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Abstract
The aim of this PhD-study was to address some of the overlapping bottlenecks in protein
engineering and metagenomics by developing or applying new tools which are useful for both
disciplines. Two enzymes were studied as an example: Triosephosphate Isomerase (TIM) and
Uridine Phosphorylase (UP). TIM is an important enzyme of the glycolysis pathway and has been
investigated via means of protein engineering, while UP is a key enzyme in the pyrimidine-salvage
pathway. In this thesis TIM was used to address protein engineering aspects, while UP was used
in regards to some metagenomic and bioinformatic aspects. 

The aspects of a structural driven rational design approach and its implications for further
engineering of monomeric TIM variants are discussed. Process development based on a new
technology, EnBase®, addresses the relative instability of new variants, compared to its ancestors,
for further studies. EnBase® is then applied for the production of 15N isotope labeling of a
monomeric TIM variant, A-TIM. 

Systematical function- and engineering studies on dimeric TIM and monomeric TIM in regards
to the hinges of the catalytic loop-6 were conducted to investigate enzyme activity and stability.
Both the A178L and P168A were proposed to induce loop-6 closure, a wanted feature for A-TIM
variants. The P168A mutants are hardly active, but gave great insight into the catalytic machinery,
while the A178L mutants did induce partial loop-6 closure, however in addition, monomeric
A178L was destabilized. 

Homology driven genome mining and subsequent isolation- high throughput (HTP)
overexpression of a thermostable UP from the Archaea Aeopyrum pernix was carried out as an
example for the production of recombinant proteins. In addition an alternative kinetic method to
study the kinetics of UP by means of NMR directly from cell lysate is discussed. The combination
of expression libraries and EnBase® in a HTP manner may relieve up the gene-to-product
bottleneck. 

The structural aspects of A. pernix UP are explored by means of simple bioinformatic tools in
the last section of this thesis. A thermostable, truncated version of UP was created and its use for
protein engineering in the future is explored. The long N-terminal and C-terminal ends of A. pernix
UP seem to be involved in stabilizing the dimeric and hexameric structures of UP. However,
deletion of the N-terminal end of A. pernix UP yielded a thermostable protein. 

Overall, the finding in regards to process optimization and HTP expression and optimization
and the underlying methods used in the TIM studies and the UP studies are interchangeable. 

Keywords: biocatalyst, bioinformatics, enzyme, high throughput, kinetic studies,
metagenomics, protein engineering, TIM, triosephosphate isomerase, UP, uridine
phosphorylase
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ΔUP N-terminal deletion of 18 amino acids of gene APE2105.1 
2PG 2-phosphoglycolate 
A Absorption 
Å 1 · 10 -10 meters 
Amp Ampicillin 
apUP Aeropyrum pernix uridine phosphorylase (EC-Number 2.4.2.3) 
BHAP Bromohydroxyacetone phosphate 
bTIM Bacillus stearothermophilus TIM 
CD Circular dichroism 
cTIM Chicken TIM (Gallus gallus) 
DEN A mixture of DTT, EDTA and NaN3 
DTT  Dithiothreitol 
EDTA  Ethylenediaminetetraacetic acid 
NaN3  Sodium azide 
DGAP (R)-glyceraldehyde-3-phosphate 
DHAP Dihydroxyacetone phosphate 
eTIM Escherichia coli TIM 
GAP-DH Glyceraldehyde-3-phosphate dehydrogenase (EC-Number 1.2.1.12) 

from Oryctolagus cuniculus 
GDH Glycerol dehydrogenase (EC-Number 1.1.1.6 ) from Oryctolagus 

cuniculus 
HCl Hydrochloric acid 
HTP High throughput 
hTIM Human TIM (Homo sapiens sapiens) 
Ic Inhibitor concentration 
IPTG Isopropyl-beta-D-thiogalactopyranoside 
KIE Kinetic isotope effect 
K‟m Apparent Km 
kcat The enzyme‟s catalytic rate constant (or turnover number) 
Km The Michaelis constant 
LB Luria-Bertani medium 
lmTIM Leishmania mexicana TIM 
MW Molecular weight 
N Number of observations 
NAD+ Nicotinamide adenine dinucleotide (oxidized form) 
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NADH Nicotinamide adenine dinucleotide (reduced form) 
NaOH Sodium hydroxide 
PGH phosphoglycolohydroxamate 
PDB Protein database file 
pfTIM Pyrococcus furiosus TIM 
RE-TIM tbTIM T75R – G76E mutant 
RT Room temperature 
rTIM Rabbit (Oryctolagus cuniculus) TIM 
sd sd (n-1) or standard deviation 
stUP Salmonella typhimurium UP 
TEA Triethylamine 
tbTIM Trypanosoma brucei brucei TIM 
TIM Triosephosphate isomerase (EC-Number 5.3.1.1 )  
Tm Melting temperature 
tTIM Thermotoga maritima TIM 
UP Uridine phosphorylase (EC-Number.4.2.3) 
vTIM Vibrio marinus TIM 
wt Wild type 
YSL cTIM Y176, S177, L178 variant 
yTIM Yeast (Saccharomyces cerevisiae) TIM 
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1 Introduction 

1.1 Biocatalysts 

The industry referred to as white biotechnology, which makes use of biocatalysts 
(i.e. industrial enzymes) is big business. The products of white biotechnology and 
bioenergy will have an estimated one-third share, worth € 300bn, of industrial 
production by the year 2030. This growth has been estimated in a high-level 
conference (“En Route to a Knowledge-Based Bio-Economy”, May 2007, 
Cologne, Germany), organized by the European Union (European Union 2007). 
The report addressed many aspects which were recommended in earlier reports 
(e.g. (McKinsey & Company 2004). However, global sustainability is based on 
economical viability, social responsibility and environmentally sound choices, all 
with their hurdles and drivers as is summarized in Table 1. In order for the white 
biotechnology to capitalize on these promises all these issues must be addressed.  

Table 1. Drivers and hurdles for utilization of biocatalysts. 

Parameter Driver Hurdle  

economical viability Cost reduction, Novel products Regulations, Feedstock prices, 

Further technology development, 

Investments 

social responsibility Knowledge base quality jobs, 

Responsibility 

Unawareness, Acceptance 

environmentally sound choices Less energy, Less waste Further technology development, 

waste management 

Further technological developments to overcome these hurdles are dictated by the 
biocatalyst‟s value chain (see Fig. 1). Some of these improvements are technical 
in nature while others come from the use of micro-organisms and their 
biocatalysts. 

One example about the treatment of agricultural (by) product for the 
production of sugars to „feed‟ the rest of the value chain describes the 
fermentation of soft wheat flour (8% w/v) medium by the fungal strain 
Aspergillus awamori (Koutinas et al. 2004), which produces a wide variety of 
enzymes (glucoamylases, proteases, lipases, phosphatases, xylanases and 
cellulases). It also releases all phosphorus from wheat. The fungal cells autolyse 
due to oxygen limitation and release their cell content into the medium. Vital 
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gluten is extracted as an added-value byproduct. Enzymatic hydrolysis of gluten-
free flour by the enzyme complex produced by A. awamori during fermentation 
produces a  liquid stream r ich in gluc ose (320 g/L ). Autolysis of fungal cells 
produces a  micronutrient-rich solut ion similar to yeast extract (1.6 g/L nitrogen, 
0.5 g/L phosphorus). This process produces generic feedstock at an operating cost 
lower than the market price of glucose syrup. 
 

 
Fig. 1. The value chain of biocatalysts. Modified from (McKinsey & Company 2004). In 
this study the focus is on biochemicals.

Biocatalysis by use of (micro-) organism, e ither whole c ell, the in ternal c ell 
material (i.e. cell lysate) or is olated, purified e nzymes has many a pplications 
(Kirk et al . 2002). In this e laborate r eview bioc atalysts a re divided in their 
industrial applications: Detergent industry (e.g. proteases, hydrolases, amylases), 
textile a pplications (e.g. lyases), starch conversion (e.g. glucose isomerases, 
(gluco-)amylases), food industry (e. g. Lipases, transglutaminases, li polytic 
enzymes, laccases), feed industry (xylases, xylanases, phytases) and for organic 
synthesis (lipases, nitrilases, acylases).  

A few specific biochemical examples are: the production of 1,5-anhydro-D-
fructose as a good antioxidant in the food industry synthesized by dextransucrase 
derived fr om (Richard et al . 2005), the production of rec ombinant human 
antithrombin b y Pichia pas toris in the  pharmaceutical industry (Kuwae et al . 
2005), the us e of a carboxyme thyl cellulase pro duced by an alkalothermophilic 
actinomycete for the use of detergents (George et al. 2001) as an example of fine 
chemistry. An organic-soluble enzyme for the preparation of poly(lactic acid) in 



 15 

organic solvents is a nice example of a modified enzyme (Distel et al. 2005) for 
the production of biomaterials. 

The elaborate field of bio-fuels will not been reviewed in detail here, but 
recommended reports are: microbial synthesis and bio-fuels (Chemier et al. 2009), 
its impact on biotechnology (Otero et al. 2007) and the emerging field of methyl 
halides (Bayer et al. 2009).  

The overall challenge however is to find the right way to express the genes of 
interest so that the product has the desired properties. Throughout the years of 
protein expression several tools have become available, from numerous 
advancements in molecular biology up to protein structures at atomic resolutions. 
As pointed out by Burton et al. (2002) the aspects of the final bioprocess are an 
economical bottleneck pushing the innovations of altered biocatalysts, or 
industrial enzymes forward. Often the ideal process, as defined in Fig. 2, has 
technical limitations forcing adaptations of the underlying components. 

Even though biocatalysts are nowadays more adapted to the bioprocess in 
which they should act (Burton et al. 2002), this does not mean bioprocess 
development has halted. Bioprocess design, biochemical systems characterization 
and metabolic control analysis, preparative chromatography, affinity filtration and 
protein crystallization are target areas mostly under development (Weuster-Botz 
et al. 2007). Some of these aspects are discussed in Chapter 2. 

Major effort is done on designing special expression strains for the 
production of recombinant proteins (Chou 2007). In regards to the generation of 
expression plasmids, prior knowledge of the target protein will result in a few 
constructs, however with little knowledge of the target protein a parallel approach 
to optimize the expression is needed (Hunt 2005). The trend in process 
development for the production of recombinant protein (or active biocatalyst) is 
in parallelization (Weuster-Botz 2005) or miniaturization (Lee et al. 2006). Some 
aspects of parallelization and miniaturization to aid metagenomic studies, 
functionality screening and protein expression optimization are discussed in 
Chapter 4. 
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Fig. 2. The mu lti-scale p roblems of b ioprocess parameters and the co ntributions to  
the design o f t he i deal biotransformation p rocess. Each u nit op eration c an be  
enhanced by the development of key technologies. The top panel was modified from 
Wang et al. 2009 and the bottom panel was modified from Burton et al. 2002.  

