion with its C1-hyrdoxyl group, positioning its phenyl 
ring almost parallel to the nicotinamide ring with a distance of 3.4 – 3.9 Å 
between them. This possibly allows weak π-π stacking between these aro-
matic rings, which might stabilize the substrate binding mode. The C1-
hydrogen in this configuration is, however, around 5 Å distant from the C4 of 
the nicotinamide. In contrast, the second conformation of the substrate, 
which allows the C2-hydroxyl group to coordinate the zinc ion, positions the 
C2-hydrogen only around 2.8 Å distant from the C4 of the nicotinamide ring 
(Figure 53B). The shorter distance, compared to the first conformation, sug-
gests a lower energy barrier for the oxidation at C2 and can therefore explain 
the experimental results of the 3.4-fold preference of C2-oxidation and the 
change in regiopreference between wild type and B1 ADH-A. Similar to the 
results for the wild type, the simulations with 1,2-PhProdione did not result 
in any conformations that seemed feasible for hydride transfer from NADH. 
 
 

 
Figure 53. Main clusters of the MD simulation of the B1 variant (orange) with 
(1R,2S)-PhProdiol (green). (A) Binding mode in which the C1-hydroxyl group coor-
dinates the zinc ion (grey spheres). The distance between the C1-hydrogen and C4 of 
the NAD+ (cyan) is however around 5 Å. (B) Second binding mode in which the C2-
hydroxyl group coordinates the zinc. The distance for a possible hydride transfer 
from C2 is only around 2.8 Å. 

 
The simulations for the B1F4 variant and (1R,2S)-PhProdiol resulted in two 
different binding modes of the substrate (Figure 54A and B), similar to the 
results with the B1 variant. However, this time the distances between NAD+ 

and the hydride about to be transferred were 2.8 Å and 3.5 Å for oxidation at 
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C1 and C2, respectively. This might suggest a preference for oxidation at C1 
over C2, but experimental results show that oxidation at C2 is preferred 4.6-
fold (Table 14). This means that the distance between nicotinamide ring and 
hydrogen is not the only criterion that determines regiopreference in this 
case. As explained earlier, all studied enzyme variants experience non-
productive binding with this substrate. Since the oxidation rate is an order of 
magnitude higher than kcat, kcat is dependent on the level of non-productive 
binding. Considering (1R,2S)-PhProdiol as two different substrates for the 
oxidation reaction of C1 and C2 makes the regiopreference depend on the 
reaction velocities between the oxidation of C1 and C2. The difference in the 
amount of productive binding of the two conformations of (1R,2S)-
PhProdiol therefore decides the regiopreference of the reaction. 
 

 
Figure 54. Main clusters of the MD simulation of the B1F4 variant (blue). (A) Bind-
ing mode of (1R,2S)-PhProdiol (green), which would allow the oxidation of C1. The 
distance between the C1-hydrogen and C4 of the NAD+ (cyan) is around 2.8 Å. (B) 
Binding mode allowing reduction of C2. The distance for a possible hydride transfer 
is slightly increased to 3.5 Å for this conformation. (C) Main cluster for simulation 
with 1,2-PhProdione (brown) as ligand. The diketone is positioned in a way that 
allows the C2-carbonyl group to coordinate the zinc ion (grey spheres). A distance 
of only around 2 Å between C2 and the transferrable hydride of NADH makes a 
reduction at C2 possible. 
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In contrast to the simulations with wild type and B1 ADH-A, a binding 
mode that allows hydride transfer could be obtained for the B1F4 variant 
with 1,2-PhProdione, positioning C2 of the substrate around 2.0 Å distant to 
the C4-hydrogen of NADH (Figure 54C). This conformation is in accordance 
with the experimental results of a 13.5-fold preference of reduction at C2. 
The stereoselectivity of this reaction is however unknown. 

