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Abstract 

β-alanine synthase (βAS) is the third enzyme in the reductive pyrimidine 
catabolic pathway which is responsible for the breakdown of pyrimidine 
bases, including several anti-cancer drugs in higher organisms. We have 
solved the high resolution structures of two β-alanine synthases that 
perform the same reaction but have two very different folds and utilize 
different reaction mechanisms. 
The fold of the homodimeric βAS from the yeast Saccharomyces kluyveri 
(SkβAS) identifies it as a member of the Acy1/M20 family of 
metallopeptidases. Its subunit consists of two domains, of which the larger 
harbors a di-zinc centre crucial for catalysis, while the smaller domain 
mediates dimerization. We determined the structure of a productive 
substrate complex, the first for a dimeric member of the Acy1/M20 family. 
With this structure we show that a conformational change from an open 
state to a closed state is required for catalysis. Additionally the results of 
our site-directed mutagenesis studies, performed to identify residues 
involved in substrate binding and catalysis are discussed. These results 
support the role of E159 as a catalytic base and identify R322 as a key 
substrate-binding residue.  
We have also characterized the structure of βAS from Drosophila 
melanogaster (DmβAS) which has been identified as a member of the 
nitrilase superfamily, with a characteristic αββα-sandwich fold and a 
conserved Cys-Glu-Lys catalytic triad. We have determined the three-
dimensional structure in two different space groups, in P21212 to 2.8 Å and 
in C2 to 3.3 Å resolution, respectively. The first crystal form has four 
molecules in the asymmetric unit, forming a homotetramer in a dimer-of-
dimers arrangement. This homotetramer is assembled into an octamer with 
the molecule from an adjacent asymmetric unit in a helical turn-like 
assembly. The same octameric formation is found in the second crystal 
form, which has all eight monomers present in the asymmetric unit.  
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LIST OF ABBREVIATIONS 

aa amino acids 
AMP adenosine 5’-monophosphate 
ATP adenosine 5’-triphosphate 
βAS β-alanine synthase 
CoA coenzyme A 
DNA deoxyribonucleic acid 
DTT dithiothreitol 
E.coli Escherichia coli 
FAD flavin adenine dinucleotide 
FMN flavin mono dinucleotide 
GABA γ-aminobutyrate 
GMP guanosine 5’-monophosphate 
IMP inosine 5’-monophosphate 
NAD+, 
NADH 

nicotinamide adenine dinucleotide , and its reduced form 

NADP+, 
NADPH 

nicotinamide adenine dinucleotide phosphate, and its 
reduced form 

PAGE polyacrylamide gel electrophoresis  
RNA ribonucleic acid 
TMP thymidine 5’-monophosphate 
Zn zinc 
 
Amino acids are referred to by their three- or one-letter abbreviation, 
shown in the table below. 
 
  

Alanine  Ala A  Leucine Leu L 
Arginine  Arg R  Lysine  Lys K 
Asparagine  Asn N  Methionine Met M 
Aspartate Asp D  Phenylalanine Phe F 
Cysteine Cys C  Proline Pro P 
Glutamate Glu E  Serine Ser S 
Glutamine Gln Q  Threonine Thr T 
Glycine Gly G  Tryptophan Trp W 
Histidine His H  Tyrosine Tyr Y 
Isoleucine Ile  I  Valine Val V 
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Nucleotides 
 
Nucleotides play key roles in a vast number of biochemical processes, and 
nearly all cells have both the de novo and the salvage pathway to satisfy 
the requirement for nucleotides. One of their important roles is their 
utilization as activated precursors for DNA and RNA synthesis. 
Nucleotide derivatives are activated intermediates in many biosynthetic 
pathways, for example UDP-glucose is a precursor of glycogen. One of 
the most widely used energy sources in biological systems is ATP, an 
adenine nucleotide. Adenine nucleotides are also components of three 
major coenzymes: NAD+, FAD and CoA. Another interesting role played 
by nucleotides is to serve as metabolic regulators, for example cyclic AMP 
which is a mediator of the action of many hormones. 
 
 

 
 
Figure 1. A deoxyribonucleotide with its three individual components 
labelled. 
 
 
Nucleotides have three characteristic components (fig. 1). The first is a 
nitrogenous base that is either a purine or a pyrimidine. The second is a 
pentose that is either a ribose or a deoxyribose, and the last is a (mono-, di- 
or tri-) phosphate. The purine base arises from aspartate, formate, 
glutamine, glycine and carbonate (fig. 2A). The assembly of the 
pyrimidine base ring is not as complicated as that of the purine base, it is 
synthesized from carbamoyl phosphate and aspartate (fig. 2B).  
 
The biosynthetic pathways of both purines and pyrimidines are regulated 
by feedback control. In the biosynthesis of purine there are three major 
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feedback mechanisms regulating the de novo metabolism, and in all three 
it is the end products (AMP, GMP and IMP) that inhibit the enzymes and 
prevent them from performing their reactions. For the de novo synthesis of 
pyrimidine there is one feedback control, at the level of the first enzyme 
aspartate transcarbamoylase which is inhibited by the end product CTP. 
Biosynthesis of both the purine- and the pyrimidine nucleotides are 
complicated pathways with several sequential steps before they become 
nucleotides, which for example are used in the formation of DNA or RNA. 
 
         

 
 
 
Figure 2. a) The biosynthetic origins of the purine ring atoms and of the 
b) pyrimidine ring.  
 
 
Purine and pyrimidine bases are recycled by the salvage pathways as an 
important way of controlling the amount of free purine and pyrimidine 
bases that are constantly formed during the metabolic degradation of 
nucleotides. If this is not functioning correctly severe conditions can occur, 
as for example the Lesch-Nyhan syndrome. It is caused by overproduction 
of purines and leads to high levels of uric acid in all body fluids, which 
cause gout and moderate mental retardation. 
 
 
Pyrimidine degradation 
 
There are three pathways identified for pyrimidine degradation (Loh et al., 
2006). The two main routes of pyrimidine degradation in microorganisms 
were established in the early fifties by several different groups including 
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Lara, Lieberman, Kornberg and others (Vogels et al., 1976). The reductive 
pathway (fig. 3) is a three-step reaction that degrades uracil and thymine to 
β-alanine and β-aminoisobutyrate. In 1953 Fink et al. found that the 
reductive pathway they had identified in rat also resembled that used by 
some bacteria. Later the pathway was also identified in calf, yeast, plants 
and other eukaryotes. The yeast strains have always been an exception, as 
it was observed by LaRue and Spencer in 1968, because most of them only 
could degrade cytosine and uracil but not thymine. Today, we know that 
the reductive pathway is found in most eukaryotes and only in some 
bacteria.  
 
In 1952 three groups identified the second degradation pathway as an 
oxidative pathway in some bacteria (Vogels et al., 1976). In 2001 Soong et 
al. elucidated the pathway in more detail as the old results were based on 
studies done on crude enzyme preparations (Soong et al., 2001). They 
found that uracil or thymine is first degraded by uracil/thymine 
dehydrogenase, and thereafter barbiturase catalyzes the amidohydrolysis 
of barbituric acid to ureidomalonic acid. The last step is performed by 
ureidomalonase where the ureidomalonic acid is degraded to malonic acid 
and urea.  
 
In 2006, a new pathway was identified by Loh et al. called the rut pathway 
(for pyrimidine utilization) in Eschericia coli K-12 (Loh et al., 2006). The 
pathway involves six gene products that degrade uracil to 3-
hydroxypropionic acid and thymine to 2-methyl-3-hydroxypropionic acid, 
both of which are waste products for E. coli K-12. So far the intermediate 
steps of the six-reaction pathway are unknown. One reason why this 
pathway escaped earlier identification may be that it allows utilization of 
uracil and thymine as the sole nitrogen source at 19°C but not at 37°C, the 
temperature at which most studies were performed.     
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Figure 3. Overview of the three identified degradation pathways for 
uracil and thymine, adopted from (Piškur et al., 2007). 
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Reductive Pyrimidine Degradation 
 

The reductive pyrimidine pathway in detail 
β-Alanine synthase (βAS; EC 3.5.1.6), also called β-ureidopropionase or 
N-carbamyl-β-alanine amidohydrolase, catalyzes the third reaction of the 
reductive pyrimidine catabolic pathway, in which uracil and thymine are 
metabolized to β-alanine and β-aminoisobutyrate (fig. 4.), respectively. In 
this pathway dihydropyrimidine dehydrogenase (DPD; EC 1.3.1.2) 
reduces uracil and thymine into 5,6-dihydrouracil and 5,6-dihydrothymine. 
In the next step dihydropyrimidinase (DHP; EC 3.5.2.2) opens the 
pyrimidine ring, forming N-carbamyl-β-alanine and N-carbamyl-β-
aminoisobutyrate. βAS hydrolyzes these compounds irreversibly to β-
alanine and β-aminoisobutyrate, under release of ammonia and carbon 
dioxide (Wasternack, 1980, Piškur et al., 2007).  
 
 

 
Figure 4. Reductive pyrimidine degradation pathway for uracil.   
 
 
β-alanine can be utilized in four different ways (of which the three first are 
possible in human):  
A) β-Alanine can be degraded by GABA aminotransferase (in human and 
other organisms) or β-alanine amino transferase (in S. kluyveri) to malonic 
semialdehyde.  
B) β-Alanine can, through a metabolic pathway, be incorporated into 
carnosine or anserine by carnosinase.  
C) β-Alanine can act as a neurotransmitter.  
D) In several organisms β-alanine can be converted into (R)-pantothenate 
together with ATP and (R)-pantoate by pantothenate synthetase.  
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Significance in Humans 
The pyrimidine catabolic pathway plays a key role in the synthesis of 
nucleotides and also in the regulation of the pyrimidine pool in the cell and 
thus helps to maintain a balanced supply of precursors for nucleic acid 
synthesis (Huang et al., 2003). Furthermore, the degradation of uracil is an 
important source of β-alanine in mammals (Traut et al., 1996). The 
pathway is the main clearance route for cytotoxic pyrimidine analogues 
such as 5-fluorouracil (5FU), which are widely used for the treatment of a 
variety of common tumors like colorectal, head/neck and breast cancer 
(Heggie et al., 1987). The second enzyme in the pathway, DHP, activates 
the prodrug dexrazoxane to its active form ADR-925, which is used to 
protect the heart against cardiotoxic side effects from anthracyclines used 
in chemotherapy (Schroeder et al., 2002). Pyrimidines play an important 
role in the regulation of the central nervous system and metabolic changes 
that affect the levels of pyrimidines may lead to abnormal neurological 
activity (Connolly et al., 1996) 
 
van Kuilenburg et al. measured the activity of the enzymes involved in 
the pyrimidine catabolic pathway in 16 different tissues from a single 
healthy patient. Their results showed that the activity of DPD could be 
detected in all tissues examined, with the highest activity in the spleen 
and liver. The highest activity of DHP was present in kidney and liver. 
For βAS the highest activity was observed in the same organs (van 
Kuilenburg et al., 2006). These results demonstrate that most of the entire 
catabolic pathway is confined to the liver and kidney.  
This pathway has been reported to catabolize 80% of the 5FU 
administered to cancer patients into fluorinated β-alanine, necessitating 
high standard drug doses (Heggie et al., 1987). Incorporation of the 
remaining 5FU into anabolic pathways induces anti-tumor and cytotoxic 
effects, primarily by inhibition of thymidylate synthase required for the 
de novo synthesis of dTMP.  
 
In patients who are deficient in DPD or DHP, 5FU clearance is 
dramatically reduced and standard doses cause excessive toxicity (van 
Kuilenburg et al., 2003, van Kuilenburg et al., 1999). This issue is of 
significant importance due to the widespread use of 5FU and the high 
frequency of DPD deficiency, which has been estimated to be 2-3% in 
Caucasians and 8% in Afro-Americans. Aberrations in the DPYD gene 
explain about half of the cases of extreme 5FU-related toxicity (McLeod 
et al., 1998), but unfortunately they are mostly suspected only after 
toxicities have developed. The frequency of occurrence is probably high 
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enough to justify screening for DPD deficiency prior to 5FU-based 
chemotherapy as standard clinical practice. Varying DPD activity is also 
responsible for much of the observed inter- and intra-patient differences 
in 5FU pharmacokinetics, while elevated DPD activity in tumors caused 
by enhanced expression is a determinant of decreased sensitivity and 
resistance to 5FU (McLeod et al., 1998). To increase the efficacy of 5FU 
and to allow a more convenient oral administration, attempts have been 
made to achieve better control of 5FU pharmacokinetics by means of 
DPD inhibition (de Bono et al,. 2001). Enzyme inhibition would 
optimize chemotherapy by attenuating unpredictable 5FU 
pharmacokinetic variability and suppressing a major factor of tumour 
resistance to 5FU. Drug doses could be significantly lowered and side 
effects caused by the putatively neurotoxic fluoro-β-alanine diminished. 
Currently, there are several oral fluoropyrimidine formulations 
containing DPD inhibitors under clinical evaluation (Milano et al., 2004). 
 