An a spect to c onsider is the right inducer for your bioprocess. Although a ctive 
small-molecule inducers are often used in laboratory expressions they are still not 
widely used in a n industry setting (Weber & Fussenegger 2007). The wish-list of 
characteristics for a  best-in-class biopr ocess-compatible pro duct gene c ontrol 
system is stated in the same review:  

– Leaky expression of the product gene should not impact the bioprocess under 
repressed conditions;  

– Maximum expression le vels under f ully induce d conditions compare 
favorably with those reached with standard constitutive promoters, Meaning: 
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cells can survive expression over a longer period of time, with little effect on 
protein synthesis apparatus; 

– Reversibility of product gene expression implying rapid switching kinetics 
and straightforward inactivation or removal of the trigger stimulus from the 
culture broth without the need for a medium exchange or complex 
purification procedures; 

– Adjustability of product gene expression to titrate difficult-to-produce protein 
pharmaceuticals, such as those which are cytotoxic or impair growth, into an 
optimal expression window; 

– Compact genetic design to enable straightforward engineering and selection 
of production cell lines; 

– Interference-free operation of the product gene control system in the 
production cell line, 

– The trigger molecule should be physiologically inert, a licensed component 
of the production medium, or a constituent part of the host cell metabolism. 

Due to the well-characterized genome and a variety of mature tools available for 
genetic manipulation, Escherichia coli is still the most common workhorse for 
recombinant protein production (Chou 2007), and therefore is still very 
compatible with most aspects of the above mentioned wish-list for many 
recombinant proteins. However, since genetic tools for gene manipulation for 
other organisms such as P. pastoris (Li et al. 2007), S. cerevisiae (Porro & 
Mattanovich 2004), various Bacillus strains (Udaka et al. 1989, Crampton et al. 
2007, Schumann 2007, Vary et al. 2007) are on the rise (in addition to insect cells, 
mammalian cells, and cell free systems), specific needs of the target protein may 
well fit within the “wish-list space”. Other new organisms are arriving on the 
horizon, such as, Tetrahymena (Gaertig et al. 1999), P. fluorescens (Squires et al. 
2004), algae (Fletcher et al. 1976), plants and fungi (Mett et al. 2008). 

One expression system that has gained popularity in the last decades was 
developed for E. coli: the T7-RNA polymerase system (Studier & Moffatt 1986, 
Studier et al. 1990). The T7 system is used in combination with BL21(DE3) 
strains, either with or without the use of the vector pLysS, which produces T7-
lysozyme, to actively repress the T7 promoter before induction starts (Studier 
1991). An elaborate review identified this system as part of the best consensus 
protocol for the production of soluble protein in E. coli (Graslund et al. 2008).  

Another promoter system often used employs derivatives of the plac promoter 
and utilizes the native DNA polymerase of E. coli. However often used in large 
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scale fermentation (Kawe et al. 2009), the system is not fully repressed which can 
lead to facile promoter deletions in the expression plasmid (Kawe et al. 2009). 
This effect can often not be observed from growth rates or colony number after 
transformation. The overexpression of LacI with the lacIq phenotype is stated by 
Kawe et al. (2009) to be mandatory for routine protein overproduction, even if 
none of the expressed proteins show signs of growth retardation or other evidence 
of toxicity.  

Understanding of bioprocesses has also resulted in useful dynamic modeling 
tools for the design of new processes (Gao et al. 2007). However the knowledge 
about underlying reaction kinetics, often derived from experimental work, is 
needed. In addition an optimized bioprocess also needs a proper design (Havel et 
al. 2006).  

After the process is defined at laboratory scale one must consider additional 
aspects for biocatalyst production, such as whether to use of whole cell or to 
isolate the enzyme. In all cases a robust host is required and often constitutive 
expression is preferred (Burton et al. 2002, Cowan et al. 2004). However, one 
aspect must be always considered: higher turnover is more product. This is 
determined by genes, microenvironment and the form of formulation and 
application. Several aspects influence the activity, or turnover number, of the 
biocatalysts and have an effect on the product yields. Product yields are in 
addition influenced by pH, temperature, salt concentration, and matrix 
(water/organic solvent). Another property of a biocatalyst to consider is 
selectivity: substrate specificity (broad versus narrow) and ligand affinity. Lastly, 
molecular stability must be considered: extreme temperature, ionic strength, 
presence of detergents, pH, organic solvents, surfaces, and interfaces can affect 
stability of the biocatalyst. Regarding stability, immobilized enzymes in industry 
reactors with a packed bed have an advantage over stirred-tank processes, if the 
biocatalyst is stable under these conditions. In the designed process product 
recovery should consists of a minimum of downstream steps. 

There is a global political drive to promote white (industrial) biotechnology 
as a central feature of the sustainable economic future of modern industrialized 
societies (Lorenz & Eck 2005). From an industrial perspective the biocatalyst 
needs to function sufficiently well according to several parameters: there is a 
search for the ideal biocatalyst, there is a search for novelty to avoid infringement, 
there is a drive for maximum diversity, many pharmacologically active secondary 
metabolites are produced by bacteria that live in complex ”consortia” or 
difficultly cultivatable bacteria.  
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Concluding, there is a high demand for novel enzymes and biocatalysts now, 
and for the future. 

1.2 Making or finding biocatalysts: protein engineering versus 
metagenomics 

In terms of exploring catalytic diversity of biocatalysts, Fig. 3 shows a schematic 
overview of different approaches on how to find or create the ideal biocatalyst, or 
in other words exploring the sequence space.  
 

 

Fig. 3. Options f or moving around i n seq uence s pace. 1) A bbreviations: ss m: si te 
specific m utagenesis; eep: error prone PC R; gs: gene shuffling; gs h: g enome 
shuffling; met: metagenomic screening; s at: saturation m utagenesis; cls: classical 
screening. Figure was modified from Burton et al. 2002 and Cowan et al. 2004. 

The methods in Fig. 3 sample a different amount of variation in its own genomic 
material, or sequences. These sa mpling moments c ould be c losely r elated to its 
own se quence or be very dif ferent. The edge of these possibilities is called the 
sequence space and is depicted in the last pane of Fig. 3.  
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Popular approaches are the metagenomic approach and mutagenic approaches 
combined with DNA shuffling (Burton et al. 2002). Both in protein engineering 
and metagenomic approaches one can find overlapping properties and bottlenecks. 
However they also have their own set of tools and bottlenecks. 

Protein engineering 

Protein engineering is often used as a tool when investigating protein stability 
(Eijsink et al. 2004), altering or improving the catalytic properties of enzymes 
(Jestin & Kaminski 2004), and understanding functionality (Schliebs et al. 1997, 
Russell 2000, Nardella et al. 2004). Furthermore, protein engineering has found 
its way into the design of novel catalysts (Bolon & Mayo 2001, Kaplan & 
DeGrado 2004). Stability is an important economical factor when applying an 
enzyme in an industrial process. This has led to many studies that focus on 
protein unfolding, enzymes extracted from extremophiles, and the rational design 
of stabilizing mutations (Eijsink et al. 2004). One of the conclusions of the review 
by Eijsink et al. (2004) is that it is feasible to improve the kinetic stability, but 
that there are many possibilities regarding mutagenesis strategies. Another 
concern is the fundamental difference between „laboratory stability‟ of small pure 
proteins that unfold reversibly and completely at high temperatures, and 
„industrial stability‟, which is usually governed by partial unfolding followed by 
irreversible inactivation (e.g. aggregation). Moreover, often directed evolution is a 
trade-off between the desired effect and stability of the enzymes (Hamamatsu et 
al. 2006) although later reports by Reetz and coworkers seem to circumvent this 
effect by iterative, saturation mutagenesis (Reetz et al. 2006, Reetz et al. 2009). 

Catalysts can be engineered for a specific reaction. Even though the use of a 
selection of catalysts applied to a large and appropriate protein repertoire may 
yield best results, the selection based on product formation requires specific 
knowledge in addition to organic chemistry and biochemistry. Other fields of 
interest are: modulation of the metabolic pathways of host organisms, and 
computational methods to predict the effect of mutations (Jestin & Kaminski 
2004). One possible starting point is the exploitation of promiscuous activities of 
enzymes (i.e. the acceptance of alternative substrates in parallel to its main 
biological functionality) for directed evolution approaches (James & Tawfik 2003, 
Bornscheuer & Kazlauskas 2004, Nobeli et al. 2009).  

Structure and function analysis of natural proteins is often used to construct 
versions that retain a degree of biological activity compared to the original 
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enzyme (Razeghifard et al. 2007). These intermediates or even degenerates of 
enzymes are often ideal starting points for evolutionary pressure towards 
alternative functionalities (Vamvaca et al. 2004). 

Additional driving forces are: the need for enantiomerically pure fine 
chemicals and detachment from chemically burdened technologies (Robertson & 
Steer 2004), the advancement of computational tools in the field (Damborsky & 
Brezovsky 2009) and the growing popularity of nano-technologies (Wang 2009). 

Metagenomics  

As pioneers in this field Pace and co-workers (Stahl et al. 1984, Lane et al. 1985, 
Schmidt et al. 1991) established the techniques that soon to be seen as a new field 
in molecular biology. The term metagenomics was first used by Jo Handelsman 
(Handelsman et al. 1998) to describe the functional and sequence-based analysis 
of collective microbial genomes in an environmental sample. 

In an elaborate review of the field, with a focus on genomic analysis, 
Handelsman and co-workers discuss the impact on phylogeny, function and 
challenges associated with metagenomics (Riesenfeld et al. 2004). One major 
problem in the discovery of new genes from bacterial sources is how to obtain 
them, since less than 1% can be cultured. By isolating RNA, which then can be 
converted to DNA to study specific gene products (i.e. proteins) this problem can 
be circumvented. Metagenomics is a technique to find new genes and proteins 
with special properties from various environments. This can be based on three 
approaches (1), isolating DNA based on its sequence and its suspected product 
compared to known sequences, (2) screening for desired biological activity of 
DNA products, or (3) finding biocatalysts for novel processes by homology-
driven genome mining (Ferrer et al. 2005).  

Due to the major advancements in DNA sequencing (mainly driven by the 
human genome project (Human Genome Sequencing Consortium 2004) many 
genomes of organisms are being sequenced. This vast amount of data can then be 
explored to find (i) sequence-based substrate specificity, (ii) structural 
homologues of enzymes or (iii) enzymes with identical activity, but with 
alternative properties (Ferrer et al. 2005, Challis 2008). Screening the genes of 
interest is moving faster forward since the introduction of direct shotgun 
sequencing and high throughput techniques for activity based approaches. 
Additionally, metagenomes could give insight into the lifestyles of uncultured 
microorganisms for the use of pathway engineering. 
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Some examples of highly valuable biocatalysts, isolated by metagenomic 
approaches are: amylase (Richardson et al. 2002), cellulase (Percival Zhang et al. 
2006), chitinases (Cottrell et al. 1999, Dahiya et al. 2005), dehydratase (Knietsch 
et al. 2003), histidine protein kinase (Ma et al. 1997, Hughes et al. 1997), lipases 
(Henne et al. 2000, Jaeger & Eggert 2002) and polyketide synthase (Piel 2002, 
Courtois et al. 2003, Piel et al. 2004, Kittendorf & Sherman 2006) to name just a 
few. Interestingly, metagenomics also discovers novel enzymes with activities 
such as antibacterial, nuclease and hemolytic activity (Rondon et al. 2000), 
agarases, astereoselective amidase, cellulases, 1,4-alpha-glucan branching 
enzyme, pectate lyases (Voget et al. 2003). However, there are many more since 
the field of biocatalyst is very big. 