3.6.6 Conclusions 
 
The introduced Tyr54Gly and Leu119Tyr mutations of the B1 variant resulted 
not only in a higher reaction velocity with (1R,2S)-PhProdiol but they also 
changed the regiopreference from reduction at C1 to preferred reduction at 
C2. The crystal structure revealed an almost 90° flip of the Tyr119 sidechain, 
positioning it in the created cavity of the Tyr54Gly mutation. This resulted in 
an enlarged active site cavity. The reaction velocity of the B1F4 variant is 
even higher with this substrate, compared to its parent. The reason for their 
increase in kcat could be shown to be a decrease in non-productive binding. 
The reduction of 1,2-PhProdione was regioselective for all studied enzyme 
variants, producing mainly the 1-phenyl-2-hydroxy-propanone. B1F4 cata-
lyzed the production of this acyloin around 330-times faster and 7400-times 
more effectively by reducing1,2-PhProdione, compared to the oxidation of 
(1R,2S)-PhProdiol by wild type ADH-A. Unfortunately it could not been 
determined in which ratio the possible enantiomers are produced in this reac-
tion, yet. This question should be addressed in future studies to be able to 
draw conclusions about the usefulness of this reaction for synthetic purposes. 
The experimentally determined regiopreferences and selectivities could be 
explained with MD simulations based on the crystal structures of the en-
zymes. Interestingly, the produced acyloins, whether by oxidation of 
(1R,2S)-PhProdiol or reduction of 1,2-PhProdione, were not converted fur-
ther by the enzymes under the chosen conditions. This might be valuable if 
the enzymes should be used in organic synthesis, since it reduces the amount 
of unwanted side products. In the future, investigating the binding modes 
and kinetic parameters for the oxidation of (1R,2R)-PhProdiol would be in-
teresting, in order to be able to draw conclusions if the observed change in 
regiopreference is due to a change in enantiospecificity. 
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4 Concluding remarks and future perspectives 

The two projects presented in this thesis illustrate that structural information 
for proteins can be helpful for research purposes. In the first project on hu-
man pyrimidine degradation, structural information was used as a tool for 
medical analysis. Pyrimidine degradation is an important pathway, since it 
controls the nucleotide concentration in every cell. Two of the three enzymes 
involved in this pathway were studied in the first project. A deficiency in 
either of these enzymes can cause neurological abnormalities. However, the 
effects of these deficiencies on chemotherapy are more important from a 
medical point of view. Around 40% of cancer patients treated with 5-fluoro-
uracil experience severe, or even lethal, toxicity against this antineoplastic. 
The main reason for this has been attributed to DPD deficiency, however, 
cases of βUP deficient patients that experience 5-FU toxicity and show nor-
mal levels of DPD activity suggest that the last enzyme of the reductive py-
rimidine degradation pathway also can cause 5-FU toxicity.  
 
The high occurrence of 5-FU toxicity in cancer patients illustrates that the 
pharmacokinetics for this drug are different for every patient, depending on 
the activities of the pyrimidine degrading enzymes. It would therefore be 
beneficial for every cancer patient to receive individually adjusted doses of 
5-FU. The determination of the therapeutic window can be supported by the 
use of structural and genetic information, as demonstrated for the DPD defi-
cient patients in Paper II. It could be shown that this method is a fast and 
reliable screening method for DPD deficiency and, connected to it, 5-FU 
toxicity. It could be, however, also seen that the prediction model for DPD 
deficiency is not perfect, yet. The importance of DPD deficiency screening 
in cancer patients is indisputable and DPD should therefore be objected to 
additional functional studies in the future. Additional functional data could 
improve this model for correct prediction of structure-function relationships 
in less obvious cases. Moreover, in combination with structural information, 
they could help in designing more potent DPD inhibitors that can be admin-
istered together with 5-FU in combinatorial drug therapy. 
 
The second studied enzyme of the reductive pyrimidine degradation pathway 
was βUP. The human enzyme has not been studied in great detail so far, and 
was therefore an attractive research object. The aims of this study were to 
improve the understanding of the enzyme’s regulation, and determination of 
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its structure. Both aims were fulfilled, showing that human βUP is a tightly 
regulated enzyme, which changes its oligomeric state, and thereby its cata-
lytic activity, in response to ligand binding and pH changes. This study also 
resulted in the very first structure of human β-ureidopropionase. The possi-
ble involvement of this enzyme in the degradation of 5-fluorouracil makes 
this information valuable for the design of a deficiency prediction model. 
However, due to difficulties in crystallization, the wild type enzyme needed 
to be modified in order to obtain high quality crystals. The determined struc-
ture belonged to an enzyme variant carrying a Thr299Cys mutation. This mu-
tation probably caused the disorder of the active site entrance loops forming 
a major part of the dimer-dimer interface. Formation of higher oligomers, as 
shown for the wild type, was therefore not possible for this enzyme variant. 
The gained structural information was valuable, nevertheless, since it could 
be used to validate the deficiency prediction model that was based on the 
crystal structure of Drosophila melanogaster βUP and used so far. The struc-
tures of both enzymes showed a high degree of similarity and the predictions 
for the reported patients that showed alterations in their BUP1 genes were 
valid for the structure of βUP_T299C.  For the further optimization of this 
prediction model the structure determination of homotetra- or homooctamer-
ic assemblies of human βUP would be of great help. Since it could be 
shown, that the oligomeric equilibrium of this enzyme is dependent on pH 
and ligand binding, crystallization trials should performed at low pH and in 
the presence of a substrate analogue, in order to stabilize the formation of 
higher oligomers. Furthermore, the comparison of structures with and with-
out bound ligand could add valuable information for structure-function rela-
tionships. 
 