 

Structural studies on DPD and DHP 
DPD, the first and rate limiting enzyme in the reductive degradation of 
pyrimidines, is a homodimer of 2x111kDa (fig. 5). So far the recombinant 
pig enzyme is the only DPD that has been structurally determined 
(Dobritzsch et al., 2001). It has five domains with different folds and 
contains a FAD and a FMN binding site. Electrons are donated by 
NADPH and transferred from the FAD (NADPH)-binding site via four 
iron sulphur clusters to the FMN and substrate-binding site, where uracil 
and thymine are reduced to 5,6-dihydrouracil and 5,6-dihydrothymine. The 
dimerization of the enzyme is necessary for the electron transport to work, 
because each electron transport chain is composed of two iron sulphur 
cluster from each subunit (fig. 5).  
 
DHP, the second enzyme of the pathway, is a homotetramer of 4x60 kDa 
(fig. 6) and has a two-domain subunit structure. The larger catalytic 
domain has an α/β-barrel fold with two zinc ions bound in the active site, 
and the smaller domain has a β-sandwich fold. The reaction mechanism 
for the reversible hydrolysis of the pyrimidine ring to N-carbamyl-β-
alanine and N-carbamyl-β-aminoisobutyrate, respectively, is dependent on 
the two zinc ions. The three dimensional structure is so far known for the 
two eukaryotic enzymes, DHP from the yeast Saccharomyces kluyveri and 
from the slime mold Dictyostelium discoideum (Lohkamp et al., 2006). 
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Figure 5. The dimer of DPD with the electron transport chain in black 
sticks, two of the iron sulfur clusters are from the neighboring subunit. 
Subunit A colored in dark gray and B in light gray. 
 

 
Figure 6. The homotetramer of DHP with each subunit in a different 
shade of gray. 
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Aim of the Project 
The main goal of the thesis project was to complete the structural model of 
the entire reductive pyrimidine catabolic pathway by determining the 
three-dimensional structure of β-alanine synthase. The pathway degrades 
one of the most widely used cancer drugs, 5-fluorouracil, and the 
availability of structural information for all enzymes is thus expected to 
give insights into the mechanism of drug clearance and to support 
structure-assisted design of inhibitors. To understand how the degradation 
of uracil and thymine is performed in chemical detail and to reveal 
organism-dependent differences, structural and functional studies were 
performed on β-alanine synthases belonging to two phylogenetically 
unrelated subfamilies.  
 
. 
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β-Alanine Synthase  
 

βAS from a historical perspective 
 
In 1964 Dagg et al. performed in vivo activity measurements of the 
reductive pyrimidine pathway using different strains of mice to explore 
whether the same pathway was used for both uracil and thymine 
degradation.  For a similar in vitro experiment the supernatant of 
homogenized rat livers was used (Dagg et al., 1964).  Their hypothesis of 
uracil and thymine degradation by the same pathway was confirmed, and 
they also observed that some mice strains were slower in degrading 
pyrimidines than others. 
βAS was purified to homogenity for the first time in 1970 from livers from 
two different strains of inbred mice (Sanno et al., 1970). The enzyme was 
active and performed the last reaction in the degradation of uracil and 
thymine to β-alanine and β-aminoisobutyrate, with maximum activity 
measured around pH 7. An oxidative inactivation of βAS was also seen, 
which they could overcome with the addition of DTT. 
In 1984 Traut et al. described a new thin-layer chromatography procedure 
that resolves the intermediates from the degradation of uracil and 
pyrimidine in rat liver in one dimension. Application of this method 
allowed easy preparation and detection of radioactive products and 
simplified kinetic measurements. In this study Traut et al. were able to 
show that the reaction pathway consists of three separate proteins and not 
of one larger protein complex.    
The first article solely concerning βAS and not the complete pathway was 
published 1987 by Tamaki et al. (1987), who studied the rat enzyme in 
more detail. In the reported gel filtration experiments the enzyme eluted as 
a trimer of dimers. Kinetic measurements revealed the pH optimum of the 
reaction to be 7-7.5. Sigmoidal velocity curves not obeying Michaelis-
Menten kinetics were observed, with Hill plots indicating substrate 
cooperativity. Tamaki et al. also measured the effect of several divalent 
cations on enzyme activity. The only effect they observed was a decrease 
of enzyme activity to 80% when adding 1mM Zn2+ to the reaction solution.  
Matthews et al. further analyzed rat liver βAS in 1992 (Matthews et al., 
1992). They agreed with Tamaki et al. that the native oligomer of the 
enzyme is a hexamer. Comparing the kinetic parameters Vmax and Km 
Matthews et al. clearly showed that the heat purification step used by 
Tamaki et al. damaged the enzyme and abolished allosteric regulation. The 
molecular weight of the enzyme subunit was determined to 42 kDa +/- 2 
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and proposed to contain 398 amino acids. Furthermore, depending on the 
concentration of added substrate and product Matthews et al. could titrate 
the enzyme between a hexameric, a dodecameric and a trimeric state. 
From kinetic measurements (Km of 8 µM) it was deduced that the βAS 
reaction follows Michaelis-Menten kinetics in vivo.  
In 1993 Kvalnes-Krick and Traut published a paper on rat βAS presenting 
the first DNA sequence of the enzyme, which contains 393 amino acids 
(Kvalnes-Krick et al., 1993). Other results suggested that rat βAS needs 
metal ions for its activity. Metal analysis was performed with native 
enzyme using optical emission spectroscopy, and yielded the presence of 
1.8 equivalents of Zn2+ per protein subunit. Further supportive evidence 
was a decreased enzyme activity when incubated with zinc-binding 
chelators. The authors also suggest the presence of two zinc binding motifs 
in the sequence of the enzyme after sequence comparison with other zinc 
binding enzymes. These results contradicted the earlier experiments 
performed by Tamaki et al. 
The first βAS from an aerobic bacterium was purified from Pseudomonas 
putida in 1994 (Ogawa et al., 1994). The enzyme has quite different 
properties when compared with βASs from mammals and anaerobic 
bacteria. It is a 2x45 kDa homodimer with broad substrate specificity, 
which is dependent on  divalent metal ions such as Co2+, Ni2+ or Mn2+ for 
enzyme activity.  
In 2001 three papers were published on different βASs (Walsh et al., 2001, 
Sakamoto et al., 2001 and Gojković et al., 2001). Walsh et al. describe 
βASs from plants (maize and Arabidopsis thaliana) and discuss, for the 
first time, a conserved cysteine residue as a possible nucleophile. They are 
puzzled about their results which indicate a Zn2+-dependence of maize 
βAS activity, while no metal ion dependence of the enzyme activity was 
reported for a number of homologous enzymes like N-carbamyl-D-amino 
acid amidohydrolases (DCase). Inhibitor studies showed that the best 
inhibitors of maize βAS were simple aliphatic acids, which imply that 
βAS primarily recognizes the acidic portion of the substrate. Their 
characterization of βAS from maize with size-exclusion chromatography 
and native PAGE gave an estimated molecular mass of 440 kDa or larger 
assemblies, suggesting a native oligomerization state of at least a decamer 
with subunits of 44 kDa.  
A cDNA encoding βAS was isolated from human liver and expressed in E. 
coli by Sakamoto et al. The product, a 384 amino acid enzyme with a 
subunit molecular weight of 43 kDa, could be purified in sequential steps 
including a heating step, for which the lysate is heated to 50°C. The gel 
filtration pattern showed two peaks of active enzyme at 720 kDa and 380 
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kDa, consistent with a 16-subunit assembly and an octamer. They 
amended their earlier statement that the rat enzyme is a hexamer and now 
proposed that it is an octamer as well. The zinc content of the human 
enzyme was measured to be 0.54 atoms per subunit, but when they fed rats 
on a zinc-free diet for four weeks, they could not see any change in βAS 
activity between the control group and the zinc-free diet group, concluding 
that either the zinc ion is very tightly bound to the enzyme or zinc is not 
necessary for the activity of the enzyme.    
Gojković et al. performed a multiple alignment and phylogenetic analysis 
of available carbamyl amidohydrolase sequences and could group the 
enzymes into three subfamilies. The majority of eukaryotic βASs belonged 
to one subfamily, with pairwise sequence identities of 55%. βAS from the 
yeast Saccharomyces kluyveri (SkβAS), which belongs to the second 
subfamily, shares only a limited sequence similarity with these enzymes, 
but is instead closely related to bacterial N-carbamyl-L-amino acid 
amidohydrolases (30–40% sequence identity). A third subfamily of 
amidohydrolases consists of bacterial and archaebacterial DCases, with a 
pairwise sequence identity as low as 20% (Gojković et al., 2001). To 
confirm that S. kluyveri also has a pyrimidine catabolic pathway Gojković 
et al. took a pyd3 (pyrimidine degradation step three) mutant that was 
unable to grow on NCβA as its sole source of nitrogen and also exhibited 
diminished βAS activity. Gojković et al. placed putative PYD3 sequences 
from D. melanogaster, S. kluyveri and slime mold under the control of the 
S. kluyveri PYD3 promoter. These enzymes complemented the pyd3 
defect, confirming the hypothesis. Through this experiment Gojković et al. 
also showed that these three genes are a part of the pydimidine degradation 
pathway.  
During the same year Pace and Brenner placed the majority of eukaryotic 
βASes as one branch in the nitrilase superfamily based on the conserved 
CEK motif (Pace et al., 2001).  
The first crystal structure of a βAS was determined 2003 by Lundgren et 
al. and a high structural similarity of SkβAS to di-zinc dependent 
exopeptidases was revealed by a similarity search using the TOP server, 
especially to those from the M20 and M28 families.  
In 2005 βAS from calf was characterized by Waldmann et al.. It is a 
hexamer in its native state with a subunit molecular mass of about 40 kDa, 
and no allosteric regulation of the enzyme was observed upon addition of 
substrate or product. The optimal enzymatic activity was obtained at pH 
5.7 – 7.0 and the KM value for NCβA was 21.7 µM (Waldmann et al., 
2005). 
 



 
 
 

 
 
 

22 

 
Figure 7. Sequence alignment of βASs from four different species.  
 
 
In conclusion, eukaryotic βASs have been purified and characterized from 
a number of sources including human, calf, rat, mice, maize, Arabidopsis 
thaliana and fruit fly. Their subunit molecular masses range from 42-50 
kDa. Allosteric behavior has been observed for rat liver βAS, which 
changes the oligomeric state in response to effector molecules from a 
stable homohexamer to either an inactive trimer (in presence of the 
product β-alanine) or an active dodecamer (in presence of the substrate 
NCβA) (Matthews et al., 1987). It has been reported for two eukaryotic 
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βASs (rat and maize) that they display a decreased activity of the enzyme 
when incubated with zinc chelators, therefore suggesting the enzyme to be 
dependent on a divalent metal for activity, but it has also been reported for 
rat βAS that the activity decreases when Zn2+ is added (Tamaki et al., 
1987, Kvalnes-Krick et al., 1992, Walsh et al., 2001). Before solving the 
structures of the βASs belonging to the different groups, one could only 
speculate about the differences and similarities between the enzymes. As 
we succeeded to determine the structures of both fruit fly βAS (DmβAS) 
and SkβAS it is now clear that βASs from diverse organisms belong to two 
different fold classes that perform the same reaction, but with one 
subfamily using a metal-dependent and another using a metal-independent 
mechanism. 
 
 

β-alanine and β-aminoisobutyrate 
 
GABA is the major inhibitory neurotransmitter in the mammalian brain 
and the actions of GABA are mediated by two different classes of 
receptors. The first class of receptors are GABAA which are ligand-gated 
channels that are selectively permeable to Cl−. The second class of 
receptors are GABAB receptors, which are G-coupled receptors that 
decrease cAMP levels and open K+ channels. Drugs that modulate 
GABAergic activity, such as Vigabatrin and barbiturates, are effective in 
the treatment of a variety of neuropsychiatric disorders, in particular 
epilepsy and anxiety (Borden, 1996).  
Glycine is another of the major inhibitory neurotransmitters in the adult 
mammalian central nervous system. A significant number of inhibitory 
synapses co-release glycine and GABA by the same pre-synaptic 
inhibitory neuron. This co-release probably happens as a consequence of 
the lack of discrimination between GABA and glycine of the vesicular 
inhibitory acid transporter VGAT/VIAAT. This transporter is localized in 
the pre-synaptic terminals of GABAergic and glycineergic neurons 
(Supplisson et al., 2002).  
β-alanine is a structural analogue to glycine and GABA. There is evidence 
that indicates that β-alanine can also modulate neural activity in various 
parts of the central nervous system (Hadley et al., 2007, Wang et al., 2003, 
Sandberg et al., 1981) It has also been shown that β-aminoisobutyric acid 
is a partial agonist of the glycine receptor (Schmieden et al., 1999). 
Furthermore, β-alanine is a building block of carnosine and anserine, 
which are dipeptidic anti-glycation agents that have a putative role in 
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protecting the central nervous system against diverse types of pathology 
such as β-amyloid aggregation (Münch et al., 1997, Hipkiss et al., 1997). 
Bacteria, yeast and plants use β-alanine for biosynthesis of pantothenic 
acid (vitamin B5), while mammals attain vitamin B5 through their diet. 
Vitamin B5 is also an essential component of Coenzyme A and acyl 
carrier protein (Cronan et al., 1982). The betaine derivative of β-alanine 
works as the primary osmoprotectant in some plant families such as the 
Plumbaginaceae (Walsh et al., 2001). Through mutational studies of the 
pyd3 gene in Drosophila melanogaster it was revealed that the main 
source of β-alanine required for the pigmentation of cuticle comes from 
the pyrimidine catabolic pathway (Rawls, 2005).  
 