The challenges in metagenomics lie in: (1) finding the right phylogenic 
marker; (2) the size of the metagenomic sample (amount of DNA needed, 
processing of many clones and sequences, difficulty of representing the minor 
species in a sample); (3) library strategy (size inserts, lysis, sequencing technique 
used, gene product toxicity, vectors); (4) Screening for function (functional 
screening, sequenced based screening). Therefore, several steps in the process of 
a metagenomic study have to be evaluated to find those specific biocatalysts 
suitable for the desired processes (Kowalchuk et al. 2007). Please note that many 
of these challenges and considerations, as summarized up in Table 2. 

Several new techniques in the recent years such as shotgun analysis of 
community genomes may reveal numerous genomic scaffolds in the near future 
and potentially novel biocatalysts. Advances in product or activity driven studies 
will provide new variants of functions of interest. Several issues still need to be 
addressed here, such as effective gene isolation, the ability to detect target genes, 
the ability to tailor the expression into viable production schemes. One major 
issue still to be solved is the high-level expression of large libraries and how to 
translate these processes to large scale. It is also clear that the field needs constant 
input of new techniques in bioinformatics and data analysis. 

One specific field that has benefitted from the metagenomic approach is the 
study of biocatalysts derived from extremophiles (Ferrer et al. 2007). This is due 
to the sophisticated genomes and the potential for novel biocatalysts not yet 
discovered. Their molecular mechanisms are adapted to extreme physico-
chemical conditions and therefore they have great practical importance for 
industrial applications. 
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Table 2. Overcoming the challenges in metagenomic studies (steps 1–5) and protein 
engineering studies (many aspects of steps 2–4). 

Step in the study Considerations 

1. Environmental sampling Biodiversity of the environment, reliability of the 

enrichment-method, amount of biomass (DNA) 

available, development of strategy, pooling and 

sample integrity. 

2. DNA extraction and preparation Direct or after cell, amount of DNA, purity level 

needed, achieving appropriate size range of DNA 

fragments 

3. Cloning and transformation Vector properties, host species & genotype, size of 

the library (and storage). 

4. Library screening Screening via PCR of hybridization, functional 

screening via positive selection or assay, high 

throughput approaches (screening), functional 

screening.  

5. Downstream analysis & use Sequencing analysis and annotation, isolation of 

genes, over-expression for product/activity assays, 

activity manipulation and optimization 

One can expect: DNA isolation from signal microorganisms in the near future 
(Kowalchuk et al. 2007), the increasing power of data-mining in large databases 
and even the analysis of signal DNA or RNA molecules. These approaches are in 
need of high throughput functional screens and rapid identification methods 
(Riesenfeld et al. 2004).  

In the news focus section in Science, March 2007, the work of J. Craig Venter 
is discussed (Bohannon 2007). By sampling the oceans and seas, in contrast to 
soil samples, Venter and co-workers found over 28 000 of the so-called 
eukaryotic protein kinases, as well as another 19 000 of a group of biocatalysts 
that are highly similar to kinases, hereby tripling the number of previously known 
kinases. Furthermore, a database of their finding to correlate between DNA 
sequence and environment for clues about co-occurring microbes is known as the 
Community Cyber infrastructure for Advanced Marine Microbial Ecology 
Research and Analysis (CAMERA) (Yooseph et al. 2007). One recent addition in 
the hunt for novel genes, and new, exciting biocatalysts, are metagenomic 
libraries derived from viruses (Williamson et al. 2008). 

In conclusion, what is better: „finding an enzyme‟ or „making it‟? This cannot 
be directly answered. It depends on how easy it is to make or how special the 
properties are that are found. Protein engineering is a relatively young field, with 
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early contributions before error-prone PCR (Spiegelman et al. 1967, Spiegelman 
1967, Francis & Hansche 1972, Hutchison, III et al. 1978, Biebricher et al. 1984); 
recommended further reading on these early contributions is the Nobel lecture of 
Michael Smith (Smith 1993). Random mutagenesis methods advanced the field 
(Liao et al. 1986, Wells & Powers 1986, Wells & Estell 1988, Joyce 1994, Jaeger 
et al. 2001) to the many protocols know today (Lutz & Bornscheuer 2008). The 
field of metagenomics is even younger and both fields have overlapping 
properties. It is of no surprise that both methods are mixed in creating and finding 
the ideal biocatalyst at the same time, often in parallel and more and more in a 
high throughput manner. 

Two biocatalyst under investigation 

Two enzymes which have potential in the field of biochemicals are 
Triosephosphate Isomerase (TIM; EC number 5.3.1.1) and Uridine Phosphorylase 
(UP; EC number 2.4.2.3). The first biocatalyst is an example of protein 
engineering aspects, while the later is an example of metagenomics, and more 
precise homology-driven genome mining. 

TIM is an enzyme which can be found in a wide range of organisms (Chang 
et al. 2009) from extreme thermophilic bacteria (Bell et al. 1998, Maes et al. 1999) 
up to higher organisms (Rozacky et al. 1971). TIM is an essential glycolytic 
enzyme and catalyzes the interconversion of dihydroxyacetone phosphate (DHAP) 
and (R)-glyceraldehyde-3-phosphate (D-GAP) which enters finally, after passing 
the later stages of the glycolysis pathway, into the citric acid cycle (Pompliano et 
al. 1990, Kursula et al. 2001). The kinetic aspects of TIM are reviewed in more 
detail in Chapter 3. Each monomeric unit consists of an eightfold repeat of (βα)-
units, or so called TIM-barrel fold (see Fig. 4a) (Wierenga 2001). 
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Fig. 4. Overall structural representations of (a) dimeric triosephosphate isomerase. In 
one subunit of the TIM-barrel are the βα-loops 1–8 indicated by numbers and (b) the 
hexameric structure of uridine phosphorylase. Each dimer contains two active sites 
built from both monomeric subunits. The UP dimer is stabilized by potassium ions 
(spheres). Note that human UP1 consists of 1 dimer with no potassium binding site 
present. Catalytic active domains are in the same color.  

In general, TIM is an attractive starting point for protein engineering because of 
the high representation of the TIM barrel as a scaffold for enzymatic proteins 
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(Soberon et al. 2004). Some aspects of protein engineering on TIM are reviewed 
in Chapter 2 and 3. Also, the lack of co-factors required by TIM needed to 
complete the catalysis (Kursula et al. 2001) is an advantage in industrial 
bioconversions.  

UP is a key enzyme in the pyrimidine salvage pathway that catalyses the 
reversible phosphorolysis of uridine to uracil and ribose 1-phosphate (Pugmire & 
Ealick 2002). UP has been isolated and characterized from several sources, but is 
not so thoroughly studied as TIM (Chang et al. 2009). UP belongs to the 
nucleoside phosphorylase NP-I family of proteins which possess α/β folds and are 
trimeric or hexameric (through trimerization of dimers; see Fig. 4b) in nature 
(Pugmire & Ealick 2002). The exception up till date is human UP, which consists 
of an active dimer and lacks of the potassium binding site (Roosild et al. 2009). In 
Chapters 4 and 5 the kinetic and structural properties of UP are explained more in 
detail. 

UP is interesting for the production of pharmaceutical molecules, for example 
modified nucleosides which can act as anti-viral or as cancer drugs. Furthermore, 
the only cofactor needed is a potassium ion, which is present in the cultivation 
media.  

1.3 Aims of the work 

The aim of this work is to address some of the overlapping bottlenecks in protein 
engineering and metagenomics by developing or applying new tools which are 
useful for both disciplines.  

In protein engineering and in metagenomic approaches one must address: (i) 
the vast amount of clones and sequences (library strategies), (ii) the vast amounts 
of gene products (purity, activity, selectivity), and (iii) adopting an effective 
screening protocol for activity (data mining, gene isolation, product isolation). In 
order to find some possible solutions for these bottlenecks approaches in 
miniaturization, parallelization and modeling were explored. 

The first half of the work explores some of these aspects from the angle of 
protein engineering. Firstly by means of iterative site-directed, structure driven 
mutagenesis a well characterized starting point for further directed evolution 
studies is created. Tools for further directed evolution- and characterization 
studies were created. This part addresses aspects of obtaining enough material for 
product isolation and down streaming. It also addresses aspects of specific 
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product isolation for activity screening (i.e. recombinant protein production for 
NMR) and is one example of a library strategy.  

Secondly, by applying protein engineering to explore its implications on 
activity and selectivity of a well known biocatalyst. From a strategy point of view 
this study could also be seen as an end-point evaluation of products. Well 
characterized biocatalysts are in themselves valuable tools for further 
development of the enzyme.  

In the second half of the work some of the bottlenecks are addressed from a 
metagenomic angle, in particular from the genomic data mining area of the field. 
Aspects such as gene isolation, another example of library strategy, parallelization 
and miniaturization are examined. Also NMR is investigated as a way to 
circumvent the purity aspect of the gene product, by measuring for activity 
directly from the cell lysate. Finally this second half concludes by applying 
simple computer modeling tools to evaluate the target gene product (i.e. the 
biocatalyst of choice) and its use for future protein engineering efforts. These 
models can be used to minimize the amount of gene product and zoom in on 
wanted properties before activity screening. 

Solving the bottlenecks in protein engineering and metagenomic approaches 
is necessary in order to capitalize on its full potential in the (near) future 
(European Union 2007). Parallelization (Weuster-Botz 2005) and miniaturization 
(Lee et al. 2006) in combination with or in parallel to computational methods are 
currently thought to tackle the bottleneck in the most efficient way. Many tools 
and approaches in this direction are in use or under investigation. However, only a 
few aspects are addressed in this work. In the following sections only 
parallelization and miniaturization by means of a new cultivation technique, 
adaptation of one expression library, and the use of simple computational tools for 
protein structure prediction were applied. 

1.4 Scope and outline of the study  

This thesis concerns the development of tools to aid the field of protein 
engineering and metagenomics. It highlights some of its common bottlenecks and 
tries to address these by the development of new tools, or by combining relatively 
new, available tools for the first time. The aspects of characterization, 
parallelization and miniaturization are mostly considered. 

In this thesis, it will be shown that these developed methods can be readily 
implemented for both fields, highlighting the overlapping aspects. Furthermore it 
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provides fairly simple protocols which could be easily applied in any laboratory. 
Even though we present here a high throughput method, this method was first 
developed for low throughput investigations. Thus, this thesis proposes some 
methods, which help to discover new tailor made biocatalysts.  

This thesis is composed of six chapters. All sections are composed of a 
literature review, the applied experimental methods and a results and discussion 
part. Chapter 1 gives a general overview of biocatalysts. The subsequent Chapters 
2 and 3 explore protein engineering aspects, while Chapter 4 and 5 address 
metagenomic aspects derived from data-mining. Chapter 2 describes the 
development of supporting tools for protein engineering, while Chapter 3 
describes an example. Chapter 4 describes an example of a metagenomic 
approach, while Chapter 5 explores theoretical properties of the target biocatalyst. 
Finally, Chapter 6 concludes this thesis with a summary of the studies chapters 
and a perspective. 