The second project focused on studies on alcohol dehydrogenase A from 
Rhodococcus ruber. Structural information in this project was used as a 
starting point for in vitro evolution of biocatalysts, and to rationalize the 
kinetic changes presented in the created enzyme variants. The substitution of 
classical organic synthesis reactions by enzymatic reactions coincides with 
the principles of Green Chemistry, and is therefore an important strategy for 
the solution of the world’s hazardous waste problem.  
 
ADH-A variants showing increased activity and changes in enantio- or regi-
oselectivity with phenylethanol, phenylethandiol and phenylpropanediol 
could be generated. Most observed effects by the introduced mutations could 
be explained with the help of structural information. The main reason for 
altered kinetics turned out to be changes in non-productive binding levels, 
which could also be understood as increase in enzyme promiscuity. Unfortu-
nately no crystal structure with bound ligand could be obtained, however, 
with the help of molecular dynamics simulations it was possible to explain 
the kinetic changes. 
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An interesting result of the studies in Paper V was the apparent synergistic 
effect between different point mutations and the importance of the order in 
which they were introduced. Some of the mutation sites were quite distant 
from the active site and their involvement in the observed activity changes 
was not obvious from a structural point of view. This illustrates how com-
plex enzymes and their reaction mechanisms are and how little we under-
stand about them. 
 
This project showed the possibilities of in vitro evolution of enzymes. 
Acyloins, which are used as precursors for antitumor antibiotics, and antide-
pressants, are difficult to synthesize in high enantiopurity with classical or-
ganic synthetic reactions. They could, however, be enantio or regioselective-
ly synthesized, by the enzymatic oxidation of vicinal diols or vicinal 
diketones. Information about the level of enantiopurity for the latter is, how-
ever, not available, yet, and should therefore be studied in the future. Fur-
thermore, it would be interesting to study the oxidation of (1R,2R)-
PhProdiol, and (1S,2R)-PhProdiol, in order to determine the reasons behind 
the selective oxidation of (1R,2S)-PhProdiol by ADH-A. Moreover, studies 
on non-productive binding should be intensified in ADH-A, but also other 
enzymes. Knowledge of how to influence non-productive binding might 
make it possible to control enantiospecificity and selectivity, which would be 
important from a synthetic point of view.  
 
Finally, it is justified to claim that the work presented in this thesis contrib-
uted to the knowledge of two important research fields, and demonstrated 
how powerful protein X-ray crystallography is in combination with molecu-
lar dynamics simulations or protein engineering. 
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5 Populärvetenskaplig sammanfattning 

 
Dagens samhälle står inför många utmaningar från miljörelaterade och me-
dicinska faktorer. Som exempel diagnostiseras varannan människa med can-
cer någon gång under sin livstid och av dessa människor dör 1 av 1000 som 
ett resultat av biverkningar från cancermedicin. Ett annat exempel är kemi-
kalieindustrin som producerar enorma mängder giftigt avfall som utgör ett 
ekologiskt, ekonomiskt och geopolitiskt problem. Forskningen som presente-
ras i den här avhandlingen visar på hur enzymer kan bidra till att hantera 
dessa samhälleliga utmaningar. 
 
Enzymer är proteiner som utför (katalyserar) alla kemiska reaktioner i le-
vande celler genom att konvertera substrat till produkt. Varje enzym består 
av en specifik aminosyrasekvens och har en speciell tredimensionell struk-
tur. Strukturen fastställer enzymets funktion i cellen eftersom endast en sub-
stratmolekyl som passar i enzymets form kan bli konverterad till en produkt. 
Processen kan jämföras med en nyckel som kan låsa upp ett specifikt lås. 
Det är viktigt att känna till att ”ritningen” för varje enzyms aminosyra-
sekvens är en gen, som utgör en del av cellens DNA. Varje förändring i en 
gen (mutation) kan leda till förändringar i enzymets struktur och därmed 
dess funktion. Eftersom enzymer utför alla kemiska reaktioner i våra celler 
är det inte oväntat att ett dåligt fungerande enzym kan orsaka en obalans som 
i sin tur kan resultera i sjukdom. Det är därför viktigt att förstå enzymers 
inverkan på en specifik sjukdom och anledningen till enzymets bristande 
funktion för att kunna utveckla botemedel mot sjukdomen.  
 