 

βAS deficiency 
So far, four cases of βAS deficiency have been reported from different 
countries. In the first case a girl of 17 months presented with muscular 
hypotonia, dystonic movements, scoliosis and severe developmental delay.  
 
The second patient reported was a girl that had experienced an episode 
with high fever and meningitis at the age of six months. At eight months 
she suffered from afebrile seizures and showed a motor retardation of 2-3 
months. After an MRI scan of the brain it was shown that the 
myelinization was delayed and the EEG showed presence of 
hypsarrythmia. After one year of drug therapy with Vigabatrin the EEG 
did not show any epileptic activity and the treatment could be stopped. At 
the age of three years she still showed psychomotor retardation, severe 
mental retardation and a speech disorder, although visual contact appeared 
to be normal.  
 
The third patient was a boy who was admitted to the hospital at the age of 
four months. He was febrile, alert and without respiratory abnormalities, 
but with a heart rate of 240 beats per minute. After two hours he went into 
an epileptic status that was hard to overcome and required generalized 
anesthesia. After some time the levels of lactate in the cerebrospinal fluid 
(CSF) normalized.  
 
The last patient was hospitalized after an upper respiratory tract infection 
when she was 1 month and 10 days. In addition to a loss of consciousness 
for 30 min she was diagnosed with severe muscular hypertonia. After this 
she was examined but did not show any abnormalities. However, the 
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parents said that whenever she had a cold she would easily collapse (van 
Kuilenburg et al., 2004). 
 
The reason for the βAS deficiency was revealed by analysis of the βAS-
encoding PYD3 gene. Two splice-site mutations (IVS1-2A>G and IVS8-
1G>A) and one missense mutation (A85E) were identified (van 
Kuilenburg et al., 2004). The latter enzyme variant was overexpressed in 
E. coli and showed no residual activity, hence explaining the βAS 
deficiency.  
 
The level of β-alanine in the urine was determined to be the same for the 
βAS-deficient patients as for the control group, indicating that there is 
another source of β-alanine present and that the reason for their clinical 
state may not be the absence of β-alanine. There was also a therapeutic 
trial were oral supplementation of β-alanine was given to a patient without 
any convincible clinical improvement (Assmann et al., 2006), also 
indicating that it is not the loss of β-alanine that is the cause of the 
symptoms. So far there are no underlying mechanisms known that could 
cause the observed clinical symptoms, but there are speculations about 
oxidative stress or that the substrate N-carbamyl-β-alanine accumulates 
and either acts as a neurotoxin or inhibits the mitochondrial energy 
metabolism (van Kuilenburg et al., 2004). 
There are about 50 patients reported with a dihydropyrimidine 
dehydrogenase defect and nine patients with a dihydropyrimidinase 
deficiency. The clinical symptoms were also here highly variable but 
centered around neurological problems (van Kuilenburg et al., 2006).  
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The Acy1/M20 family of enzymes 
 
The aminoacylase-1/metallopeptidase 20 family (Acy1/M20) comprises 
enzymes with diverse metabolic functions. A few of these proteins have 
therapeutic significance. Bacterial DapE for example, is a potential target 
of antimicrobial compounds (Bienvenue et al., 2003) and functions in the 
succinylase pathway. Human serum carnosinase has been suggested as a 
promising drug target in the treatment of diabetes (Teufel et al., 2003, 
Janssen et al., 2005). Carboxypeptidase G2 from the Pseudomonas sp. 
strain RS-16 is currently under development as a rescue agent in cases of 
methotrexate overdoses (Widemann et al., 2006). Other members of this 
enzyme family are the bacterial allantoate amidohydrolase (AAH) 
involved in purine degradation, and bacterial PepV and PepT, which 
function in amino acid utilization (Jozic et al., 2002). The first described 
and name-giving enzyme of the family, mammalian acylase-1 (Acy1), 
functions in the salvage of Nα-acetylated amino acids from protein 
degradation (Lindner et al., 2003). 
 
Table 1 Presentation of the enzymes in the Acy-1/M20 family 
Protein PDB-

ID 
Catalyzed Reaction Oligom- 

erization 
βAS 
(S. kluyveri) 

1r3n degrades NCβA and N-
carbamyl-β-aminoisobutyrate to 
β-alanine and β-amino 
isobutyrate 

dimer 

DapΕ 
(Neisseria 
meningitides) 

1vgy diaminopimelate biosynthesis, a 
critical precursor for cell wall 
and lysine biosynthesis  

dimer 

Serum carnosinase 
(human) 

- degrades the dipeptides 
carnosine and homocarnosine 
distributed in plasma and brain, 
a drug target in diabetes 
treatment  

dimer 

CPG2 
(Pseudomonas sp.) 

1cg2 hydrolyzes the C-terminal 
glutamate moiety from folic acid 
and its analogs such as 
methotrexate, a widely used 
anti-cancer agent.   

dimer 

Allantoate 
Amidohydrolase 

1z2l 
 

conversion of allantoate to (S)-
ureidoglycolate, one of crucial 

dimer 
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(E.coli K12) alternate steps in purine 
metabolism. 

Pep V 
(Lactobacillus 
delbrueckii) 

1lfw a relative unspecific amino 
peptidase, favors substrates with 
an N-terminal β-ala or D-ala 
residue, but also removes the N-
terminal aa from a few 
tripeptides 

monomer 

Pep T 
(Salmonella 
typhimurium) 

1fno hydrolyzes tripeptides at their 
N-termini, may contribute to the 
anaerobic utilization of amino 
acids as energy source 

dimer 

Acylase-1 
(human) 

1q7l catalyzes the hydrolysis of 
acylated L-amino acids to L-
amino acids and acyl group 

dimer 

 
 
Members of the Acy1/M20-family exist as either monomers or 
homodimers. Several crystal structures for homodimeric members are 
available, e.g. those of CPG2 (Rowsell et al., 1997) and PepT (Håkansson 
et al., 2002). The subunit consists of two domains, a larger catalytic 
domain that contains all metal-binding and most putative substrate-binding 
residues and a smaller dimerization domain. All the zinc-binding amino 
acids are conserved within the Acy1/M20 family except for His226 in 
SkβAS and AAH, which is an acidic residue, either Asp or Glu, in the 
other enzymes (Table 2). The catalytic domain has a characteristic αβα 
sandwich architecture and the dimerization domain forms an antiparallel 
four-stranded β-sheet and two long α-helices. The sequence identities 
between the di-zinc dependent exopeptidases and other Acy1/M20 family 
members are only around 20 % (Lundgren et al., 2003).  
 
Table 2. Zinc coordinating residues 
Protein PDB-

ID 
Zinc 1 
 

Connecting Zinc 2 
 

βAS 
(S. kluyveri) 

1r3n His 
114 

His 
226 

Asp 
125 

Glu 
160 

His 
421 

Allantoate 
Amidohydrolase 
(E. coli K12) 

 
1z2l 

His 
83 

His 
192 

Asp 
94 

Glu 
129 

His 
384 

Pep V 1lfw His Asp Asp Glu His 
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(Lactobacillus 
delbruecki) 

87 177 119 154 439 

CPG2 
(Pseudomonas sp.) 

1cg2 His 
112 

Glu 
200 

Asp 
141 

Glu 
176 

His 
385 

Pep T 
(Salmonella 
typhimurium) 

1fno His 
78 

Asp 
196 

Asp 
140 

Glu 
174 

His 
379 
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Nitrilase Superfamily  
 
The nitrilase superfamily includes nitrilases, amidases, acyl transferases 
and N-carbamyl-D-amino acid amidohydrolases and they occur both in 
prokaryotes and eukaryotes. The enzymes use a wide variety of substrates, 
e.g. a range of nitriles, acid amides, secondary amides, N-carbamyl 
amides, and N-acylated N-termini of polypeptides (Brenner, 2002). The 
nirilase superfamily can be clustered into 13 branches that perform four 
types of reactions (Pace et al., 2001). A table of the different branches and 
their reaction types can be found below. (Table 3 and fig. 8) The reaction 
performed by branch 1 is the nitrilase reaction. The second type is the 
amidase reaction, which is the most common and is used in branches 2, 4, 
7 and 8. The third type, utilized by βAS and DCase from branches 5 and 6, 
is the carbamylase reaction - a special kind of amidase activity. The fourth 
type of reaction is performed by branch 9 and consists of a fatty acid 
transfer from phospholipids to a polypeptide amino terminus.  
 
 
Table 3. The different branches present in the nitrilase superfamily 
1) Nitrilases 8) Eukaryotic NAD+ synthetase 
2) Aliphatic amidase 9) Apolipoprotein N-acyltransferase 
3) Amino-terminal amidase 10) Nit and Nitfhit 
4) Biotinidase 11) NB 11 
5) β-alanine synthase 12) NB 12 
6) Carbamylase 13) Non-fused outliers 
7) Prokaryotic NAD+ synthetase   
 
 
The crystal structures of nine distant homologues have been determined 
(see table 4 for pdb ID and Z-scores). Three members of the nitrilase 
superfamily have been studied by electron microcopy, cyanide-degrading 
enzymes from Pseudomonas stutzeri and Bacillus pumilus (Sewell et al., 
2005) and a nitrilase from Rhodococcus rhodochrous J1(Thuku et al., 
2007). All members of the superfamily have a characteristic αββα fold 
and a conserved Cys-Glu-Lys catalytic triad. All structures form dimers 
producing an αββα-αββα sandwich. The sequence identity in the nitrilase 
superfamily is around 20%. The dimers are organized into different higher 
oligomeric states, such as tetramers, hexamers and even up to 
octadecamers. It is only within the microbial nitrilases that a helical 
organization of the assemblies has been observed. 
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Figure 8. Four different types of reactions carried out by nitrilase 
superfamily members. a) the nitrilase reaction performed by branch 1. b) 
The amidase reaction performed by branches 2-4, 7 and 8. c) The 
carbamylase reaction performed by branch 5 and 6. d) The amidase 
reaction in reverse is performed by branch 9. The figure is adopted from 
Pace et al., 2001.  
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Table 4. Determined structures of enzymes from the nitrilase superfamily 
Protein PDB-

ID 
Z-
score 

r.m.s.d. 
(Å) 

Nr. 
aligned 
Cα-atoms 

Reference 

DCase 
(Agrobacterium 
sp.) 

1erz 11.2 1.70 257 Nakai et al., 
 2000 

DCase  
(A. radiobacter) 

1fo6 10.9 1.68 258 Wang et al.,  
2001 

PH0642  
(P. horikoshii) 

1j31 10.7 1.45 240 Sakai et al., 
 2004 

XC1258  
(X. campestris) 

2e11 9.2 1.55 229 Chin et al.,  
2007 

Nit3  
(S. cerevisiae) 

1f89 9.1 1.57 232 Kumaran et 
al., 2003 

amiF  
(H. pylori) 

2dyu 8.9 1.95 253 Hung et al., 
 2007 

NitFhit  
(C. elegans) 

1ems 8.7 1.75 245 Pace et al., 
 2000 

amidase  
(P. aeruginosa) 

2uxy 8.3 1.79 248 Andrade et al., 
2007 

amidase 
(G. pallidus) 

2plq 8.0 1.83 245 Agarkar et al., 
2006 

 
 
 
 
 



 
 
 

 
 
 

32 

SACCHAROMYCES KLUYVERI β-ALANINE SYNTHASE 

Papers I and II concern the structure, kinetic parameters and reaction 
mechanism of βAS from the yeast S. kluyveri (SkβAS). 
 