While reading please consider that in this thesis the fields of protein 
engineering and metagenomics are presented as two separate fields for clarity; 
however many protein engineering efforts follow a metagenomic approach to 
isolating a biocatalyst. On the other hand novel properties discovered by 
metagenomics may find their way into conventional biocatalysts by means of 
protein engineering. 



 29 

2 Toward new enzymes: New tools for the 
study of monomeric triosephosphate 
isomerase 

The first part of these functional and engineering studies focuses on the 
development of new tools aiding the advancement of the production of new 
enzymes. Rational design and directed evolution are common techniques to 
change the properties of enzymes (van der Maarel et al. 2002, Lutz & 
Bornscheuer 2008, Reetz et al. 2009, Claren et al. 2009).  

Furthermore, biocatalyst-design and industrial-bioprocesses are starting to 
meet each other in a more systems biotechnology approach (Burton et al. 2002, 
Cowan et al. 2004, Graslund et al. 2008, Wang et al. 2009). 

These aspects are discussed in the context of the studies on monomeric 
triosephosphate isomerase (TIM; EC-Number 5.3.1.1) as an example molecule in 
this chapter. A review of dimeric and monomeric TIMs and relevance to protein 
engineering is given in Chapter 3. 

Here, we explore the results of a structure driven rational design approach 
and its implications for further engineering of monomeric TIM variants. 
Specifically, we address the development of a new technology for large scale 
production of new monomeric TIM-variants. This method is applied as a tool for 
NMR structural studies. 

2.1 Introduction 

Developing fields which are in need for high quality, quantitative characterization 
of recombinant proteins are metagenomics and protein engineering. This is due to 
large sets of genetic material which needs to be evaluated at the protein level. One 
metagenomic approach is aimed at finding novel enzymatic activities by activity 
based mining (Ferrer et al. 2005); while in product activity driven or functional 
screening the final hurdle is high level expression (Kowalchuk et al. 2007). One 
application of genomic screening at the protein level is the use of FAST-NMR 
(Powers et al. 2008); however the bottleneck of how to produce high levels of 
protein is not addressed by the authors.  

High yield production of recombinant proteins is of increasing interest and 
importance. One example is the preparation of protein samples for NMR 
spectroscopy. An over-expression system of a high cell density and a high 
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expression level is essential for isotope labeling, for example in finding lead 
compounds in drug design (Heller & Kessler 2001, Middleton 2007), 
investigating detailed enzyme functions (McDermott & Polenova 2007), peptide 
studies (Lindhout et al. 2003) and for investigating structural properties (Hibler et 
al. 1987, Sastry et al. 1998, Chen et al. 2006).  

In previous experiments the monomeric TIM variant, A-TIM (Alahuhta et al. 
2008b) was produced. A-TIM has a competent active site, compared to wild type 
TIM, but an altered ligand binding site. As outlined in more detail in Chapter 3, 
explorations of the dimeric interface, especially the interactions of subunit 1-loop-
3 with subunit 2-loops-1 and 4 of dimeric wild type TIM (see Fig. 4), resulted in 
the creation of monoTIM (Borchert et al. 1993a, Borchert et al. 1993b). 
MonoTIM catalyses the same reaction as in wild type, but the turnover rate is 
1000 time lower. The active site is more solvent exposed, and the overall structure 
is less rigid than wild type. In order to address the flexibility of loop-1 in 
monoTIM, computational studies, followed by site directed mutagenesis and 
crystallography studies, resulted in ml1TIM (Thanki et al. 1997) and structural 
understanding of the molecule. Ml1TIM has similar kinetic and structural 
properties as monoTIM and is still capable of the interconversion of DHAP and 
D-GAP.  

In an attempt to alter substrate specificity (see Fig. 5a), the phosphate binding 
area in ml1TIM was widened and made deeper, in a variant called ml8bTIM 
(Norledge et al. 2001). In ml8bTIM loop-8 has been shorted, and apart from the 
obvious altered structural feature, seems to be structurally very similar to ml1TIM. 
However, ml8bTIM, despite its identical catalytic site geometry compared to 
ml1TIM, lost its ability to catalyze the interconversion of DHAP and D-GAP. In 
contrary to ml1TIM, monoTIM and wild type TIM, when titrating the protein 
with 2PG, the stabilizing effect of complex formation with 2PG in the CD melting 
curves was no longer observed.  

Site directed mutagenesis experiments which explored the new binding 
groove (see Fig. 5b) in ml8bTIM were aimed at restoring binding of α-
hydroxyketones and α-hydroxyaldehydes. It was observed in ml8bTIM-V233A 
mutant structures that the mutant was able to bind 2PG, citric acid and BHAP. 
This variant ml8bTIM-V233A was renamed A-TIM (Alahuhta et al. 2008b). A 
major structural difference between ml8bTIM and A-TIM is the shift of Val214 in 
loop-7 due to clashes with Val233 of loop-8 in ml8TIM, while in A-TIM loop-7 is 
restored to its wild type conformation. As was observed earlier, and explained in 
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Chapter 3, loop-7 is a key feature of the competent active site of TIM (Casteleijn 
et al. 2006). 
 
(a) 

 
(b) 

 

Fig. 5. Protein engineering efforts on ml8bTIM: (a) The final target is to engineer active 
enzymes, based on the TIM-barrel scaffold, with alternative substrate specificity. The 
chiral center is marked with a *; (b) The new binding groove in ml8bTIM (RCSB-PDB 
entry c ode 2vei) de picted in full CPK including t he rim re sidues (grey) a nd pocket 
residues (dark grey). The active site residues are labeled and shown in stick and ball 
presentation with catalytic re sidues in lig ht g rey and m utation sites in d ark grey. 
Catalytic loop-6 is shown as a ribbon in the open conformation.  

Subsequently v arious bin ders to A -TIM have been ide ntified by X-ray 
crystallography and further studies are currently ongoing to understand the nature 
of the interactions on the level of the ligands and the protein surface. Additionally, 
A-TIM is an e xcellent c andidate for further mutagenesis experiments. Muta nt 
libraries, c reated by dire cted evolution, are additional tools for measuring 
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alternative enzyme activities by NMR spectroscopy of selected A-TIM mutants. 
However, up till now in NMR experiments the protein production of isotope 
labeled proteins was a limiting factor. 

Typically, protein samples are produced by the cultivation of microorganisms 
in a liquid medium with labeled hydrogen, nitrogen and/or carbon source for 
optimal incorporation of the labeled atoms. Most often the microorganism of 
choice is E. coli, and the liquid medium is a mineral salt media, although 
alternative methods exist (Etezady-Esfarjani et al. 2007, Westerholm-Parvinen et 
al. 2007). In structural studies for peptides, pharmaceutical proteins and 
biotechnology, small scale flask cultivations (5 ml–1000 ml) expected yields lie in 
the range of 10–80 mg protein per liter culture medium, after purification 
(Lindhout et al. 2003, Chen et al. 2006, Moon et al. 2006, Rupasinghe et al. 2007, 
Westerholm-Parvinen et al. 2007, Yi et al. 2008). Special expression systems 
designed to produce high yield NMR recombinant protein, such as a cell-free 
system (Etezady-Esfarjani et al. 2007) or the use of a special strain, e.g. 
BL21(DE3) pACYCmazF (Suzuki et al. 2006) do provide higher yields (200 and 
300 mg protein per liter culture media respectively). However, these methods 
require more complicated strategies which are not tailored to the simple 
production of 15N-labeled recombinant proteins, especially if one thinks of small 
scale parallel expressions.  

The EnBase® cultivation technology as presented by (Panula-Perala et al. 
2008) describes an elegant two phase system for the production of high cell 
density cultivations of E. coli and could be easily adapted for specific expression 
types, such as isotope labeling. In a flask or microtiterplate, a solid phase, 
consisting of a storage gel and a regulating gel, releases the substrate starch. The 
liquid phase consists of cultivation medium and the enzyme glycoamylase which 
converts starch into glucose, the sole carbon source in the cultivation media (see 
Fig. 6).  
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Fig. 6. Principle concepts of high cell density cultivation by the substrate limited fed-
batch cultivation in (a) a bioreactor or (b) enzyme controlled substrate auto-delivery 
system (EnBase®). Designations: (1) substrate reservoir, (2) control system for supply 
of the substrate w ith a pump i n the standard bioreactor or with a specific 
concentration of an  en zyme in th e novel auto-delivery system, (3) liquid cell culture 
medium. The biomass increase over the time is controlled either by the (a) pump, or (b) 
by enzyme. Figure by Panula-Perala et al (2008). 

The system is so optimized that glucose is released continuously thus applying the 
concept of glucose-limited fed-batch cultivation. A typical fed-batch process often 
starts with a batch phase  which is  characterized by a high ini tial glucose 
concentration which steadily decreases (Fig.  6a). In contrast, in E nBase® the 
glucose level inc reases in the first  phase  due to the gl ucoamylase fun ction and 
low consumption by the low number of cells (Fig. 6b).  

Classical glucose-limited fed-batch cultivation for the product ion o f isotope 
labeled protein, even in an optimized way, gives relatively low yields of 0.013 mg 
labeled protein per ml cultivation media (Ross et al. 2004). However, in fed-batch 
cultivations optim ized media are often used, for e xample mineral salt medium 
(MSM), a medium optimized for high cell density cultivations (Neubauer et al . 
1995). This medium was applied also in conjunction with EnBase®. Furthermore, 
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this two phase system could be applied for the production of dimeric 
Trypanosomal TIM (this chapter and Panula-Perala et al (2008)).  

Another advantage of high cell-density cultures concerns the possibility to 
work with smaller volumes. It thus becomes possible to optimize protein 
production in parallel to find the best conditions in minimal media by use of 
microtiter plates. The consensus protocol for the production of recombinant 
protocol as proposed by Graslund et al. (2008) dictates the use of a rich medium. 
Obviously, while this is possible for the production of NMR protein samples, it is 
also expensive. 

In this chapter the development of A-TIM and its genomic libraries are 
described as an additional tool for the field of protein engineering of 
triosephosphate isomerase (TIM). Furthermore, by use of EnBase®, the 
bioprocess of the production of recombinant A-TIM has been greatly improved. 
Finally, this new production protocol is then applied for the production of 15N 
labeled A-TIM.  

2.2 Experimental 

2.2.1 Generation and production of monomeric binding- and active 
site mutants 

The vectors pET3a (Novagen, Madison, WI, USA), which included the ml8bTIM 
and the A-TIM gene, were mutated by means of site-directed mutagenesis PCR 
using a QuickChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, 
USA). The mutagenic primers used were: 

S96P sense (+) 5‟-TCTGGGTCACCCCGAGCGCCGCGCGTACTATG-3‟ 
S96P compl (-) 5‟-CATAGTACGCGCGGCGCTCGGGGTGACCCAGAAC-3‟ 
I245A sense (+) 5‟-
AGCCAGAATTTGTGGACGCCATCAAAGCCACTCAGTGATTTTC-3‟ 
I245A compl (-) 5‟-AGGAAAATCACTGAGTGGTTTGATGGCGTCCACAATTCTG-3‟ 
I245V sense (+)5‟-AGCCAGAATTTGTGGACGTCATCAAAGCCACTC-3‟ 
I245V compl (-)5‟-AATCACTGAGTGGCTTTGATGACGTCCACAAATTCTG-3‟ 
P168A sense (+) 5„-CGCCTACGAAGCCGTTTGGGCCATTGGTACCG-3„, 
P168A compl (-)5„-ACCAATGGCCCAAACGGCTTCGTAGGCGATGAC-3„ 
A178L sense (+) 5'- CATTGGTACCGGCAAGGTGCTGACACCACAGC -3'  
A178L compl (-) 5'- GCTGTGGTGTCAGCACCTTGCCGGTACCAATG -3'  
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The TIM genes were verified for the mutations by sequencing PCR (Sanger et al. 
1977). Plasmid production was performed in Escherichia coli TOP10 cells 
(Invitrogen, Carlsbad, CA, USA). Protein production was performed in E. coli 
strain BL21 pLysS (Invitrogen) after transformation with the correct plasmids. 