Det första forskningsprojektet i avhandlingen är en studie över dessa gene-
tiska sjukdomar i en reduktiv pyrimidinnedbrytningsprocess. Denna metabo-
liska process bryter ner molekyler som kallas pyrimidiner (t.ex. uracil och 
tymin) i våra celler. Tre enzymer är involverade processen och två av dessa 
har studerats ingående i forskningsprojektet. Genetiska variationer i DNA-
sekvensen för dessa enzymer kan orsaka brister som i sin tur kan orsaka 
olika typer av neurologiska symptom. Därtill kan genetiska defekter i den 
metaboliska processen ha förödande konsekvenser för cancerpatienter ef-
tersom den även bryter ner pyrimidinlika molekyler som ofta används som 
läkemedel mot cancer. Dessa cancerläkemedel (cellgifter) är utformade att 
förstöra celler och fungerar endast innan läkemedlet har brutits ner. Dosen 
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för cellgifter, som t.ex. fluoropyrimidinen 5-fluorouracil (5-FU), måste vara 
väldigt hög för att fungera som ett potent läkemedel. Cancerpatienter som 
också lider av genetiska defekter i den reduktiva pyrimidinnedbrytnings-
processen riskerar att bli förgiftade och dö av den höga dosen cellgift efter-
som deras enzymer inte kan bryta ner läkemedlet i samma utsträckning. 
 
Ett av de två enzymen som undersökts är den humana varianten av β-ureido-
propionas (βUP) som katalyserar den sista reaktionen i den metaboliska pro-
cessen. Den tredimensionella strukturen av enzymet kunde fastställas och 
användas i syfte att förstå och förklara enzymets funktionella egenskaper. 
Den tredimensionella strukturen för det andra enzymet, dihydropyrimidin 
dehydrogenas (DPD), har i tidigare forskning fastställts för grisar. Aminosy-
rasekvensen av DPD hos grisar är till 93 procent identiskt med den humana 
varianten av enzymet och det kan därför antas att även de tredimensionella 
strukturerna är i princip identiska. DPD-sekvenserna från patienter som lider 
av DPD-brist undersöktes och fyra nya mutationer som ändrade aminosyra-
sekvensen hos DPD upptäcktes och analyserades. Med hjälp av DPD-
enzymets struktur var det möjligt att förklara effekten av dessa mutationer. 
Idag är gensekvensering både snabbt och billigt. Möjligheten att förutse 
βUP- och DPD-brist baserat på sekvenseringsresultat och enzymets tredi-
mensionella struktur kan därför användas för att justera dosen av cellgiftet 5-
FU hos cancerpatienter för att undvika fluoropyrimidinförgiftning.  
 
Enzymer är inte bara intressanta ur ett medicinskt perspektiv, de är också 
betydelsefulla för industriell användning. Enzymernas kapacitet att konver-
tera organiska molekyler i vatten vid milda temperaturer gör dem till ut-
märkta exempel på Grön kemi. Begreppet Grön kemi innebär tolv principer 
som ska efterföljas vid kemisk produktion för att minimera giftigt avfall och 
energiåtgång. Om alla industriella kemiska reaktioner skulle katalyseras av 
enzymer skulle produktionen av kemiskt avfall sjunka radikalt. Att enzymer 
inte används i den utsträckningen idag beror på att de enzymer vi känner till 
ännu inte kan framställa alla kemikalier som efterfrågas och de är därför 
ännu inte tillräckligt attraktiva som ett substitut för klassiska syntetiska re-
aktioner. Dagens forskning inom området proteinteknologi syftar bland an-
nat till att modifiera enzymer för att bättre anpassa dem för industriell an-
vändning.  
 