Paper I 
 

Structure determination of βAS from S. kluyveri 
 
Phasing 

Paper 1 describes the structure determination as well as the crystal 
structure of SkβAS, an enzyme that contains 455 amino acids per 
monomer. 
Dobritzsch et al. described protein purification and crystallization of 
SkβAS in an earlier paper. Several data sets had been collected, both from 
native protein crystals and from different heavy atom derivative crystals 
(Dobritzsch et al., 2003). Molecular replacement and MIR phasing were 
tried without any success, most likely because of the low sequence identity 
to its closest homolog of known structure (<20 %), and non-isomorphism 
between the derivatives and native crystals.  
After successful incorporation of selenomethionine (Se-Met), the 
substituted protein could be crystallized under the same conditions as the 
native protein. Complete datasets could be collected at three different 
wavelengths. A first phase model and initial electron density maps were 
obtained using just the peak data set. The structure was solved in the 
monoclinic space group P21, containing a homodimer in the asymmetric 
unit. The native protein crystallized in a different crystal form, belonging 
to the same spacegroup P21 but exhibiting a larger unit cell with a volume 
of about four times that of the Se-Met protein crystals. An early model of 
the SeMet-substituted SkβAS was used to phase the native data by means 
of molecular replacement using the program EPMR (Kissinger et al., 
1999). The molecular replacement was divided into two different searches 
to account for potential differences in domain orientations (i.e. varying 
angles between the catalytic and dimerization domains) which were 
observed in SeMet-SkβAS. In the first round of molecular replacement a 
dimer of dimerization domain was used as a search model, while in the 
following run the catalytic domain was used. Four dimers were ultimately 
located in the asymmetric unit.  
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Figure 9. Overall structure of SkβAS dimer. The zinc ions are colored 
black, subunit A is in dark gray and subunit B is colored by its secondary 
structure, β-strands are in black and α-helices are in light gray.  
 
 
Overall structure 

The SkβAS monomer can be divided into two domains, which both have 
an α/β-fold (fig. 9) (Lundgren et al., 2003). The smaller domain (residues 
247-365) mediates most of the inter-subunit contacts within the 
homodimer and consists mainly of two long α-helices packed against a 
four-stranded antiparallel β-sheet. The core of the larger catalytic domain 
(residues 1-246, 366-455) consists of a mixed three-layer α/β/α-sandwich.  
 
Pairwise superpositions of the monomers present in the asymmetric unit of 
SkβAS crystals shows that due to a rigid body movement of the catalytic 
domain relative to the dimerization domain the structures are not entirely 
equivalent. This shows that the enzyme has an inbuilt conformational 
flexibility.  
 
A high structural similarity of SkβAS to di-zinc dependent exopeptidases 
was revealed by a similarity search using the TOP server, especially to 
those from the M20 and M28 families. The catalytic domain of SkβAS 
superimposes well with the single domain-aminopeptidases from 
Streptomyces griseus (SGAP) and A. proteolytica (APAP). Both the 
catalytic and the dimerization domains of SkβAS superimpose well with 
the two-domain enzyme structures available for the M20 family (CPG2, 
PepT, AAH). For the monomeric member PepV, the lid domain has about 
the same size and fold as a dimer of dimerization domains in SkβAS (fig . 
10b) 
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A)   B) 
    

 
Figure 10. a) The CPG2 dimer colored by the subunits A and B, the zinc 
ions are colored black. b) The PepV monomer colored by its secondary 
structure, with an inhibitor bound in the active site.  
 
 
Metal-binding site 

The initial electron density map showed two strong peaks in close 
proximity to each other, indicating the presence of a di-metal center. The 
metal present in the center was proposed to be zinc ions, inferred from the 
coordinating residues and the high structural similarities to the di-zinc 
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dependent exopeptidases. This was later confirmed by an X-ray absorption 
scan at beamline ID-29 of the European Synchrotron Radiation Facility. 
The reaction mechanism in the Acy1/M20 family involves the activation 
of a water molecule by a di-metal center, before a nucleophilic attack on a 
carbon-nitrogen bond is performed. The location of the active site and the 
presence of a di-metal center in SkβAS were unknown prior to the 
determination of the three-dimensional structure. Based on this study we 
suggested that the active site contains a di-zinc center and is located in the 
vicinity of the inter-domain cleft. 
 

 
Figure 11. Zinc coordinating residues in SkβAS. 
 
 
The zinc coordination is illustrated in figure 11. Asp125 is bridging the 
two zinc ions. The moderate data resolution (2.7 Å) makes it impossible to 
determine whether there is also a water or a hydroxyl moiety bridging the 
two zinc-ions. Observed B-values and distances and the electron density 
map calculated after refinement of a model containing such a bridge 
support the presence of a water or hydroxyl molecule. Other residues 
coordinating the zincs are His114 and His226 (Zn1) and Glu160 and 
His421 (Zn2). These residues are all conserved in the Acy1/M20 family 
except His226, which is replaced by an acidic residue (Asp or Glu) in 
other proteins of the family (Table 2).  
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Substrate-binding residues and proposed catalytic mechanism   

After comparison to the inhibitor binding in PepV and modeling of the 
substrate into the active site of SkβAS, potential residues involved in 
substrate binding were identified. For instance, Glu159 can, with minimal 
movements, bring its carboxylate group within hydrogen bonding distance 
to the amino group of the substrate as well as to the bridging water 
molecule. Glu159 is strictly conserved in all Acy1/M20 family members 
and is hydrogen-bonded to the metal-bridging water in all those of known 
structure. Three residues from the dimerization domain are most likely 
involved in the binding of the carboxyl group of the substrate, Arg322, 
His262 and Asn309. Residue Arg322 belongs to the same subunit as the 
respective catalytic domain, while His262 and Asn309 belong to the other 
subunit in the dimer.  
 
When modeling the carbamyl moiety of the substrate in hydrogen bonding 
distance to the zinc-center, the distances from the carboxyl group to the 
putative carboxyl group-binding residues are too large to allow hydrogen-
bonding in most of the monomers. These distances vary from 2.5Å (chain 
B) to 3.7Å (chain A) as the size of the cleft between the catalytic and the 
dimerization domain is different in the diverse subunits. This observation 
led to the conclusion that the catalytic domain moves closer to the 
dimerizaton domain upon substrate binding, thus properly positioning 
NCβA in the active site of SkβAS as part of the catalytic mechanism.  
 
We proposed a reaction mechanism that is composed of six steps. 
Step 1, binding of NCβA to the carboxylate-anchoring residues Arg322, 
His262 and Asn309 in the active site. 
Step 2, rigid body domain movements occur allowing simultaneous 
interaction of the substrate with the di-zinc center, displacement of a zinc-
bound water by the substrate and activation of the bridging water molecule 
by Glu159. 
Step 3, nucleophilic attack of the carbonyl carbon of the substrate by the 
activated water molecule and formation of the tetrahedral intermediate. 
Step 4, cleavage of the carbon–nitrogen bond, β-alanine formation and 
spontaneous decomposition of the generated carbamate. 
Step 5, opening of the active site and release of carbon dioxide and 
ammonia. 
Step 6, release of the reaction product β-alanine and addition of a new 
bridging water molecule. 
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As discussed above there is one zinc-coordinating residue that is different 
in SkβAS (His226) and AAH (His192) than in other family members e.g. 
PepV (Asp177), CPG2 (Glu200) and PepT (Asp196). This replacement of 
an acidic residue with a histidine results in a decreased negative charge 
from the protein ligands, which most likely stabilizes the metal bound 
hydroxide. As a consequence, the zinc-bound water molecule in SkβAS 
should exhibit a lower pKa and higher reactivity than the metal bound 
solvent in the exopeptidases. This may be required for cleavage of the 
more resonance-stabilized and thus more stable N-carbamylated 
substrates, in comparison to cleavage of a peptide-bond. 
  
Conclusion 

We succeeded with the determination of the 3D-structure of SkβAS. 
Structural alignments revealed that the overall structure resembled that of 
di-zinc dependent exopeptidases. We therefore suggested a common origin 
for SkβAS and dizinc-dependent exopeptidases. The location of the active 
site as well as putative substrate binding residues could be identified. A 
reaction mechanism was proposed that includes an opening and closing of 
the active site cleft during each catalytic cycle.  
 
 
 
Paper II 
 

Large-scale domain movements and substrate binding 
 
Site-directed mutagenesis and crystallization of SkβAS 
mutants 

Since no SkβAS structure in complex with its substrate or product was 
available, we had proposed putative substrate binding residues identified 
by comparison with structurally related enzymes from the Acy1/M20 
family. With the experiments resulting in the second publication we 
wanted to test our hypotheses by mutating some of the residues that we 
suggested to be important for substrate binding or to play a key role in the 
proposed reaction mechanism.  
 
We produced six single mutants: 
E159, believed to be the catalytic base, was exchanged either to the shorter 
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Asp, which preserved the charge and the functional group, or to Ala for 
complete removal of the active group.  
R322 and H262 are residues proposed to anchor the substrates carboxyl 
group - both were mutated to Ala to remove the substrate binding 
functional groups. 
H226 was replaced by a Glu to mimic the di-zinc center coordination 
observed in most dizinc-dependent exopeptidases. 
H397, thought to stabilize the transition state during the reaction, was 
mutated to Asn, a non-protonizable aa with similar side chain length and 
chemical properties as His. 
 
All mutants were expressed and purified in the same way as the native 
protein (Lundgren et al., 2003). The original crystallization condition 
generated diffraction-quality crystals of only the E159A, E159D and 
R322A mutants. SkβAS E159A and –D did crystallize in space group P21 
with the same unit cell dimensions as for the SkβAS SeMet-substituted 
protein, with one homodimer present in the asymmetric unit. The R322A 
crystals belong to space group P1, with four subunits in the asymmetric 
unit.  
A new crystallization condition was found at a higher pH 8.75 (original pH 
6.0-6.5) after a subsequent round of sparse-matrix and grid screening using 
nanotechnology. After optimization, diffracting crystals could be obtained 
in this condition for the native enzyme and four of the six mutants, all in 
space group P21 with consistent unit cell dimensions, but different to those 
earlier obtained under the original crystallization conditions.  
 
Because of the failure to crystallize H226E, a thermal shift (Thermoflour) 
assay comparing the melting temperature of native and H226E-SkβAS was 
performed. The melting curves were almost identical for the two enzymes 
under all tested conditions, which implies that the failure in crystallization 
is not due to an overall structural instability of the mutant.     
 
 
Overall structure 

The backbone structure of the domains is largely conserved between the 
native and mutant SkβAS structures. However, a large conformational 
change of the overall structure is observed in the E159A mutant in 
complex with NCβA (E159A_NCβA) and the wildtype enzyme in 
complex with β-alanine (WT_βAla). Both of these represent the closed 
conformational state of SkβAS. Crystals obtained with the original 
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crystallization condition still produced structures of the open state, e.g. for 
R322A and E159A. Crystallographically independent closed subunits 
superimpose well with an r.m.s.d of 0.12 Å. As observed earlier in the 
native SkβAS open state structures, the angle relating the two domains 
varies between the different subunits due to conformation flexibility and 
does not align as well as the closed subunits. 
 
The closed state 

SkβAS is the first enzyme in the Acy1/M20 family for which a closed state 
has been crystallized and structurally characterized. However, a closed 
conformation has previously been proposed and modeled for several 
family members (Agarwal et al., 2007, Lindner et al., 2005, Vistoli et al., 
2006).  
 
 
A)   B) 

 
Figure 12. a) The closed conformation of SkβAS. b) The open 
conformation of SkβAS. 
 
 
When comparing the structure of R322A (open) to that of E159A_NCβA 
(closed), the catalytic domain makes a ∼30° rotation relative to the 
dimerization domain, leading to active site closure (fig. 12). When the 
active site is closed, the area buried between one catalytic domain and the 
remaining part of the dimer is about twice as large, ∼2500 Å2, compared to 
∼1200 Å2 in the open state.  
The magnitude of the movement is well illustrated by residue D192 at the 
tip of the large loop protruding from the catalytic domain. When the 
enzyme is in its open state, these residues (one from each subunit) are 
separated by a distance of ∼32 Å, while they are in van-der-Waals contact 
in the closed conformation. 
The importance of the global conformational change is confirmed by the 
observation that the three residues (R322, H262 and N309) move into the 
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active site, and are properly positioned for substrate binding and catalysis.  
 
 
Metal-binding properties 

The metal center in SkβAS is situated in the active site cleft, with five 
residues coordinating two zinc ions, commonly termed zinc1 and zinc2.  
Previously determined structures of native and SeMet-SkβAS showed full 
occupancy for both zinc ions, although only 1 nM ZnCl2 was added during 
protein growth and purification procedures. This indicates a stable binding 
of the two metal ions at pH 6.0 and 6.5, where the activity of the enzyme is 
only 20-30% of its maximum.  
It was therefore a surprise when the electron density maps for 
E159A_NCβA showed full occupancy for only zinc1, while zinc site 2 
was occupied in only one third of the active sites in the crystal obtained at 
pH 8.75. Other data suggest that this is not an effect of removing the 
negative charge from the active site vicinity since similar zinc occupancies 
are observed in the WT enzyme under these conditions and full occupancy 
of the zinc center is seen at pH 6.0 for E159A. Substrate binding is not 
hampered by this phenomenon, since there is full occupancy observed for 
NCβA in all the active sites present in the asymmetric unit of the crystal. 
An interesting question is therefore whether this loss of the metal ion in 
two thirds of the active sites is just an artifact arising from the purification 
and crystallization, or if it is of functional significance.  
At this point there is no conclusive evidence for any functional 
significance of a mono-metalated enzyme form, or for an influence of the 
crystallization condition on the occupancy of the metal center.  
 