Protein was expressed and purified as described earlier (Casteleijn et al. 
2006). Pure protein was produced in several independent batches and the quality 
of the purified protein was checked by using sodium dodecyl sulphate 
polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli 1970) and Coomassie 
Blue staining (Ausubel et al. 1989). 

2.2.2 Generation of A-TIM and A-TIM mutant libraries 

The methods used to generate A-TIM are described in detail (Alahuhta et al. 
2008b) and Chapter 2.2.1. The mutagenic primers used were: 
 
V233A sense (+) 5‟-AGACGTCAACGGCTTCCTTGCTAGCGTGCTTAAG-3‟  
V233A compl (-) 5‟-TTAAGCACGCTAGCAAGGAAGCCGTTGACGTCTCG-3‟ 
 
A-TIM variant S96P, A178L and I245A were generated as described in Chapter 
2.2.1. The 4 TIM variants were cloned into vector pCTUT7 (Kraft et al. 2007a) 
which lacked the leader peptide for periplasmic targeting. The pCTUT7 also 
expresses the LacI gene. The genes were inserted by means of PCR isolation from 
the pET3a plasmids, restriction enzymes (Fermentas, Riga, Latvia) NdeI and 
HindIII and by use of FastLink ligase (Epicenter Biotechnologies, Madison, WI, 
USA) following standard protocols (Sambrook & Russell 2001).  
Error prone PCR (epPCR) was performed by use of a GeneMorph® II random 
Mutagenesis part of the GeneMorph® II EZclone Domain Mutagenesis kit 
(Stratagene, La Jolla, CA, USA). The following primers were used: 
 
primer sense(+) 5‟-ATGTCCAAGCCACAACCCATCGC-3‟  
primer2 compl(-) 5‟-TCACTGTGGCTTTGATGATGTC-3‟  
primer2: I245A compl(-) 5‟-TCACTGAGTGGCTTGATGGCGTC-3‟  
 
Saturating mutagenesis was performed according to the megaprimer method (Wu 
et al. 2005) by use of the following primers: 
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Flanking primer1: 5‟-ATGTCCAAGCCACAAC-3‟  
Flanking primer2: 5‟-TCACTGAGTGGCTTTG-3‟  
Loop4: 5‟-CGAGCGCCGCNNNTACTATGGTGAGAC-3‟  
Loop7: 5‟-CGGCGGTTCTNNNNNNGGAAAGAATGCGCGC-3‟  
Loop8: 5‟-CGGCTTCCTTNNNNNNTTGNNNCCANNNTTTGTGGACATCATC-3‟  
Loop8:I245A: 
5‟-CGGCTTCCTTNNNNNNTTGNNNCCANNNTTTGTGGACGCCATC-3‟ 
 
All mutated DNA fragments coding A-TIM variants were cloned into vector 
pCTUT7 by using the GeneMorph® II EZclone Domain mutagenesis kit 
(Stratagene, La Jolla, CA, USA). These resulting libraries will hereafter be 
identified as epPCR libraries and saturated mutagenesis megaprimer libraries 
(smM). 

As a control A-TIM was produced as is described in Chapter 2.2.1 (i.e. by 
M9ZB batch cultivation), except 5 mM IPTG was used for induction. 

2.2.3 Differential survival of transformed E. coli strains with mutant 
libraries on selective media (selection) 

Two knock-out E. coli strains were used for the selection of possible active 
enzymes. E. coli strain HO1460 araC(Am), araD, D(lac)U169, trp(Am), mal(Am) rpsL relA thi supF 

D(rpiA)103::Tetr rpiB137::Kanr (Sorensen & Hove-Jensen 1996) and a xylose isomerase 
(E.C. 5.3.1.5) E. coli W3110 typical K12 strain, F+ (Riley et al. 2006) knock-out strain 
produced via the red recombinase method and use of the following plasmids: 
pKD46, oKD3 and pC20 (Datsenko & Wanner 2000). The plasmids were a 
generous gift of the group of R. Sterner.  

The primers used in the Datsenko & Wanner method (2000) were: 
 
Primer 1: xylaA (H1_P1) target pKD3 (+): 
5‟-CCATCACCCGCGGCATTACCTGATTATGGAGTTCAATGTGTAGGCTG 
GAGCTGCTTC-3‟ 
 
Primer 2: xylaA (H2_P2) target pKD3 (-): 
5‟-
TATCGTACCGATAACCGGGCCAACGGACTGCACAGATGGGAATTAGCC 
ATGGTCC-3‟ 
 



 37 

Cells were transformed either by the chemically chilled Ca2+ (Sambrook & 
Russell 2001) or electroporation (Davis & Huang 1988, Sambrook & Russell 
2001) method with the smM libraries only. In case of electroporation the plasmid 
was dialyzed against water by use of a nitrocellulose filter of 0.025 µm (Millipore, 
Billerica, MA, USA) floating on double-distilled water. 

Transformed cells were plated on minimal media (Noack et al. 1981) 
complemented with 1% ribose and glucose in the case of HO1460RibA-/B-, and 2% 
xylose in the case of W3110xylA-. Cells were under constant induction by means of 
IPTG (15 µM). Only a positive control for HO1460 was available; a negative 
control was always applied. Two plate diameters were used: a 6 well plate (Ø 3.5 
cm; Greiner Bio-One Gmbh, Kremsmünster, Germany) and petridishes (Ø 14.5 
cm; Greiner). Statistical methods were applied when needed (Miller & Miller 
2000). 

2.2.4 Protein purification 

Pure protein was obtained using ammonium sulfate precipitation, dialysis and 
cation exchange chromatography as described earlier (Casteleijn et al. 2006). An 
alternative protocol was adapted for 15N isotope labeled A-TIM. 

2.2.5 High cell density cultivations of monomeric TIM and wild type 
tbTIM in a steel tank reactor. 

Bioreactor fed-batch cultivations were performed in a Biostat C 15 L bioreactor 
with the DCU-3 controlling unit and MFCS-win supervisory system (Sartorius) 
with an initial working volume of 10 L. The stirred tank reactor was equipped 
with 3 equally spaced standard six-blade Rushton turbines and four baffles. The 
cultures were inoculated to an initial OD600 of 0.01 (ml1P168A) or 0.4 (A-TIM). 
The cultivation temperature was either 30 °C (ml1P168A) or 37 °C (A-TIM) and 
the pH was kept at 7.0 by controlled feeding of 25% ammonium hydroxide. The 
cultivation medium was a defined Mineral Salt Medium (Neubauer et al. 1995) 
with an initial glucose concentration of 20 g L-1 (ml1P168A) or 10 g L-1 (A-TIM). 
After heat sterilization 2 mL L-1 of 1 M MgSO4 and 2 mL L-1 trace element 
solution (Holme et al. 1970) were added as well as 0.1 g L-1 of thiamine 
hydrochloride through a sterile filter (0.2 μm).  

The feed solution contained 650 g L-1 glucose, but no extra salts. During all 
fed-batch cultivations extra 2 ml L-1 of a 1 M MgSO4 solution was added during 
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the cultivation approximately for every 10 units increase in OD600. The cultivation 
was performed as glucose-limited fed-batch with the DOT controlled above 15%. 
The feeding rate was 125 g glucose h-1 (ml1P168A) or 169 g glucose h-1 (A-TIM). 

Small scale microtiter plate fed-batch cultivations of wild type tbTIM were 
performed as earlier described in detail (Panula-Perala et al. 2008)by using the 
EnBase® system (Biosilta Oy, Oulu, Finland).  

2.2.6 High yield protein expression of 15N isotope labeled A-TIM 

The pET3a plasmid containing the monomeric TIM variant, A-TIM (Alahuhta et 
al. 2008b) was transformed to into E. coli BL21(DE3) pLysS (Novagen, Madison, 
WI, USA) for the production of labeled A-TIM. The expression was based on 
previously reported wild type TIM (Panula-Perala et al. 2008) where the 
EnBase® system was first introduced. Here EnBase® was applied in a 1 liter 
baffled shake flask, with use of silicon caps (VWR LLC, West Chester, PA, USA) 
for optimal oxygen transfer, and 6U of amylase.  

As reference A-TIM was produced with conventional culture methods to 
compare final yields (M9 and complex medium). 

Before the inoculation of the expression cultures, of OD600 = 0.1–0.15, pre-
cultures were grown to an optical density of OD600 = 1 without label in the same 
media, temperature and shaking intensity.  

15N-labeled A-TIM 

The expression of 15N-labeled A-TIM was done using: (a) 2000 ml M9 medium 
(Sambrook & Russell 2001) in a 5 l baffled flask at 230 rpm. 15N-labeled A-TIM 
was expressed for 4 hours by addition of 0.4 mM IPTG at OD600 = 0.5 at 30 ºC; (b) 
110 ml of complex medium Celtone-N (Spectra gases Inc.) in a 0.5 l baffled flask 
at 220 rpm. 15N-labeled A-TIM was expressed for 20 hours by addition of 0.4 mM 
IPTG at OD600 = 0.5 at 37 ºC; (c) 100 or 200 ml of MMSM (see Table 3) in a 1 l 
baffled flask including EnBase® (Biosilta) at 250 rpm. 15N-labeled A-TIM was 
expressed for 6–7 hours and 22–24hours by addition of 0.4 mM IPTG at OD600 = 
9.5–9.8 at 25°C. Ampicillin (100 μg/ml) and chloramphenicol (34 μg/ml) as 
antibiotic were added to all cultures. 
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Table 3. Nitrogen optimized minimal salt media (MMSM). 

Minimal growth medium1 Per liter 

Na2SO4 2.0 g 

NH4Cl 0.5 g 

(NH4)2SO4
 6.7 g 

K2HPO4 14.6 g 

NaH2PO4 ∙ H2O 3.6 g 

Citric acid 1.0 g 

MOPS 20.0 g 

Trace elements (Holme et al. 1970) 2.0 ml 

Autoclaved  

Sterile filtered MgSO4 (2 M) 2.0 ml 

Sterile filtered Thiamine (1 M) 0.1 ml 

Antifoam (Sigma) 0.1 ml 

Trace elements  

CaCl2 · 2 H2O 

ZnSO4 · 7 H2O 

MnSO4 · H2O 

Na2-EDTA 

FeCl3 · 6 H2O 

CuSO4 · 5 H2O 

CoCl2 · 6 H2O 

0.50 

0.18 

0.10 

20.10 

16.70 

0.16 

0.18 

1) The medium is optimized for a maximal growth of OD600 = 33.5. For each additional OD600 = 30, if 

needed, add 6.7 g/l (NH4)2SO4 and 2.0 ml/l MgSO4 (2 M). The pH of the medium is 7.2; 2) For isotopic 

labeling 15(NH4)2SO4 and 15NH4Cl (Cambridge Isotope Laboratories, Cambridge, USA; 99% labeled) were 

used. This medium was used in EnBase® (Biosilta Oy, Oulu, Finland) shaken cultures. 