I det andra forskningsprojektet som presenteras i avhandlingen behandlas 
evolutionära studier av enzymet alkoholdehydrogenase A (ADH-A). Här 
användes proteinteknologiska metoder för att ändra enzymets aminosyra-
sekvens för att skapa varianter av ADH-A med förbättrade funktionella 
egenskaper. Som exempel skapades enzymvarianter som kunde producera α-
hydroxyketoner mycket snabbare än det naturliga enzymet. Dessa s.k. 
"acyloiner" är mycket viktiga och svårproducerade förstadier till läkemedels-
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molekyler. Den tredimensionella strukturen för dessa enzymvarianter kunde 
fastställas och därmed kunde de flesta förändringar i deras funktion klar-
läggas. 
 
Den forskning som presenteras i avhandlingen visar på hur viktiga enzymer 
är inom bland annat medicinsk forskning och kemikalieindustrin. Kunskap 
om enzymers funktion är av avgörande betydelse för att kunna modifiera och 
anpassa enzymerna för det specifika behovet. Ett enzyms funktion kan ofta 
förutses av dess tredimensionella struktur men det krävs i dagsläget ytterli-
gare forskning inom området för att öka kunskapen om sambandet mellan 
enzymers struktur och funktion.
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6 Populärwissenschaftliche 
Zusammenfassung 

Die heutige Gesellschaft steht vor zahlreichen Herausforderungen. Statis-
tisch wird z.B. jede zweite Person im Laufe ihres Lebens mit Krebs diagnos-
tiziert. Einer in Tausend dieser Krebspatienten stirbt an den Folge von Ne-
benwirkungen der Chemotherapy. Gleichzeitig werden täglich mehrere Ton-
nen Giftmüll von der chemischen Industry produziert, was ein ökologisches, 
wirtschaftliches und geopolitisches Problem darstellt. Die in dieser Arbeit 
vorgestellten Studien zeigen, dass Enzyme das Potential besitzen solche 
gesellschaftlichen Herausforderungen zu bewältigen. 
  
Enzyme sind Proteine, die alle chemischen Reaktionen in lebenden Zellen 
durchführen (katalysieren), indem sie Substrate in Produkte umwandeln. 
Jedes Enzym besteht aus einer spezifischen Aminosäuresequenz und weist 
eine bestimmte dreidimensionale Struktur auf. Die Struktur bestimmt die 
Funktion eines Enzyms, da ein Substratmolekül  nur dann in ein Produkt 
umgewandelt werden kann, wenn es in die Form des Enzyms passt. Dieser 
Prozess wird auch Schlüssel-Schloss-Prinzip genannt. Es ist wichtig zu ver-
stehen, dass der Bauplan für die Aminosäuresequenz jedes Enzyms in einem 
Teil der DNA einer Zelle gespeichert ist. Jede Veränderung in einem solchen 
Gen, kann zu strukturellen Veränderungen des Enzyms und damit dessen 
Funktion führen. Es ist daher nicht überraschend, dass ein schlecht funktio-
nierendes Enzym ein molekulares Ungleichgewicht in unseren Zellen verur-
sachen kann, das wiederum zu Krankheiten führen kann. Es ist daher wichtig 
zu verstehen, welche Rolle ein Enzym in einer bestimmten Krankheit ein-
nimmt und was die Gründe für die Funktionsstörung sind. Basierend auf 
diesen Informationen kann ein Heilmittel erforscht werden. 
 
Das erste hier beschriebene Forschungsprojekt ist eine Studie solcher geneti-
scher Krankheiten des reduktiven Pyrimidinabbauprozesses. Dieser Prozess 
verstoffwechselt sogenannte Pyrimidine (z.B. Uracil und Tymin) in unseren 
Zellen. Zwei von den drei beteiligten Enzymen wurden hier ausführlicher 
untersucht. Genetische Variationen in der DNA-Sequenz dieser Enzyme 
können zu Mängeln führen, die wiederum verschiedene Arten von neurolo-
gischen Symptomen verursachen können. Der Effekt eines solchen Pyrimi-
dinestoffwechselmangels ist ein verlangsamter Abbau von Pyrimidinen. 
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Dieser kann verheerende Folgen für Krebspatienten haben, da auch pyrimi-
dinähnliche Moleküle abbauen, die üblicherweise als Krebsmedikamente 
verwendet werden. Diese Krebsmedikamente (Chemotherapie) werden nor-
malerweise sehr schnell abgebaut und können dadurch nicht mehr als Zell-
gifte wirken. Eine hohe Dosis dieser Zellgifte, wie z. B. 5-Fluorouracil (5-
FU), muss deshalb verabreicht werden, um eine therapeutische Wirkung zu 
erzielen. Ein Pyrimidinestoffwechselmangel birgt deswegen die Gefahr einer 
5-FU Überdosis in Krebspatienten, die schwere Vergiftungsmerkmale verur-
sachen und sogar tödlich sein kann. 
 