 
Substrate/product binding  

The inactive mutant E159A was co-crystallized with the substrate NCβA. 
After initial refinement with the ligand-free SkβAS model, there was 
positive electron density observed in the active sites resembling the shape 
of the substrate. NCβA was modeled into the active sites and refined well. 
It forms a salt-bridge and seven hydrogen bonds to residues R322, H262, 
N309, G396 and Q229 as well as a direct coordination to zinc2. Since the 
residues H262 and N309 are engaged in substrate binding within the 
partner subunit, the dimerization of SkβAS is necessary for the enzyme to 
form a complete active site and to be able to perform its reaction.  
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Figure 13. The substrate NCβA bound in the active site of the E159A 
mutant, hydrogen bonds are shown as dotted lines. The observed roles 
of the different residues are described beside the amino acids. 
 
 

 
Figure 14. Superposition of the active sites of E159A_NCβA 
(carbon atoms in orange), WT-βAla (cyan), and the previously 
published wildtype open structure (white). Zinc ions in blue belong 
to WT_βAla, the single zinc ion in black to E159A_NCβA. The 
bridging water/hydroxyl moiety found in WT_βAla and the native 
enzyme is represented as a red sphere. The tetrahedral reaction 
intermediate (green carbon atoms) was modeled into the active 
site.  
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The identity of the amino acids involved in substrate binding had been 
proposed previously, although their roles had not been correctly assigned 
in all cases. For example, residue H262 was believed to be involved in the 
binding of the carboxyl group of the substrate, but it was observed that 
upon closure of the active site it is moved further in and binds instead to 
the carbamyl group.  
When comparing the structures of the two complexes E159A_NCβA and 
WT_βAla, the interactions with the product β-alanine are homologous to 
those made to the corresponding atoms of the substrate in the 
E159A_NCβA complex. β-alanine is only present in two of four active 
sites in the WT_βAla complex, while the substrate is present in all four. 
The same concentration was used for both ligands during crystallization, 
indicating that the affinity for the substrate is higher than for the product. 
Since all four active sites are closed in the asymmetric unit, it seems that 
the crystallization condition stabilizes the closed conformation of the 
structure rather than the ligand binding in this case. 
 
 
Observed functional and structural effects of the mutations  

At low substrate concentrations SkβAS follows Michaelis-Menten 
kinetics, but exhibits substrate inhibition at concentrations higher than 100 
mM NCβA. This behavior complicates the precise determination of KM 
and the constant is also somewhat dependent on the enzyme batch. The KM 
was determined to 50-70 mM for the native enzyme using NCβA as 
substrate, indicating low substrate specificity. The mutants had even 
higher KM values and most of them had very low residual activity. We 
therefore only present kcat and the relative activities of the mutated 
enzymes in comparison with WTSkβAS. (Table 5).  
 
 

Table 5. 
Kinetic analyses of wild type and mutant SkβAS   

 
Enzyme 

 
kcat (s-1) 

 
Relative 

activity (%) 
WT 5.3 ± 0.62 100 

E159A 5.0×10-3 ± 1.3×10-3 0.09 
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E159D 5.0×10-3 ± 9.0×10-4 0.09 

R322A 7.7×10-3± 1.0×10-3 0.14 

H262A 0.472 ± 2.3×10-2 8.9 
H226E N.D. N.D. 
H397N 0.383 ± 2.4×10-2 7.2 

 
 
The overall structure and the active site architecture are intact after the 
exchange of E159 to an Ala or Asp, but the activity of the mutated 
enzymes is dramatically decreased. The same drastic loss of activity is 
seen for the exchange of R322 to an Ala. In the structure of R322A NCβA 
binding was observed at an artificial binding site created by the deletion of 
the Arg side chain. No activity was detected for H226E, which is the only 
mutant for which no crystals could be obtained. Melting curves recorded 
for native SkβAS and the mutant H226E did not indicate any change in 
overall structural stability. Both H262A and H397N exhibit a 10-15 fold 
decrease in kcat, but only H397N shows a 2-3 times increase of the KM, 
implying that the substrate affinity is only affected by the exchange of 
H397 to Asn.  
 
 
Mechanistic implications   

The enzyme activity is almost completely lost when E159 is replaced by 
an Ala or Asp, which is consistent with its crucial role as a general base in 
the proposed reaction mechanism. The lack of activity for the E159D 
mutant may be explained by the shorter amino acids inability to reach both 
the water molecule and the amide group of the substrate, to abstract and 
transfer a proton. Also the inactivity of R322A is consistent with our 
hypothesis and other biochemical data collected for Acy1/M20 family 
members, indicating that either the substrate is not bound at all by the 
mutant, or that it is bound in a way that makes the nucleophilic attack on 
the carbon-nitrogen bond impossible.  
Because of the lack of structural data for H226E, it can only be speculated 
that perhaps the ability to coordinate zinc1 was lost and that this residue is 
indeed as important for activity as it has been proposed. Based on the open 
conformation of SkβAS, we previously suggested that H262 was involved 
in binding the carboxyl group of the substrate. Recent studies on Acy1 
mutants showed a dramatic decrease in kcat and increase in KM when H206  
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Figure 15. The corrected and extended reaction mechanism for SkβAS. 
 
(corresponding to H262 in SkβAS) was replaced by an Asn or Ala. 
Structural analysis of E159A_NCβA does not contradict the kinetic data 
obtained for Acy1, even though the changes in kcat and KM are not as 
pronounced for H262A in SkβAS. They support that this residue is more 
important for catalysis than for substrate binding. It is surprising, however, 
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that the exchange of His397 to Asn has a larger impact on the catalytic 
efficiency than H262A. Since we lack structural data for the closed 
conformation of H397N we can only assume that active site interactions of 
this residue are important for correct placement and orientation of the 
substrate and/or for maintenance of the metal center geometry. Based on 
the accumulated data on SkβAS we suggest that the open and closed 
conformations coexist in a dynamic equilibrium, with the open state 
allowing ligand binding and the closed state promoting catalysis. A revised 
mechanistic proposal is depicted below. 
 
 
Conclusion 

We have determined the structure of the first closed state conformation for 
a member of the Acy1/M20 family. Residues proposed to be important for 
substrate binding or catalysis were mutated to either Ala or amino acids 
with different properties than the original. The mutant enzymes were 
characterized, allowing correction and extension of the proposed reaction 
mechanism.    
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Drosophila Melanogaster βAS 
 
Papers III and IV concern the crystallization and structure determination of 
Drosophila melanogaster β-alanine synthase (DmβAS). A reaction 
mechanism is also proposed.  
 
Paper III 
 

Crystallization of βAS from D. melanogaster 
 
Protein expression and purification 

We intended solve the first crystal structure of a higher eukaryotic βAS. 
βAS from Drosophila melanogaster was recombinantly expressed with a 
C-terminal (His)8-tag in E. coli, using the same growth and purification 
protocol as for SkβAS (Gojcović et al., 2001). The calculated subunit 
molecular mass for DmβAS is 46.1 kDa (386 amino acids +19 tag 
residues).  
 
Crystallization 

Several commercially available grid and sparse matrix screens were used 
in our attempts to crystallize DmβAS, using the vapor diffusion method in 
sitting drops at room temperature. During the first rounds of screens, no 
crystalline material was obtained. These setups were repeated with 
different additives and combinations of additives present in the protein 
solution. After one month of equilibration, small spherical crystals were 
found in two conditions in the Wizard I and II screens (Emerald 
Biosystems). A combination of two additives was necessary for crystal 
growth, the substrate 10mM NCβA together with 5% glycerol. The 
crystallization condition was further optimized in 24-well plates using the 
hanging drop method and crystals were now obtained after 14-30 days. 
The crystallizations drops went through some sort of metamorphosis: they 
stayed clear for a few days and then a glistening microcrystalline 
precipitate was formed. This precipitate then acquired a mesh-like 
structure after another 2-3 days. Crystals appeared in about half of the 
drops from this structured precipitate, but only 10% of those crystals were 
good enough for X-ray diffraction. Attempts to further optimize this 
condition did not give any improvement of the crystal quality or the 
success rate.  
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Results and discussion  

As mentioned above, only 10% of the obtained crystals were of sufficient 
quality for data collection, i.e. did not show too high anisotropy and/or 
mosaic spread. Finally, a data set could be collected to a resolution of 3.3 
Å. Autoindexing indicated that the crystals belonged to the monoclinic 
space group C2, with 8-10 monomers in the asymmetric unit. The 
quaternary structure of native DmβAS is undetermined, native gel 
electrophoresis experiments show a mixture of oligomeric states. We also 
performed an analytical gel filtration, which suggested an octamer or even 
higher oligomeric assemblies.  
 
A calculated self rotation function showed one peak at 78.5% of the origin 
peak height and (θ=120.0°, ϕ=180.0°), and also several additional peaks at 
26-46% of the origin peak height, indicating that a number of non-
crystallographic two folds axes are present in the asymmetric unit.  
 
Several attempts to determine the structure of DmβAS by molecular 
replacement were made using four different programs. Several structure 
models were used, e.g. DCase (24% amino acid identity) and the 
hypothetical protein PH0642 (28% amino acid identity). All models were 
manipulated in different ways, including sequence adjustments and 
truncations. We also tried different oligomeric states, e.g. monomers, 
dimers and tetramers, but no clear molecular replacement solution could 
be identified at first. 
 
Conclusion  

After several attempts and screens, we succeeded to produce crystals from 
native DmβAS. Unfortunately, these crystals diffracted poorly and 
decayed rapidly in the X-ray beam. Finally, a data set could be collected to 
3.3 Å in the monoclinic space group C2. Unfortunately, phasing by 
molecular replacement proved very difficult. For this reason we initiated 
production of selenomethionine substituted DmβAS for structure 
determination by MAD phasing.  
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Paper IV 
 

Structure determination of DmβAS 

 
Structure determination and quality of the model 

A molecular replacement solution could finally be obtained using a 
truncated and sequence adjusted dimeric model of the protein PH0642 and 
the program PHASER. Four dimers were placed in the asymmetric unit 
with Z-scores of 6.7, 14.2, 17.8 and 5.8. After initial refinement cycles it 
became apparent that the fourth dimer was incorrectly placed, this could 
however later be located manually by careful inspection of the electron 
density maps and application of non-crystallographic symmetry relations. 
The model building using the first data set (nat1) was at its final stages 
when we were able to obtain a new crystal form using nanodrop 
crystallization approaches but otherwise similar conditions. An X-ray data 
set could be collected with improved quality and resolution (2.8 Å, nat2). 
The crystal belonged to space group P21212.  
The structure was determined by molecular replacement using a monomer 
of the nat1 model. Three monomers were found in a single run of the 
program MOLREP and a fourth was correctly placed after an additional 
run for which the first three monomers were fixed.  
In the crystals of space group C2 tight dimeric units assemble into a 
homooctamer. The same overall structure and dimer organization is 
observed also for the four subunits present in the asymmetric unit of the 
P21212 crystal form (nat2), which form half an octamer. A full octamer can 
be assembled by application of crystallographic symmetry. The final 
models refined to R-values of 22.6/21.5% and Rfree = 28.2/25.5% , and the 
Ramachandran plots show good stereochemistry for both models.  
 
The electron density is continuous and well defined in both space groups. 
Exceptions regard the “corner subunits” (nat1: chain A and H, nat2: chain 
A), in which electron density is missing for three loop regions, which are 
exposed to bulk solvent only in the corner subunits.  
 
 
Subunit structure 

The DmβAS monomer exhibits the characteristic αββα four-layer 
sandwich fold characteristic for the nitrilase superfamily (fig.16). Two β-
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hairpins shield the active site from the surrounding solvent and take part in 
the dimer-dimer interactions within the octamer (fig. front page). 
 

 
Figure 16. The monomer of DmβAS, colored by its secondary structure, 
β-strands in light gray and α-helices in black. The catalytic triad is shown 
as sticks and colored in dark gray. 
 