Purification and Analysis 

Initially purification was done as previously described (Casteleijn et al. 2006). In 
addition pure protein was concentrated, if needed, using a filter with a NMWL of 
15 kD (Millipore). After optimization two changes were made to the previous 
protocol: (a) 150 mM (NH4)2SO4

 was added to the lysis buffer, (b) the ammonium 
sulfate precipitation steps were omitted. The final concentration of A-TIM was 
measured by OD280. 
After purification the protein samples produced by the novel method were 
analyzed as earlier described by use of SDS-PAGE(Panula-Perala et al. 2008). 
Known A-TIM amounts were applied to the gel to provide a reference curve. 

The labeling efficiency was determined by mass spectrometry. The eluate 
buffer was replaced by ultra pure water, containing 8.7 mM acetic acid and 20% 
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methanol, using a 10kD NMWL membrane at 2800 rpm (Millipore). This resulted 
in a HPLC quality sample of 3 μM A-TIM. The molecular weight of A-TIM was 
determined with ESI-TOF. 

NMR sample 

The 15N-labelled A-TIM obtained with the standard expression method (M9 
media) was concentrated to 14 mg/ml. The NMR sample consisted of 100 μl of 
15N-labelled A-TIM solution and 10 μl of D2O. The final 15N-labelled A-TIM 
concentration in the NMR sample was 0.55 mM. The 15N-labelled A-TIM 
obtained with the novel method (MMSM media in conjunction with EnBase) was 
concentrated to 8 mg/ml. The NMR sample consisted of 90 μl of 15N-labelled A-
TIM solution from novel expression and 10 μl of D2O. The final concentration of 
15N-labelled A-TIM was 0.28 mM. 

Collection of NMR data 

The 15N-HSQC (Davis et al. 1992) spectra of both 15N-labelled A-TIM samples 
were acquired with a Bruker DRX500 with a TXI probehead (Bruker Biospin). 
Spectra from A-TIM obtained with the standard method were measured at 300 K 
with 16 recorded transients. The amount of collected complex points was 2048 
for 2(1H)-dimension and 256 for 1(15N)-dimension. Acquisition time was 128 
ms and maximum evolution delay was 79 ms. The Spectrum from A-TIM 
obtained with the novel method was measured at 298 K with 32 recorded 
transients. The amount of collected complex points was 1024 for 2(1H)-
dimension and 256 for 1(15N)-dimension. Acquisition time was 64 ms and 
maximum evolution delay was 50 ms. The data was either filtered by multiplying 
by π/2 or π/3 shifted squared sine function depending on visual analysis. Prior to 
Fourier transform 2–dimension was zero-filled to 2048 complex points. The 1 
–dimension was zero-filled and the forward linear predictions were performed to 
512 complex points. The processing was performed with XWINNMR (Bruker 
Biospin) and plotting with SPARKY (Goddard & Kneller 1997). The spectra (Fig. 
15) are mostly well resolved, despite of the central part of the spectrum. 
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2.3 Results and discussion 

To aid the development of new enzymes, tools have been developed in the context 
of this study, being aimed at changing the substrate specificity of monomeric 
triosephosphate isomerase variants. Here I will discuss the results, in regards to 
TIM, based on two publications (i) (Panula-Perala et al. 2008, Alahuhta et al. 
2008b), (ii) the adaptation of the EnBase® system for the production of 15N A-
TIM and (iii) the adaptation of directed evolution tools for A-TIM variants. 

2.3.1 Variants of triosephosphate isomerase 

The described iterative process of molecular biological and crystallographic 
approaches in order to rationally design new enzyme activity based on the 
scaffold of the inactive enzyme ml8bTIM (Norledge et al. 2001) is aimed at 
developing a new enzyme, capable of converting an -hydroxyketone into a 
chiral -hydroxyaldehyde, as is depicted in Fig. 5a.  

The mutations of TIM variants, and on ml8bTIM (A100) in particular, are 
summarized in Fig. 7. The mutations can be roughly divided into three categories: 
(i) active site mutants, (ii) pocket mutants and (iii) rim mutants (see also Fig. 5b). 
Wilde type and ml1TIM mutants P168A and A178L, and ml8b-P168A, are 
described in detail in Chapter 3. 

It was hoped for that the active site mutants would restore activity in 
ml8bTIM variants, but this was not observed in kinetic assays. The pocket-
mutations and rim-mutations affected the properties of the new pocket: the pocket 
mutations were aimed at making the pocket deeper, while the rim mutations 
affected the periphery of the pocket. None of the pocket, rim and pocket/rim 
mutants were active, however of some mutants structural data was determined 
(marked with an asterisk in Fig. 7a).  

The ml8bTIM-V233A-I245A mutant showed a deeper binding pocket, but the 
pocket itself was more narrow or collapsed. The deeper pocket was also observed 
in the ml8bTIM-V233A-I245V mutant, while the pocket resembled the ml8bTIM 
pocket more. New structural data on ml8bTIM identified the role of Val233 and its 
effect Val214 in loop-7, highlighted the importance of the V233A mutation. 
Initially, we choose the ml8bTIM-V233A-I245V (or AV-TIM) as a starting point 
for the directed evolution experiments, but AV-TIM was difficult to over-express 
and purify in E. coli cultivations, probably due to stability issues of the protein 
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during purification. Since the V233A mutation was enough to „repair‟ loop-7, A-
TIM was used instead. 

The characterization of A-TIM wa s a n important landmark in the 
development of tools to obtain new enzymes (Alahuhta et al. 2008b). Therefore, 
A-TIM itself can be seen as a tool for monomeric TIM studies. It also signified a 
rational halting point in the structure driven converging evolution of monomeric 
TIM (see Fig. 7b). 

The first  im portant feature is the restoration of the a ctive site . No apparent 
catalytic activity c ould be measured in respect to the conversion of  D-GAP to  
DHAP. H owever, st ructural analysis of A-TIM li ganded with 2PG, a  tra nsition 
state a nalogue and bromohydroxyacetone phos phate (BH AP), an irre versible 
inhibitor (Mare De la  et al.  1972), indic ate a competent a ctive site capable of 
isomerisation and binding of the  origin al substra te D-GAP and DH AP. This is 
also confirmed by solution studies. 
 
(a) 

 

(b) 

 

Fig. 7. Scheme of mutations leading to A-TIM. (a) Overview of all mutants sampled to 
understand the s ignificance of the V233A mutation. Variant w ith structures available 
are marked with an *, (b) hourglass model used in this study o f the monomeric T IM 
evolution towards new enzymes. 

Specifically, it has been shown that the addition of 2PG to A-TIM causes a shift 
of the CD melting curve to higher temperatures, due the stabil izing effect of the 
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formed complex. The formation of the 2PG-A-TIM complex has also been 
confirmed in crystallography binding studies. The shift of approximately 4 °C to a 
higher Tm value is in comparison with other still active monomeric TIMs 
(Schliebs et al. 1996, Thanki et al. 1997) the same. Also the mode of binding of 
2PG to A-TIM compared to active monomers is the same. In contrast, in the 
precursor of A-TIM, ml8bTIM, binding of 2PG was not observed (Norledge et al. 
2001).  

The second important observation was an A-TIM structure with an 
unexpected buffer component bound to the active site in similar way as 2PG: 
citric acid (see Fig. 8). Wild type tbTIM was not inhibited by citric acid up to a 
concentration of 5 mM. Apparently wild type TIM has no affinity for citric acid. 
 
(a) 

 
O

O

OH OH

OOH

OH

 
 

Citric acid (Cit) 
 

O

OH
OP

O

O

O

 
 

2-phosphoglycolate or 2PG 
(Pga)  

Fig. 8. Similar mode of binding of: (a) Citric acid and 2PG, (b) as seen in X-ray 
structures of A-TIM (RCSB-PDB entry codes 2vek and 2vel). Catalytic loop-6 is 
depicted as a ribbon. E167 is the catalytic base and in the competent “swung-in” 
position. Pga and Cit correspond to the structures in panel (a). 

The structural analysis of citric acid in the active site by Alahuhta et al. (2008b) 
shows that the carboxylate group points into the newly engineered binding groove 
of A-TIM. The binding groove is unique to A-TIM and is not present in wild type 
TIM. Given the enlarged binding pocket of A-TIM and its competent catalytic site 

(b) 
 

Pga 

Cit 
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it seems that A-TIM is a good starting point for directed evolution experiments 
(Fig. 8b). 

Based on previous studies three alternative A-TIM variants were created by 
means of site directed mutagenesis: S96P, A178L and I245A. The rationale for 
those three point mutations is as follows: the detailed analysis and reasoning 
behind the A-TIM A178L mutant is described in Chapter 3. Previous experiments 
have shown that by reducing the catalytic base by one carbon, from a glutamate to 
an aspartate, the catalytic machinery was compromised (Komives et al. 1995). 
Random mutagenesis discovered a rescue mutation: S96P. The double mutant, in 
cTIM-E167D-S96P, was as active as the wild type. From the detailed structures 
and kinetic data from the wild type and monomeric P168A mutant in TIM 
(Casteleijn et al. 2006 and Chapter 3), we now understand that the main chain 
hydrogen of the main chain proline is no longer involved in hydrogen bonding 
with the catalytic base in the open-non liganded conformation of TIM. The 
hypothesis behind A-TIM S96P is that the active site of A-TIM variants is in need 
of a more flexible catalytic base. 

An unpublished X-ray structure of ml8b I245A suggested that the overall 
binding groove was more collapsed, but deeper; subsequently resulting in a less 
stable variant. However, the directed evolution targets in A-TIM are close in the 
tertiary structure of loop-8 where this residue resides. New variants could 
stabilize the local region and introduce a new binding site for alternative ligands. 

For the preparation of the mutant libraries the vector pCTUT7 was chosen 
over the pET3a T7 system, because of its compatibility with reporter plasmid 
pibpfxsT7lucA (Kraft et al. 2007b). This reporter plasmid can be used in future 
high cell density parallel cultivations to utilize a luciferase assay for the detection 
of overexpressed target protein aggregation. The selectivity marker for pET3a and 
pibpfxsT7lucA is ampicillin, while for pCTUT7 this is chloramphenicol. The 
BL21 pCTUT7plac A-TIM batch cultivation (IPTG concentration of 5 mM) had 
comparable yields to M9ZB batch cultivation of BL21(DE3) pLysS pET3aT7 A-
TIM (IPTG concentration of 0.4 mM). Therefore, the use of the pCTUT7 vector 
to overexpress A-TIM mutants libraries is deemed justified.  

In combination of these 4 starting molecules of monomeric TIM, epPCR, and 
the saturated mutagenesis approach (based on the megaprimer method described 
by Wu et al. (2005)) result in 16 libraries as summarized in Fig. 9.  
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Fig. 9. Schematic overview of the creation-flow and results of a randomized set of the 
A-TIM genes collection of 16 libraries. The italic numerical values depict the estimated 
size of each library. 