Eines der beiden untersuchten Enzyme ist die humane Variante der β-
Ureidopropionase (βUP), die die letzte Reaktion im Stoffwechselprozess 
katalysiert. Die dreidimensionale Struktur des Enzyms konnte bestimmt und 
verwendet werden, um die funktionellen Eigenschaften des Enzyms zu ver-
stehen und zu erklären. Die dreidimensionale Struktur des zweiten Enzyms, 
Dihydropyrimidin-Dehydrogenase (DPD), wurde in früheren Studien be-
stimmt. Die Aminosäuresequenz, des von Schweinen produzierte DPD, ist 
zu 93 Prozent identisch zur humanen Variante des Enzyms, und es kann 
daher angenommen werden, dass die dreidimensionalen Strukturen im We-
sentlichen ebenfalls identisch sind. DPD-Sequenzen von Patienten mit DPD-
Mangel wurden untersucht und vier neue Mutationen, die die Aminosäu-
resequenz von DPD veränderten, wurden gefunden und analysiert. Anhand 
der Struktur des Wildtyp DPD-Enzyms konnte die Wirkung dieser Mutatio-
nen erklärt werden. Gensequenzierungen sind sowohl schnell als auch billig. 
Daher können die dreidimensionalen Strukturen von βUP und DPD als Mo-
delle benutzt werden, um βUP- und DPD-Mängel, basierend auf genetischen 
Mutationen, vorherzusagen. 

 
Enzyme sind nicht nur aus medizinischer Sicht interessant, sie sind auch für 
industrielle Anwendungen bedeutungsvoll. Die Fähigkeit von Enzymen, 
Reaktionen bei milden Temperaturen und in wässrigen Lösungen zu kataly-
sieren, machen sie zu einem ausgezeichneten Beispiel für grüne Chemie. 
Das Konzept der grünen Chemie umfasst zwölf Prinzipien, die in der chemi-
schen Produktion befolgt werden sollten, um Giftmüll und Energieverbrauch 
zu minimieren. Die alleinige Nutzung von Enzymen für die industrielle 
Chemikalienproduktion würde die Produktion von chemischem Giftmüll 
radikal vermindern. Die Tatsache, dass Enzyme heute noch nicht in diesem 
Maße genutzt werden, liegt daran, dass die Auswahl an Produkt-
möglichkeiten noch sehr beschränkt ist und nicht alle benötigten Chemika-
lien auf diesem Weg produziert werden können. Die heutige Forschung auf 
dem Gebiet der Proteintechnologie zielt deswegen u.a. darauf ab, Enzyme zu 
modifizieren, um sie besser für industrielle Anwendungen anzupassen. 
 



 116 

Im zweiten, in dieser Arbeit vorgestellten Forschungsprojekt werden Evolu-
tionsstudien des Enzyms Alkoholdehydrogenase A (ADH-A) des Bakteri-
ums Rhodococcus ruber behandelt. Hier wurden proteintechnologische Me-
thoden verwendet, um die Aminosäuresequenz des Enzyms zu verändern 
und ADH-A Varianten mit verbesserten funktionellen Eigenschaften zu er-
zeugen. Zum Beispiel wurden Enzymvarianten entwickelt, die α-
Hydroxyketone in einer alternativen Konformation, verglichen zum Wildtyp 
Enzym,  produzieren können. Diese sogenannten Acyloine sind sehr wichti-
ge und schwierig herzustellende Vorstufen von Arzneimittelmolekülen. Die 
dreidimensionale Struktur dieser Enzymvarianten konnte bestimmt werden 
und die meisten Veränderungen in deren Funktion damit geklärt werden. 
 
Die in dieser Arbeit vorgestellten Studien zeigen die wichtige Rolle, die 
Enzyme in medizinischer Forschung und chemischer Industrie einnehmen. 
Kenntnisse über die Funktionen von Enzymen sind entscheidend, um Krank-
heitsbilder verstehen, und Enzymmodifikationen erfolrgreich durchführen zu 
können. Die Funktion eines Enzyms kann oft durch seine dreidimensionale 
Struktur vorhergesagt werden. Weitere Forschung ist jedoch notwendig um 
das Verständnis der genauen Zusammenhänge zwischen Struktur und Funk-
tion von Enzymen zu verbessern.  
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