 
Subunit interactions 

Two different experimental methods indicate the presence of several 
oligomeric states for DmβAS. The physiologically relevant quaternary 
structure of DmβAS is still unknown. The crystal structure of DmβAS 
reveals a homooctamer in the shape of an almost complete helical turn. 
Two monomers form a tightly intertwined dimer with an eight-layered 
αββα-αββα sandwich fold. About 4000 Å2 of the monomer accessible 
surface area are buried in the dimer interface which is dominated by 
hydrophobic interactions (X in fig. 17a). There is a four-helical bundle-like 
protrusion formed by the two N-terminal helices from each subunit, and  
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A)       B) 

   
C) 

 
D)       E) 

  
Figure 17. a) The tetramer of DmβAS from the front with the three most 

Y X 
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important interfaces labeled X,Y and Z. The first dimer is colored in 
yellow and blue, the second is in mangenta and green. b) DmβAS 
tetramer viewed from the back with the C-terminal embracing the other 
monomer in the dimer. c) The superimposed active sites of DmβAS (stick 
models of residues with carbon atoms in magenta) and of the 
Agrobacterium sp. DCase double mutant C171A/V236A (carbon atoms 
in green) in complex with its substrate N-carbamyl-D-valine (carbon 
atoms in yellow). Hydrogen-bonding interactions between DCase and its 
substrate are indicated by dotted lines. Model of a higher oligomeric state 
(24-mer) of DmβAS in surface representation. (d): Side view of a 
possible helix formation modeled by assembling several octamers. To 
generate complete interfaces at the front of the helix, the disordered 
loops were modeled and included in subunit H of the bottom octamer 
(green), in subunits A and H of the central octamer (blue) and in subunit 
A of the octamer at the top (magenta). (e): Top view of the helix. The 
small protrusions on the outer surface are formed by the interacting N-
terminal helices of each dimer couple. 
 
the C-terminal regions are closely packed against the partner subunit (fig. 
17b). All of the dimer-dimer interactions within the octamer are 
equivalent, with ∼1210 Å2  of the monomer surface buried in the interface  
between the diagonally connected subunits (Y), and ∼730 Å2 buried 
between direct neighbors (Z). The three residue stretches for which no 
electron density was observed in the corner subunits are in all other 
subunits involved in the diagonal interaction.  
 
 
Comparison with other nitrilase-like enzyme structures 

Several structures of enzymes that belong to different branches of the 
nitrilase superfamily were identified after a structure similarity search with 
DmβAS (table 4) using the Protein Structure Comparison service SSM. 
The structural fingerprint of these proteins is the αββα-fold of the 
monomer that is extended to an eight layer αββα−αββα sandwich fold 
 upon dimerization, and a conserved Cys-Glu-Lys catalytic triad.  
When the DmβAS crystal structure is compared with its closest relative 
DCase it has an extension of 67 amino acids at the N-terminus and of 13 
amino acids at the C-terminus. The N-terminal extension is unique for 
DmβAS and has not been observed in any other known structure from the 
nitrilase superfamily. This N-terminal extension prevents DmβAS from 
forming certain oligomeric arrangements otherwise observed in the 
superfamily. For instance, severe steric clashes are observed involving the 
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N-terminal residues when a subunit of DmβAS is superimposed onto one 
of the subunits in the tetramer of DCase or in the hexamer of an amidase. 
In contrast, the C-terminal extension is observed in other structures and 
does not cause any steric clashes. 
 
 
The active site 

Cysteine 234 has been identified as the catalytic nucleophile in DmβAS 
based on sequence conservation as well as functional and structural 
similarities to enzymes where the important role of this cysteine has been 
elucidated by site directed mutagenesis (Hung et al,. 2007, Chen et al,. 
2003). The active site is accessible to bulk solvent through a narrow 
channel leading to Cys234. In the corner subunits this channel is widened 
to a shallow groove because of the disorder of three loops. 
Residual electron density was found in the active sites near Cys234 for all 
monomers in nat1 and nat2, except for the corner subunits. Because of the 
moderate resolution we can only speculate about the nature of the bound 
molecule. One possibility is the substrate NCβA, which is present in both 
the nat1 and nat2 crystallization setups and may not have been turned over 
because of the low pH, 4.2, of the condition. Another possibility is the 
product β-alanine, which could have been generated from the substrate 
NCβA, but we cannot exclude that something else from the crystallization 
condition could be associated with the electron density.  
  
Residues involved in binding the carbamyl and carboxyl groups of the 
carbamylated D-amino acids in DCase have been identified by structural 
analysis of several complexes between inactive enzyme and diverse 
substrates. Because of the conservation of these functional groups between 
NCβA/N-carbamyl-β-aminoisobyturate and the DCase substrates, 
substrate binding in DmβAS may be achieved in a similar way as in 
DCase. A superposition of the active site of DmβAS and the inactive 
mutant of DCase C171A in complex with the substrate N-carbamyl-D-
valine was performed, and the residues possibly involved in substrate 
binding were compared (fig.17c). The catalytic triad Cys-Glu-Lys is 
structurally well conserved between the two enzymes. The carboxyl group 
of the substrate is in DCase coordinated by several hydrogen bonds to the 
side chains of Asn172, Arg174, Arg175 and Thr197. The two arginines 
were found to be essential for substrate binding by site directed 
mutagenesis. These amino acids correspond to Arg237 and His238 in 
DmβAS. The substrate NCβA was modeled into the active site of 
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DmβAS. This model places the carboxyl group of the substrate in 
hydrogen bonding distance to Arg237 and His238. When the active site 
pockets of DmβAS and DCase are compared, the active site of DmβAS is 
narrower, as expected from the size of the different substrates used.     
 
 

 
 
Figure 18. Proposed reaction mechanism of N-carbamyl-β-alanine to β-
alanine performed by DmβAS.  
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Catalytic mechanism 

This mechanism has been proposed earlier for the DCase whose substrate 
also contains a N-carbamyl group and has similar chemical properties as 
NCβA (for the proposed mechanism see fig. 18 (Nakai et al., 2000)). The  
carboxyl group of Glu120 serves as a general base catalyst and abstracts a 
proton from the thiol group of Cys234. The activated nucleophile attacks 
the amide carbon of NCβA to form a tetrahedral intermediate, which is 
stabilized by the amino group of Lys197. The intermediate subsequently 
collapses to form an acyl-enzyme complex and releases ammonia, which 
may have received a proton from Glu120. Deacylation is accomplished by 
nucleophilic attack by a water molecule that replaces ammonia. This water 
molecule is activated by Glu120 via a general-base activation mechanism. 
The released intermediate is most likely spontanteously decarboxylated to 
β-alanine. 
 
 
Implications for allosteric regulation and formation of higher 
oligomers 

DmβAS exists in different oligomeric states, of which the smallest is most 
likely a dimer. The helical turn-like structure of DmβAS suggests that 
higher oligomeric states could easily be achieved by adding dimers to the 
ends of the octamer, which would result in a left-handed spiral 
arrangement. To see if this arrangement is at all possible, a helical model 
composed of 12 dimers was created (fig. 17d and e). Model analysis using 
the Pisa server revealed a set of new interactions compared to those found 
in the octamer.  
The N-terminal extension that for DmβAS prevents an oligomerization as 
observed for DCase is also found in e.g. human, rat and plant βAS (fig. 
19). It can therefore be assumed that the enzyme assembles in a similar 
way as DmβAS. Rat liver βAS has been shown to be allosterically 
regulated. It adopts different oligomeric states dependent on the presence 
of substrate or product. A comparable behavior could not be detected for 
DmβAS in preliminary gel filtration experiments.  
Three enzymes from the nitrilase superfamily, the cyanide-degrading 
enzymes from Pseudomonas stutzeri and Bacillus pumilus and the nitrilase 
from Rhodococcus rhodochrous J1, have been shown to form helical 
assemblies by electron microscopy studies (Sewell et al., 2005, Thuku et 
al., 2007). These assemblies have a diameter of 95-130 Å and a pitch of 
77-95 Å. The diameter of the modeled DmβAS helix is ∼120 Å and 
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corresponds well to that of nitrilase helices, while the pitch is significantly 
smaller, 65-70 Å. If the helical state of DmβAS exists in vivo, it would be 
more tightly packed along the long axis of the helix, resulting in more 
extensive contacts between the subunits.   
 

 
 
Figure 19. Amino acid sequence alignment of DmβAS and homologous 
proteins: row 1, DmβAS; row 2, human βAS; row 3, rat βAS; row 4:  
Agrobacterium sp. DCase. The sequences were aligned using the 
program MULTALIN. For DmβAS, the secondary structure elements as 
analyzed by DSSP are given, with arrows representing β-strands, and 
spirals representing helices. Black background shading indicates amino 
acid conservation in all five sequences, bold letters and boxes are used 
when a residue is conserved in some of the sequences and 
conservatively exchanged in the remaining ones. 
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Conclusion 

Here we report the first crystal structure of a βAS from a higher eukaryote 
belonging to another subfamily than the earlier characterized yeast 
enzyme. For DmβAS, the same quaternary structure was found in two 
different crystal forms. The structure is a homooctamer associated from 
tightly packed dimers. The active site pocket contains the catalytic triad 
that is strictly conserved within the nitrilase superfamily. A reaction 
mechanism is proposed that is highly similar to that used by the closest 
functional neighbor DCase. 
 
 
 
Additional unpublished results 
 
To determine which fold, active site architecture and catalytic mechanism 
is better suitable for performing the βAS reaction we compared the kinetic 
parameters of βAS from both subfamilies. Furthermore, we tested whether 
yeast βAS can bind and be inhibited by peptides, which would give further 
evidence for its phylogenetic relationship with bacterial dizinc-dependent 
exopeptidases.  
 
 
βAS kinetic parameters differ significantly 

A radioactive enzyme assay was used (Lundgren et al., 2007) to determine 
the kinetic parameters of DmβAS, A. thaliana βAS (AtβAS) and SkβAS. 
All three enzymes exhibit reasonable reaction velocities with Vmax values 
between 0.4 – 7.1 U/mg, while the KM values differ significantly. Both 
DmβAS and AtβAS had reasonable KM values of 24.5±2.4 µM and 6±1 
µM, respectively, while for SkβAS the KM is about 1000 times higher, 50-
70 mM. Hence, the conservative βASs from D. melanogaster and A. 
thaliana are more effective in the conversion of NCβA to β-alanine than 
SkβAS, which most likely evolved via recruitment and alteration of the 
structural scaffold of exopeptidases. 
 
SkβAS is inhibited by di- and tripeptides 

The three different βASs were compared regarding their inhibition 
properties. Several compounds that are chemically similar to the substrate 
or the product were tested. A couple of oligo-peptides were also tested 
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because of the structural similarities between SkβAS and exopeptidases. 
The experiments were performed at substrate and product concentrations 
that coincide with the KM values observed for the different enzymes. Three 
compounds in particular were identified as inhibitors of DmβAS and 
AtβAS, with each decreasing Vmax to below 80% of maximum activity 
under standard reaction conditions (pH 7.0 and 25°C) and at a 
concentration of 100 µM of the inhibitor and 20 µM of the substrate. The 
identified compounds were isobutyric acid, glutaric acid (resembling the 
product β-alanine) and carbamyl phosphate (resembling one of the 
possible reaction intermediates).  
SkβAS is inhibited by β-alanine, isobutyric acid, 2-amino isobutyric acid, 
N-carbamyl amino isobutyric acid and carbamyl phosphate with a 
decrease of Vmax between 30-80%, at a substrate concentration of 25 mM 
and an inhibitor concentration of 50 mM. Also oligopeptides carrying a 
glycyl residue at the N-terminus inhibited the yeast enzyme. The most 
efficient inhibitors were Gly-Gly, Gly-His, Gly-Leu, Gly-Phe and Gly-Ser, 
each of which decreased Vmax to <25% of that of the uninhibited reaction.  
 
 
Inhibitor binding 

Crystals of wild type SkβAS were grown in the presence of Gly-Gly, Gly-
His, Gly-Leu, Gly-Phe and Gly-Ser and complete datasets were collected 
for each kind of co-crystal. After a round of refinement with ligand-free 
SkβAS, ligand-associated positive electron density peaks were observed 
only for Gly-Gly and Gly-Ser. A dataset was also collected of the SkβAS 
mutant R322A in complex with Gly-Gly. The inhibitors are bound in the 
substrate binding site in both subunits in the SkβAS dimer, making even 
more extensive contacts to the protein than previously observed for the 
substrate, NCβA. (fig. 20) The same pattern of a not fully occupied di-zinc 
center (discussed in paper II) is also observed in the WT and mutant 
structure of the inhibitor complexes.  
 
The main difference between the binding of the substrate and the inhibitor 
are the partial occupation of the space available for zinc2 and the 
interactions with zinc1. The amino group of the N-terminal glycine of the 
inhibitor coordinates to zinc1 at one of its four coordination positions, the 
other three are occupied by D125, H114 and H226. In the E159A_NCβA 
structure, a water molecule is present at this position to be activated by 
E159 for the nucleophilic attack on the substrate (Lundgren et al., 2007). 
The occupation of the substrate binding site by the inhibitor, its 
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coordination to zinc1 and the displacement of zinc2 and the catalytic water 
contribute to the inhibition of the enzyme. 
 