To support the  disc overy of new enzymes the se lection methods of c hemically 
transformed cells on 6-well plates versus electroporation on large petridishes were 
compared for the  doubl e knock-out st rains HO1460RibA-/B- (Sorensen & Hove-
Jensen 1996) and the W3110xylA-. An eventual high throughput method, using 6-
well plates, known as the Robot Pipetting station (as described in Chapter 4) was 
thought to cover the library better in comparison to the  c lassical electroporation 
method.  

Even though the chemical transformation on the Robot pipetting station was 
robust a nd comparable to the sa me me thod by hand (se e Fig. 10), the sma ll 
amount of c olonies found, when applied to 6-well pla tes, was im mediately 
limiting the selection method in terms of volume. The classical selection method 
of electroporation and larger petridishes was chosen to be the best tool for A-TIM 
library screening. 
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Validation 
parameters 
 
Robustness 
(heat shock) 
(43 ± 1) °C 
 
Robustness 
(Cooling) 
(0 or 1) °C 
 
Repeatabilit
y  
RSD 0.17 
 
Intermediate 
precision 
RSD 0.27 

Fig. 10. Relative transformation efficiency of validation studies on the Robot Pipetting 
station by means of chemically chilled Ca2+. Results are normalized to the 
corresponding results obtained with the manual method performed with the same 
batch of competent cells. The right panel summarizes the validation parameters. F-
test, student’s t-test and propagation of error were applied according to Miller & Miller 
(2000). N.B. for the validation plating was as the manual method (i.e. by hand). 

In light of presented data we can conclude that the development of A-TIM and a 
collection of libraries are important new tools to investigate monomeric TIM. 
Furthermore, by combining these tools with the evaluated selection method, the 
stage is set to find the first catalytically weak enzymes in the near future. 

2.3.2 Process optimization of recombinant TIM production 

Triosephosphate isomerase was first overexpressed as a recombinant protein with 
relatively high yields for the wild type trypanosoma brucei TIM (tbTIM) protein 
in a fed-batch mode (Borchert et al. 1993b), however for the unstable H47N TIM 
mutant an alternative protocol was used yielding about 15 mg/L (Borchert et al. 
1993b): a batch mode by use of M9 medium (Sambrook & Russell 2001) at low 
induction temperature. In various studies TIM variants were overexpressed using 
a batch mode approach (see Table 4). The batch mode with M9 medium was 
adapted by using M9ZB complex medium (Sambrook & Russell 2001) in this 
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study, which increased the yield for dimeric wild type tbTIM, but not for 
monomeric TIM. 

The yields of the relatively unstable A-TIM, compared to wild type, were low. 
For structural and binding studies classical fed-batch cultivation was performed to 
obtain more protein. The initial growth and overexpression were done at 37 °C. In 
the M9ZB cultivations the initial growth is done at 37 °C, after which the 
temperature of the cultivation media is lowered to 18 °C for a 16–18 hour time of 
induction to facilitate proper folding. Typical E. coli fed-batch cultivations at 
37 °C which utilize the BL21(DE3) T7 system are performed over a much shorter 
time period to avoid aggregation problems (Terpe 2006) which induces stress-
responses in the cells (Enfors & Häggström 2000). Also, the large volume makes 
a rapid cooling to 18 °C technically difficult. 

The protocol used by Borchert et al. (1993) where a pulse feed of LB 
medium was added to LB medium is not considered a classical fed-batch (Enfors 
& Häggström 2000) process. Typically, high cell densities are reached due to 
reaction rate control avoiding engineering limitations such as cooling and oxygen 
transfer. It also prevents over-flow metabolism and acidification of the medium. It 
is my opinion that LB medium has sufficient nutrient content to get to these yields, 
since 50 mg / L was also obtainable with a M9ZB batch cultivation. Therefore, 
the only benefit of the addition of complex medium to a growing culture is 
regulating the pH. 
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Table 4. Historical overview of typical yields and method of cultivation of lmTIM and 
tbTIM. 

TIM variant Cultivation 

mode 1 

Cultivation 

Media 

final yield 

[mg protein / L media] 

Reference 

wt tbTIM fed-batch 3 LB 2 72  Borchert et al. (1993b) 

H47N batch M9 15 Borchert et al. (1993b) 

wt lmTIM batch M9 10 Kohl et al. (1994) 

monoTIM batch M9 10–20 Schliebs et al. (1996) 

Ml8bTIM batch M9 not described Norledge et al.(2001) 

wt tbTIM batch M9 not described Lambeir et al. (2000), Saab-

Rincon et al. (2001), Kursula 

et al. (2002), Kursula & 

Wierenga (2003) 

wt tbTIM 

ml1TIM 

batch 

batch 

M9ZB 

M9ZB 

20–50 4 

8–14 4 

Casteleijn et al. (2006), 

Alahuhta et al. (2008a) 

A-TIM batch M9ZB 3–8 5 Alahuhta et al. (2008b) 

1) Expression temperatures varied from 18–37 °C; purification protocols were similar in nature; 2) Luria-

Bertani medium (Sambrook & Russell 2001); 3) pulse feeding LB medium is not considered as a classical 

fed-batch. Discussion can be found in the text; 4) values not published, values include wtP168A, wtA178L, 

ml1P168A and ml1A178L; 5) values not published. 

The 10 liter fed-batch cultivation profile of A-TIM can be seen in Fig. 11 and the 
final yield was 88 mg / L of pure soluble protein, so the total yield was 880 mg. 
A-TIM binding of 2PG, its Tm and X-ray crystal structures were the same 
compared to A-TIM produced by M9ZB cultivation. 
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                                                               Time [h] relative to induction 

Fig. 11. High cell density fed-batch fermentation of E. coli BL21(DE3) pLysS pET3a-A-
TIM at 37 °C and MSM medium (Neubauer et al. 1995). Overexpression of A-TIM was 
done for 4 hours by IPTG induction and purified as described earlier (Casteleijn et al. 
2006).  

The high yield is related to the high cell density in fed-batch cultivations, simply 
said: more cells, more protein. This however does not provide us any information 
about the fraction of aggregated/soluble protein in the cell and the total amount of 
protein per cell.  

In order to address the technical limitation of the use of fed-batch cultivations 
on a laboratory scale, a scalable fed-batch cultivation format was invented 
(Panula-Perala et al. 2008): EnBase®. Furthermore, Panula-Perälä et al. (2008) 
showed that the two phase system could be applied for the production of dimeric 
tbTIM with a yield ten times higher than with M9ZB medium.  

TbTIM was chosen as a test system in the development of the EnBase® 
system for three reasons: (a) the BL21 T7-RNA polymerase system is widely used 
and has even been proposed as the best consensus protocol for production of 
soluble recombinant proteins in E. coli (Graslund et al. 2008) (b) tbTIM shows a 
high expression level in this system, and (c) tbTIM shows the non-desired 
tendency to aggregate irreversibly, which complicates the structural studies of any 
protein and its variants with mutations in different amino acids (Chanez-Cardenas 
et al. 2002). The BL21 pCTUT7plac A-TIM batch cultivation had comparable 
yields when used in the M9ZB batch cultivation. 

Stirrer 

pO2 

pH 

OD600 Glucose 
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Furthermore, the parallel set-up of the experiments was another advantage for use 
of high cell-density cultures to verify optimal induction parameters in regards to 
cell density. These cultivations were performed at 25 °C throughout (the initial 
growth and during induction) to improve the low oxygen transfer in the microtiter 
plates. It was further speculated that 25 °C is the ideal to avoid aggregation 
(Graslund et al. 2008). As a control M9ZB was compared to the fed-batch 
cultures. The details of the protein analysis can be seen in Fig. 12. 

As can be seen from the results in Fig. 12a, the final cell densities of the fed-
batch technology under similar condition are much higher, as expected. What was 
surprising, depicted in Fig. 12c, is that the amount of target protein per cell in the 
M9ZB control was much higher, but that the amount of soluble target protein per 
cell was similar for M9ZB compared to EnBase®. Another conclusion from Fig. 
12c is that an early induction is beneficial for soluble tbTIM production per cell; 
however this is compensated by the final cell density of the cultures. This then 
finally adds up to much higher yield of total protein for the EnBase® compared to 
M9ZB. 
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Fig. 12. Expression of recombinant tbTIM in 96-well plates with EnBase® at 25°C and 
induction at different cell densities. Expression levels of tbTIM are shown as a ratio of 
insoluble protein (light grey) and the target, soluble protein (dark grey). (a) Growth 
curves after induction; (b) Total volumetric amounts of tbTIM and (c) product amounts 
expressed per cell unit. The protein amounts after induction are shown for four 
different OD600 levels in EnBase® and for the reference culture (M9ZB, induction at 
OD600 = 0.3). Cultures were performed with 3 AGU l-1 of glucoamylase. Product 
synthesis was induced by addition of 0.5 mM IPTG at the indicated times and cell 
densities, and the cultivation was continued for up to 18 hours after induction. 
Additional ammonia (at 26.2 h) and magnesium (at 36.85 h) were added during the 
cultivations as described (Panula-Perala et al. 2008).  
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EnBase® was applied to shake flask cultures using E. coli RV308 at 37 °C 
(Panula-Perala et al. 2008). However, EnBase® for shake flasks was not yet 
applied for the production of TIM.  

15N stable isotope labeling in conjunction with EnBase® was developed using 
the example of A-TIM. For this, mineral salt medium (MSM), developed for 
controlled fed-batch cultivations (Neubauer et al. 1995), was adapted to contain 
only 2 nitrogen sources and both ammonium salts were labeled with 15N (Table 3). 
In the first experiments it became apparent that the buffering capacity of MSM 
was too low to obtain high cell densities, due to a drop in pH after 10–20 hours 
approaching pH 5 and stunting cell culture growth. Since MSM medium is pH 
controlled by the feed of ammonium hydroxide in steel tank reactors, the indirect 
control of pH in those fermentations is not an issue. Manual control of pH by the 
addition of KOH was investigated in shake flask experiments, which was 
additionally buffered by 20 g / L MOPS. The effect of additionally adding KOH 
during the fermentation was not beneficial for cell growth (see Fig. 13a). 

The A-TIM M9ZB cultivation conditions were applied in these shake flask 
cultures, i.e. the initial growth is done at 37 °C, after which the temperature of the 
cultivation media is lowered to 18 °C for a 16–18 hour time of induction. The 
oxygen transfer in shake flask cultivations is higher than in microtiter plates, thus 
there was no need for a lower temperature during the initial growth for optimal 
oxygen transfer.  