 
 

 
 
Figure 20. The active site of SkβAS with bound inhibitors. Hydrogen 
bonds to the zinc ion and ligands are indicated by dotted lines. The zinc 
is colored black. A WT-SkbAS in complex with Gly-Gly. B) SkβAS mutant 
R322A in complex with Gly-Gly. C) WT-SkβAS in complex with Gly-Ser. 
 
 
Conclusion 

In this study we show that the βASs from higher eukaryotes have higher 
affinity for the substrate NCβA than SkβAS does. We also observe that 
short peptides inhibit SkβAS and engage in even more extensive 
interactions to the protein than the substrate NCβA. Two possible reasons 
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why, after the loss of the original βAS ancestor gene in the yeast lineage, a 
peptidase could be recruited to perform the βAS reaction in S. kluyveri are: 
 
a) Both enzymes catalyze the hydrolysis of a carbon-nitrogen bond. 
b) The substrates of both enzymes have a similar distribution of functional 
groups. 
 
When the two βAS structures studied in this thesis are compared with each 
other, there are no clear signs that would indicate that these two enzymes 
perform the same reaction.  
First, both the enzymes have an α/β fold, but the overall fold is 
significantly different. DmβAS is a one-domain enzyme while SkβAS has 
two domains, one catalytic domain and a dimerization domain. Second, it 
seems like both enzymes need to be assembled into higher oligomeric 
states to be able to perform the reaction. This has been shown to be true for 
SkβAS as two of the substrate anchoring residues belong to the 
neighboring subunit. It may also be true for DmβAS, since it was observed 
that if one of the three important subunit interfaces is missing, the three 
loops closing the active site are flexible and could inhibit the reaction. 
Third, the native quaternary structures of the two enzymes are different to 
a large extent, even though it seems like the smallest oligomeric states for 
the two enzymes are dimers. DmβAS can form at least homooctamers, 
while the yeast enzyme is a dimer and cannot form larger assemblies. 
Fourth, the reaction mechanisms for the two enzymes are very different. 
SkβAS uses a metal mediated reaction mechanism with an activated 
hydroxyl as a nucleophile, while the reaction in DmβAS uses a Cysteine 
residue as the nucleophile. 
 
Based on the data presented here, it seems most likely that the SkβAS was 
originally an exopeptidase that was recruited to convert NCβA to β-
alanine. This reaction is, in most eukaryotes, performed by a βAS encoded 
by the seemingly unrelated conventional pyd3 gene and thus represents an 
example of convergent evolution. 
 



 
 
 

 
 
 

60 

Acknowledgments 
 
Doreen, thank you for all the help and discussions during the years. It is 
fun to see how well the project turned out in the end, even though it had its 
downs. 
 
Ylva and Gunter thank you for letting me on as student. It has been 
interesting to see how the group has changed with time and the 
development of programs, instruments and techniques. I am also grateful 
for all the social arrangements that make a group work well, such as 
Slättrask meetings, celebrations and Christmas dinners.  
 
There wouldn’t be any thesis without all the help from our collaborators.  
 
Jure and Birgit, thank you for all the protein and kinetic measurements that 
have been produced in your lab. I had a really nice stay in Denmark mostly 
because of the friendly environment, but also since you took me out to see 
the nightlife of Copenhagen and inviting me for dinners. 
 
Pär thank you for believing in me and that you stood up for me when I 
needed it. 
 
PN group for helping me with the human enzyme, unfortunately it didn’t 
bring any great results but you took the time to help me and I am really 
thankful for that. 
 
SGC, especially Susanne, Pål, Martin W and Thomas. Thank you for all 
the help during my stay and for keeping the project going when I have 
done other things lately.  
 
Dan for your advice concerning the quick change PCR, with out them it 
wouldn’t be a paper II.  
 
Thank you! 
Eva, Mona and Ahmad for keeping the papers in order and the lab running.  
 
Present members in the lab: Daniel, Robert, Tanja, Edward, Magnus, Jean-
Marie, Inari, Laura, Jola, Mikko and Maria thank you for all the help and 
discussions. I really want to thank the girl gang Catrine, Jodie and Hanna 
for all discussions around science and life.  
 



 
 
 

 
 
 

61 

Former members of the group, especially Anna and Jenny for all the fun 
things that we did together, I have missed you. Azmiri, Martin, Stefano, 
Lucas and the former post docs, that have passed through the lab during 
the years thank you.  
 
There are two people that made me choose the path I did, Zaida thank you 
for showing me the beauty of crystals and for all the good times and 
discussions that we have had during the years. Said you called me and said 
that you had a degree project that would fit me, this made me start working 
with protein crystallography and this combined my two interests, biology 
and crystals.  
 
During my first years as a student I had the best support that one can hope 
for from my lab-group. I am so happy that we have stayed in touch after 
we finished our studies. I will always remember things like throwing 
oranges at restaurants or preparing dinners together.  
Thank you for your friendship Ylva, Fredrik, Benita, Karin, Max, Lotta, 
Malin and Cissi.  
 
Pål, Tobbe, Sue-Li och Emma tack för allt skoj vi har gjort och allt 
allvarligt vi har diskuterat både när det gäller vetenskap och livet.  
 
Ni är många som har gjort mina år på universitet värda att minnas, alla 
fester, allt arbete och all mat vi har lagat. Det bästa är att jag fortfarande 
träffar er med jämna mellan rum. Tack Q, Linus, Anna, David, Linda, 
Magnus, Susanne, Christian, Mickan, Andy, Skåne, X-björn, Tompa, 
Cesar, Martin W och många många fler.  
 
Åsa och Nisse tack för allt kul vi hittar på, middagar, resor och för att vi 
skrattar ihop. 
 
Ulrika och Fredric tack för alla spontana, och numera halvt kaotiska, 
middagar och mycket mer.  
 
Sara jag saknar våra löparrundor och våra stunder ihop. Det härliga är ju 
att vi alltid kunnat prata om allt när vi träffats.  
 
Kari thank you for being such a good friend and that we haven’t lost the 
contact, I miss YOU.  
 
Linda och Milla för att ni har funnits där och alltid varit beredda på att 



 
 
 

 
 
 

62 

prata och skratta. 
 
Malin tyvärr träffas vi allt för sällan och jag vill att du ska veta att du är 
viktig för mig. Vi har varit med om många och långa pass tillsammans 
men också många härliga koppar te. 
Hanna tack för alla fester och middagar du har ordnat, och en oförglömlig 
resa till Irland när vi var 18. Emma för allt stöd när det har behövts och nu 
senast en härlig resa till Italien med man och barn. Fredrik och Jakob för 
att allt vi pratat om och upplevt t.ex. Vaxis och bergsmaraton. Jenny för att 
vi är så lika och ändå så olika, för allt tokigt och skoj vi gjort ihop och för 
att vi kan prata om allt.  
 
Kerstin, Inge, Jan och Anne Lousie för ert intresse och stöd. 
 
Mina föräldrar som gav mig en självkänsla som gjort att jag har vågat göra 
och prova allt jag någonsin velat göra. 
 
Filippa för att du gör Livia så glad. 
 
Mina bröder som alltid får mig att skratta när jag behöver det.  
 
Martin för allt ditt stöd, all hjälp och för du och Livia gör mig lycklig och 
lugn, jag älskar er.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 
 
 

 
 
 

63 

References 
 
Agarkar VB, Kimani SW, Cowan DA, Sayed MF, Sewell BT., Acta 
Crystallogr Sect F Struct Biol Cryst Commun. (2006) 1;62(Pt 12):1174-8., 
The quaternary structure of the amidase from Geobacillus pallidus 
RAPc8 is revealed by its crystal packing. 
 
Agarwal R, Burley SK, Swaminathan S., J Mol Biol. (2007) 
27;368(2):450-63, Structural analysis of a ternary complex of 
allantoate amidohydrolase from Escherichia coli reveals its 
mechanics. 
 
Assmann B, Göhlich G, Baethmann M, Wevers RA, Van Gennip AH, Van 
Kuilenburg AB, Dietrich C, Wagner L, Rotteveel JJ, Schaper J, 
Mayatepek E, Hoffmann GF, Voit T., Neuropediatrics. (2006) 37(1):20-5., 
Clinical findings and a therapeutic trial in the first patient with beta-
ureidopropionase deficiency. 
 
Bienvenue DL, Gilner DM, Davis RS, Bennett B, Holz RC., Biochemistry. 
(2003) 16;42(36):10756-63., Substrate specificity, metal binding 
properties, and spectroscopic characterization of the DapE-encoded 
N-succinyl-L,L-diaminopimelic acid desuccinylase from Haemophilus 
influenzae. 
 
Borden LA., Neurochem Int. (1996) 29(4):335-56., GABA transporter 
heterogeneity: pharmacology and cellular localization. 
 
Brenner C., Curr Opin Struct Biol. (2002) 12(6):775-82., Catalysis in the 
nitrilase superfamily. 
 
Chen CY, Chiu WC, Liu JS, Hsu WH, Wang WC., J Biol Chem. (2003) 
11;278(28):26194-201., Structural basis for catalysis and substrate 
specificity of Agrobacterium radiobacter N-carbamoyl-D-amino acid 
amidohydrolase. 
 
Chin KH, Tsai YD, Chan NL, Huang KF, Wang AH, Chou SH., Proteins. 
(2007) 15;69(3):665-71., The crystal structure of XC1258 from 
Xanthomonas campestris: a putative procaryotic Nit protein with an 
arsenic adduct in the active site. 
 
Connolly GP, Simmonds HA, Duley JA., Trends Pharmacol Sci. (1996) 



 
 
 

 
 
 

64 

17(3):106-7, Pyrimidines and CNS regulation. 
 
Cronan JE Jr., J Biol Chem. (1982) 10;257(9):5013-7, Molecular 
properties of short chain acyl thioesters of acyl carrier protein. 
 
Dagg CP, Coleman DL, Fraser GM., Genetics. (1964) 49:979-89, A gene 
affecting the rate of pyrimidine degradation in mice. 
 
de Bono J.S., Twelves C.J., Invest New Drugs (2001) 19;41-59, The oral 
fluorinated pyrimidines. 
 
Dobritzsch D, Schneider G, Schnackerz K D, Lindqvist Y., EMBO J., 
(2001) 20; 650-660, Crystal structure of dihydropyrimidine 
dehydrogenase, a major determinant of the pharmacokinetics of the 
anti-cancer drug 5-fluorouracil. 
 
Dobritzsch D, Gojković Z, Andersen B, Piškur J., Acta Crystallogr. Sect. 
D Biol. Crystallogr. (2003) 59;1267-1269, Crystallization and 
preliminary X-ray analysis of beta-alanine synthase from the yeast 
Saccharomyces kluyveri. 
 
Gojković Z, Sandrini, M. P. B., Piškur J., J Genetics (2001). 158, 999-
1011, Eukaryotic β-alanine synthases are functionally related but 
have a high degree of structural diversity. 
 
Hadley SH, Amin J., J Physiol. (2007) 15;581(Pt 3):1001-18, Rat 
alpha6beta2delta GABAA receptors exhibit two distinct and 
separable agonist affinities. 
 
Heggie GD, Sommadossi JP, Cross DS, Huster WJ, Diasio RB., Cancer 
Res. (1987) 15;47(8):2203-6, Clinical pharmacokinetics of 5-
fluorouracil and its metabolites in plasma, urine, and bile. 
 
Hipkiss A R, Preston J E, Himswoth D T, Worthington V C, Abbot N J., 
Neurosci. Lett. (1997) 238;135-138, Protective effects of carnosine 
against malondialdehyde-induced toxicity towards cultured rat brain 
endothelial cells. 
 
Huang M, Graves L M., Cell. Mol. Life Sci. (2002) 60;321-336, De novo 
synthesis of pyrimidine nucleotides; emerging interfaces with signal 
transduction pathways.  



 
 
 

 
 
 

65 

 
Hung CL, Liu JH, Chiu WC, Huang SW, Hwang JK, Wang WC., J Biol 
Chem. (2007) 20;282(16):12220-9, Crystal structure of Helicobacter 
pylori formamidase AmiF reveals a cysteine-glutamate-lysine catalytic 
triad. 
 
Håkansson K, Miller CG., Eur J Biochem. (2002) 269(2):443-50., 
Structure of peptidase T from Salmonella typhimurium. 
 
Janssen B, Hohenadel D, Brinkkoetter P, Peters V, Rind N, Fischer C, 
Rychlik I, Cerna M, Romzova M, de Heer E, Baelde H, Bakker S J, Zirie 
M, Rondeau E, Mathieson P, Saleem M A, Meyer J, Koppel H, 
Sauerhoefer S, Bartram C R, Nawroth P, Hammes H P, Yard B A, 
Zschocke J, van der Woude, F J., Diabetes (2005) 54, 2320-2327, 
Carnosine as a protective factor in diabetic nephropathy: association 
with a leucine repeat of the carnosinase gene CNDP1. 
 
Jozic D, Bourenkow G, Bartunik H, Scholze H, Dive V, Henrich B, Huber 
R, Bode W, Maskos K., Structure (2002) 10;1097-1106, Crystal 
structure of the dinuclear zinc aminopeptidase PepV from 
Lactobacillus delbrueckii unravels its preference for dipeptides. 
 
Nawroth P, Hammes H P, Yard B A, Zschocke J, van der Woude F J., 
Diabetes (2005) 54;2320-2327, Carnosine as a protective factor in 
diabetic nephropathy: association with a leucine repeat of the 
carnosinase gene CNDP1. 
 
Kissinger CR, Gehlhaar DK, Fogel DB., Acta Crystallogr D Biol 
Crystallogr. (1999) 55(Pt 2):484-91, Rapid automated molecular 
replacement by evolutionary search. 
 
Kumaran D, Eswaramoorthy S, Gerchman SE, Kycia H, Studier FW, 
Swaminathan S., Proteins. (2003) 1;52(2):283-91, Crystal structure of a 
putative CN hydrolase from yeast. 
 
Kvalnes-Krick KL, Traut TW., J. Biol. Chem. (1993). 268, 5686-5693, 
Cloning, sequencing and expression of a cDNA encoding β-alanine 
synthase from rat liver. 
 
Lindner HA, Lunin VV, Alary A, Hecker R, Cygler M, Ménard R., J. Biol. 
Chem. (2003) 45;44496-44504, Essential roles of zinc ligation and 



 
 
 

 
 
 

66 

enzyme dimerization for catalysis in the aminoacylase-1/M20 family. 
 
Lindner HA, Alary A, Boju LI, Sulea T, Ménard R., Biochemistry (2005) 
44;15645-15651, Roles of dimerization domain residues in binding and 
catalysis by aminoacylase-1. 
 
Loh KD, Gyaneshwar P, Markenscoff Papadimitriou E, Fong R, Kim KS, 
Parales R, Zhou Z, Inwood W, Kustu S., Proc Natl Acad Sci U S A. (2006) 
28;103(13):5114-9, A previously undescribed pathway for pyrimidine 
catabolism. 
 
Lohkamp B, Andersen B, Piskur J, Dobritzsch D, J. Biol. Chem. (2006) 
281;13762-13776, The crystal structures of dihydropyrimidinases 
reaffirm the close relationship between cyclic amidohydrolases and 
explain their substrate specificity. 
 
Lundgren S, Gojković Z, Piškur J, Dobritzsch D., J. Biol. Chem. (2003) 
51;51851-51862, Yeast beta-alanine synthase shares a structural 
scaffold and origin with dizinc-dependent exopeptidases. 
 
Lundgren S, Andersen B, Piškur J, Dobritzsch D., J Biol Chem. (2007) 4; 
[Epub ahead of print], Crystal structures of yeast beta-alanine synthase 
complexes reveal the mode of substrate binding and large-scale 
domain closure movements. 
 
Matthews MM, Liao W, Kvalnes-Krick KL, Traut TW., Arch Biochem 
Biophys. (1992) 293(2):254-63, Beta-Alanine synthase: purification and 
allosteric properties. 
 
McLeod HL, Collie-Duguid ES, Vreken P, Johnson MR, Wei X, Sapone 
A, Diasio RB, Fernandez-Salguero P, van Kuilenberg AB, van Gennip, 
AH, Gonzalez FJ., Pharmacogenetics (1998) 8;455-459, Nomenclature 
for human DPYD alleles 
 
Milano G, Ferrero JM, Fracois E., Br. J. Cancer (2004) 91; 613-617, 
Comparative pharmacology of oral fluoropyrimidines: a focus on 
pharmacokinetics, pharmacodynamics and pharmacomodulation. 
 
Münch G, Mayer S, Michaelis J, Hipkiss AR, Riederer P, Müller R, 
Neumann A, Schinzel R, Cunningham AM., Biochim Biophys Acta. 
(1997) 27;1360(1):17-29, Influence of advanced glycation end-products 



 
 
 

 
 
 

67 

and AGE-inhibitors on nucleation-dependent polymerization of beta-
amyloid peptide. 
 
Nakai T, Hasegawa T, Yamashita E, Yamamoto M, Kumasaka T, Ueki T, 
Nanba H, Ikenaka Y, Takahashi S, Sato M, Tsukihara T., Structure. (2000) 
15;8(7):729-37, Crystal structure of N-carbamyl-D-amino acid 
amidohydrolase with a novel catalytic framework common to 
amidohydrolases. 
 
Ogawa J, Shimizu S., Eur J Biochem. (1994) 15;223(2):625-30, Beta-
ureidopropionase with N-carbamoyl-alpha-L-amino acid 
amidohydrolase activity from an aerobic bacterium, Pseudomonas 
putida IFO 12996. 
 
Pace HC, Brenner C., Genome Biol. (2001) 2(1), The nitrilase 
superfamily: classification, structure and function. 
 
Pace HC, Hodawadekar SC, Draganescu A, Huang J, Bieganowski P, 
Pekarsky Y, Croce CM, Brenner C., Curr Biol. (2000) 10;10(15):907-17, 
Crystal structure of the worm NitFhit Rosetta Stone protein reveals a 
Nit tetramer binding two Fhit dimers. 
 
Piškur J, Schnackerz KD, Andersen G, Björnberg O., Trends Genet. 
(2007) 23(8):369-72, Comparative genomics reveals novel biochemical 
pathways. 
 
Rawls JM Jr., Genetics. (2006) 172(3):1665-74, Analysis of pyrimidine 
catabolism in Drosophila melanogaster using epistatic interactions 
with mutations of pyrimidine biosynthesis and beta-alanine 
metabolism. 
 
Rowsell S, Pauptit RA, Tucker AD, Melton RG, Blow DM, Brick P., 
Structure (1997) 5;337-347, Crystal structure of carboxypeptidase G2, 
a bacterial enzyme with applications in cancer therapy. 
 
Sandberg M, Jacobson IJ., Neurochem. (1981) 37;1353-1356, Beta-
Alanine, a possible neurotransmitter in the visual system? 
 
Sakamoto T, Sakata SF, Matsuda K, Horikawa Y, Tamaki N., J Nutr Sci 
Vitaminol (Tokyo). (2001) 47(2):132-8, Expression and properties of 
human liver beta-ureidopropionase. 



 
 
 

 
 
 

68 

 
Sakai N, Tajika Y, Yao M, Watanabe N, Tanaka I., Proteins. (2004) 
1;57(4):869-73, Crystal structure of hypothetical protein PH0642 from 
Pyrococcus horikoshii at 1.6A resolution. 
 
Sanno Y, Holzer M, Schimke RT., J Biol Chem. (1970) 10;245(21):5668-
76, Studies of a mutation affecting pyrimidine degradation in inbred mice. 
 
Schmieden V, Kuhse J, Betz H., Mol Pharmacol. (1999) 56(3):464-72, A 
novel domain of the inhibitory glycine receptor determining 
antagonist efficacies: further evidence for partial agonism resulting 
from self-inhibition. 
 
Schroeder PE, Hasinoff BB., Cancer Chemother Pharmacol. (2002) 
50(6):509-13, The doxorubicin-cardioprotective drug dexrazoxane 
undergoes metabolism in the rat to its metal ion-chelating form ADR-
925. 
 
Sewell BT, Thuku RN, Zhang X, Benedik MJ., Ann N Y Acad Sci. (2005) 
1056:153-9, Oligomeric structure of nitrilases: effect of mutating 
interfacial residues on activity. 
 
Smirnova T., J Biol Chem. (2003) 21;278(8):6521-31, Sequence 
identification and characterization of human carnosinase and a closely 
related non-specific dipeptidase. 
 
Soong CL, Ogawa J, Sakuradani E, Shimizu S., J Biol Chem. (2002) 
1;277(9):7051-8, Barbiturase, a novel zinc-containing amidohydrolase 
involved in oxidative pyrimidine metabolism. 
 
Supplisson S, Roux MJ., FEBS Lett. (2002) 2;529(1):93-101, Why glycine 
transporters have different stoichiometries. 
 
Tamaki N, Mizutani N, Kikugawa M, Fujimoto S, Mizota C., Eur. J. 
Biochem. (1987) 169, 21-26, Purification and properties of beta-
ureidopropionase from the rat liver. 
 
Teufel M, Saudek V, Ledig JP, Bernhardt A, Boularand S, Carreau A, 
Cairns NJ, Carter C, Cowley DJ, Duverger D, Ganzhorn AJ, Guenet C, 
Heintzelmann B, Laucher V, Sauvage C., J Biol Chem. (2003) 
21;278(8):6521-31, Sequence identification and characterization of 



 
 
 

 
 
 

69 

human carnosinase and a closely related non-specific dipeptidase. 
 
Thuku RN, Weber BW, Varsani A, Sewell BT., FEBS J. (2007) 
Apr;274(8):2099-108, Post-translational cleavage of recombinantly 
expressed nitrilase from Rhodococcus rhodochrous J1 yields a stable, 
active helical form. 
 
Traut TW, Jones ME., Prog Nucleic Acid Res Mol Biol. (1996) 53:1-78, 
Uracil metabolism -UMP synthesis from orotic acid or uridine and 
conversion of uracil to beta-alanine: enzymes and cDNAs. 
 
van Kuilenburg AB, van Lenthe H, van Gennip AH., Nucleosides 
Nucleotides Nucleic Acids. (2006) 25(9-11):1211-4, Activity of 
pyrimidine degradation enzymes in normal tissues. 
 
van Kuilenburg AB, Meinsma R, Beke E, Assmann B, Ribes A, Lorente I, 
Busch R, Mayatepek E, Abeling NG, van Cruchten A, Stroomer AE, van 
Lenthe H, Zoetekouw L, Kulik W, Hoffmann GF, Voit T, Wevers RA, 
Rutsch F, van Gennip AH., Hum Mol Genet. (2004) 15;13(22):2793-801, 
Beta-Ureidopropionase deficiency: an inborn error of pyrimidine 
degradation associated with neurological abnormalities. 
 
van Kuilenburg AB, Meinsma R, Zonnenberg BA, Zoetekouw L, Baas F, 
Matsuda K, Tamaki N, van Gennip AH., Clin. Cancer Res. (2003) 9; 
4363-4367, Dihydropyrimidinase deficiency and severe 5-fluorouracil 
toxicity 
 
van Kuilenburg AB, Vreken P, Abeling NG, Bakker HD, Meinsma R, Van 
Lenthe H, De Abreu RA, Smeitink JAM, Kayserili H, Apak MY, 
Christensen E, Holopainen I, Pulkki K, Riva D, Botteon G, Holme E, 
Tulinius M, Kleijer WJ, Beemer FA, Duran M, Niezen-Koning KE, Smit 
GP, Jakobs C, Smit LM, Moog U, Spaapen LJ, Van Gennip AH., Hum. 
Genet., (1999) 104;1-9, Genotype and phenotype in patients with 
dihydropyrimidine dehydrogenase deficiency 
 
Vistoli G, Pedretti A, Cattaneo M, Aldini G, Testa B., J. Med. Chem. 
(2006) 49; 3269-3277, Homology modeling of human serum 
carnosinase, a potential medicinal target, and MD simulations of its 
allosteric activation by citrate. 
 
Vogels GD, Van der Drift C., Bacteriol Rev. 1976 40(2):403-68, 



 
 
 

 
 
 

70 

Degradation of purines and pyrimidines by microorganisms. 
 
Waldmann G, Cook PF, Schnackerz KD., Protein Peptide Lett. (2005) 
12;69-73, Purification and properties of β-alanine synthase from calf 
liver. 
 
Walsh TA, Green SB, Larrinua M, Schmitzer PR,. Plant Physiol. (2001) 
125, 1001-1011, Characterization of plant β-ureidopropionase and 
functional overexpression in Escherichia coli. 
 
Wang WC, Hsu WH, Chien FT, Chen CY., J Mol Biol. (2001) 
16;306(2):251-61, Crystal structure and site-directed mutagenesis 
studies of N-carbamoyl-D-amino-acid amidohydrolase from 
Agrobacterium radiobacter reveals a homotetramer and insight into a 
catalytic cleft. 
 
Wang DS, Zhu HL, Li JS., Int J Neurosci. (2003) 113(3):293-305, Beta-
alanine acts on glycine receptors in the rat sacral dorsal commissural 
neurons. 
 
Wasternack C., Pharmacol. Ther. (1980) 8;629-651, Degradation of 
pyrimidines and pyrimidine analogs -pathways and mutual influences. 
 
Widemann BC, Adamson PC., Oncologist (2006) 11, 694-703, 
Understanding and managing methotrexate nephrotoxicity. 
 