Surprisingly, none of these EnBase® cultivations produced A-TIM even 
though the bacterial growth by applying 6U of amylase in the system seemed 
sufficient (Fig. 13b). Based on the earlier experiments by Panula-Perala et al. 
(2008) overexpression of 15N-labeled A-TIM was then applied in EnBase® in 
conjunction with MMSM medium (Table 3) at 25 °C. In addition 15N-A-TIM was 
produced by use of 15N labeled complex medium (Celtone-N) and M9 medium, 
containing one 15N labeled ammonium salt (see Fig. 14). 
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                  (a) 

 
                  (b) 

 

Fig. 1 3. Optimization o f medium fo r EnBase® shakeflask cultivation of  A-TIM at (a)  
37 °C  under control of 3U amylase, -■- MMSM +  KOH ( final pH 7 .4), -□- MSM + K OH 
(final pH 6.6), -○- & -●- MMSM (final pH 6.4). Arrows indicate addition of KOH; (b) 37 °C 
under control of 3U amylase in MMSM -▲- (6 h), -♦- (24 h), or 6U amlylase -Δ- (6h), -◊- 
(24h). At time of induction cells were brought to 18 °C. No A-TIM was observed in SDS-
PAGE stained by Coomassie Blue (Sambrook & Russell 2001).  

The final OD600 after 6 and 24 hours of expression was 16.6 and 22.0 respectively 
for the EnBase ® cultures. During the optim ization of MMSM me dia in 
conjunction with EnBase® it was apparent that flask to  flask variation is  small, 
due to the controlled growth rate of the cultures. The qual ity of the 15N-A-TIM 
NMR sample produced by the EnBase® method was excellent and comparable to 
the M9 method (Figures 15 and 16). 
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Fig 14. Cultivation of E. coli BL21 (DE3) pLysS for the production of  recombinant A -
TIM. 15N-labeled protein produced with M9 medium (-□-), Celtone-N complex media (-♦-), 
and M MSM-Media in  co njunction w ith EnB ase ( 6 h ours ( -∆-); 2 4 hours ( -▲-) o f 
expression). 

 

  

Fig. 1 5. Isotope d istribution of  un labeled a nd lab eled ATIM ( C1150H1828N318O338S4) 
determined by ESI-TOF. (a) Unlabeled ATIM [“natural” 14N, 12C]. (b) Labeled ATIM [15N, 
12C]. The weight difference b etween (a) and ( b) indicates incorporation of  99.7% 15N 
(317 out of 318 Nitrogens). 

The fina l yield of  solu ble a nd insoluble A -TIM wa s measured b y the optic al 
density in SDS-PAGE, compared to known A-TIM amounts on the same gel (see 
Fig. 17) and as earlier described (Panula-Perala et al. 2008). Protein purification 
was don e a s earlier described (Casteleijn et a l. 2006) an the final yie lds for 6  
hours and 24 hours of cultivation were 40 mg / L and 75 mg / L respectively. The 
A-TIM production after 24 hours with this simple cultivation protocol was in the 
same range as specialized cultivation protocols for isotope labeling (Suzuki et al. 
2006, Etezady-Esfarjani et al. 2007).  

(a) (b) 
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Fig. 16. 2D [15N-1H]-HSQC Spectra of two different samples of uniformly 15N-labelled A-
TIM (a) Protein produced with M9 medium. (b) Protein produced with MMSM medium 
in conjunction with EnBase®. 

The protein amounts determined by the gel analysis indicated that the purification 
protocol could be optimized. Finally was chosen to  omit the ammonium sulfate 
precipitation steps during the purification, but to instead, add ammonium sulfate 
to the cell lysate before dialysis. Separation of A-TIM from the other proteins in 
the supernatant was a s be fore (Casteleijn et al . 2006). By a pplying the  new  
purification protocol the final yield of pure A-TIM was 58 mg / L for a 7 hour and 
100 mg / L for a 24 hour induced MMSM EnBase® culture (25 °C, 230 rpm, 0.4 
mM IPTG, 1 00 ml li quid culture). Compared to the M9ZB a nd the M9 bat ch-
mode methods (see Table 4) this is a 10 fold increase in the production of soluble 
monomeric TIM.  

In li ght of the data presented here two new tools for the  production of 
monomeric TIM were developed: (a) EnBase® to yield high amount of soluble, 
good quality monomeric TIM, including improvement of the purification protocol, 
(b) a  novel method for th e production of 15N la beled rec ombinant proteins, a 
useful tool for the binding studies of A-TIM and its ligands for NMR studies. 
 

(b) (a) 
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Fig. 17. Expression of recombinant A-TIM in shake flasks. Expression levels of A-TIM 
shown as a ratio of insoluble protein (grey) and the target, soluble protein (black), (a) 
growth c urves, ( b) to tal volumetric am ounts o f A-TIM, a nd ( c) amounts of A-TIM a s 
expressed per cell unit after induction. 
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2.3.3 Summary of the newly developed tools 

The following results obtained in context of this chapter (summarized in Fig. 18) 
have advanced our knowledge of the molecular biology and bioprocesses to 
obtain high quality, high yield monomeric TIM variants:  

– The converged rational evolution of monomeric TIM to A-TIM was 
important, as it is an ideal starting point for directed evolution efforts. 

– The development of an A-TIM gene pool and selection method to obtain A-
TIM variants with changed substrate specificity.  

– The application of a new fed-batch technology used as small shaken cultures 
useful for high throughput approaches, especially to obtain high levels of 
relative instable monomeric TIM variants.  

– The application of the same fed-batch technology for an improved protocol to 
produce 15N stable isotope labeled protein. 

2.4 Conclusions 

Iterative, knowledge based mutagenesis is a useful method to explore the 
properties of a ligand binding site in enzymes. By stating clear definitions of how 
and where new ligands should bind in newly engineered binding area of enzymes 
one can direct the evolution to a novel binder. In doing so an ideal jumping 
platform for directed evolution experiments to create novel enzymes has been 
created. 
Some of these intermediates are not yet optimized for bioprocesses and are 
relatively unstable compared to its ancestors. Process optimization, as laid out in 
this chapter, is one way to obtain enough material for further characterization 
studies. In summary, the following points list the major results of this chapter: 

– A-TIM is a monomeric binding protein, based on the scaffold of the 
triosephosphate isomerase enzyme, which has a novel binding groove, and an 
ideal starting molecule for novel enzyme development. 

– EnBase® is a very useful method to, either in parallel or in single 
experiments, design and optimize existing bioprocesses for the production of 
relative unstable monomers.  

– 15N stable isotope labeling for NMR studies in EnBase® is easy and gives 
higher yields than traditional methods. 
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A-TIM  

with citric acid bound to its new binding 
groove 

A-TIM based gene pool  
potentially new enzymes  

 

 
 

 
EnBase® for TIM  

high fed-batch cultivation on small scale  
High yield protein 

expression of isotope 
labeled monomeric TIM 

 

Fig. 18. New tools for the study of monomeric Triosephosphate isomerase: A-TIM, A-
TIM b ased g ene p ool (libraries, knock-out s trains and sel ection m ethod), EnBase® 
applied fo r TIM, and a n i mproved protocol to produce 15N s table iso tope lab eled 
protein. 

15N labeled Protein 

Overnight LB plate 

Inocculate E nBase fla sk 
OD600 = 0.1–0.3 (25 oC) 

Cultivate 24  hours  
OD600 = 8–12 

Induce 6–24 hours 

Harvest & Purification 

NMR 
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3 Toward new enzymes: understanding and 
engineering 

Protein engineering is often used as a tool when investigating: protein stability 
(Eijsink et al. 2004), altering or improving the catalytic properties of enzymes 
(Jestin & Kaminski 2004), and understand functionality (Schliebs et al. 1997, 
Russell 2000, Nardella et al. 2004). Furthermore, protein engineering approaches 
have found their way into the design of novel catalysts (Bolon & Mayo 2001, 
Kaplan & DeGrado 2004, Rothlisberger et al. 2008). 

In general, TIM is an attractive starting point for protein engineering because 
of the high representation of the TIM barrel as a scaffold for enzymatic proteins 
(Soberon et al. 2004). In addition, TIM lacks the need for co-factors to complete 
catalysis (Kursula et al. 2001).  

This second part of the functional and engineering studies focuses on two 
systematic studies concerning a catalytic loop. Both the N-terminal and the C-
terminal hinge of this loop were mutated by a selected point mutation and the 
properties of the two variants were carefully studied. Here, we explore the effects 
of a rational protein engineering effort in relation to enzyme activity and stability. 

3.1 Introduction 

To engineer a biocatalyst for a specific reaction is not trivial. However, tools in 
the relative new field of protein engineering are becoming more and more 
available (Agarwal et al. 1970, Leung et al. 1989, Joyce 1994, Stemmer 1994a, 
Stemmer 1994b, Van den Brulle et al. 2008, Lutz & Bornscheuer 2008). Related 
fields that may yield valuable tools for protein engineering are: modulation of the 
metabolic pathways of host organisms and computational methods to predict the 
effect of mutations (Jestin & Kaminski 2004). In addition to knowledge on the 
organic chemistry and biochemistry behind the reaction, one has to keep in mind 
that if the selection is based on product formation, extensive specific structural 
knowledge is also needed. 

Structure-function analysis of natural proteins is often used to construct 
versions that retain a degree of biological activity compared to the original 
enzyme (Razeghifard et al. 2007). Possible starting points are, for example, the 
use of catalytically promiscuous enzymes to create new enzymes (James & 
Tawfik 2003, Bornscheuer & Kazlauskas 2004, Hult & Berglund 2007) or to start 
on a broad scaffold representation of enzymes (Wierenga 2001). The combination 
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of computational design with random mutagenesis has been shown to be powerful 
in protein engineering (Rothlisberger et al. 2008). 

Triosephosphate isomerase, an essential enzyme of the glycolytic pathway, 
catalyses the interconversion of D-GAP and DHAP (Fig. 19) and involves the 
abstraction of the pro-R proton from C1 of DHAP to give an enediolate 
intermediate, which then picks up a proton at C2 to yield D-GAP (Rose 1962).  
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Fig. 19.The interconversion of DHAP and D-GAP. The chiral center of D-GAP is marked 
with a *. D-GAP corresponds to the R enantiomer.  

Investigations of the active center of TIM identified the catalytic residues Glu167 
(Mare De la et al. 1972), His95 (Komives et al. 1991), Lys13 (Lodi et al. 1994), 
and Asn11 (Kursula et al. 2004). Two mechanisms are proposed to happen in 
parallel in TIM (Harris et al. 1998), as summarized in Fig. 20 and 21. 

The suicide inhibitor bromohydroxyacetone phosphate (BHAP), which binds 
stoichiometrically to the catalytic glutamate inactivates TIM (Mare De la et al. 
1972, Aqvist & Fothergill 1996), identifying the catalytic glutamate (Glu167).  

Of special importance for substrate binding are loops-6, -7, and -8, of which 
loop-6 and loop-7 undergo conformational changes upon substrate binding (see 
Fig. 22). In the unliganded state, loop-6 interacts with loop 5 (Wierenga et al. 
1991b), whereas in the liganded state, it interacts with the highly conserved 
YGGS motif (residues Tyr210-Gly211-Gly212-Ser213) on loop-7 (Wierenga et al. 
1991b, Kursula & Wierenga 2003). In the conformational switch from the open to 
the closed state, the tip of loop 6 moves 7 Å as a rigid body (Wierenga et al. 
1991a), and in loop 7 the peptide planes of residues Gly211 and Gly212 rotate 90º 
and 180º, respectively. This rotation allows for the tight binding of the phosphate 
moiety, and for the side chain of Glu167 to swing in 2 Å (Kursula et al. 2001, 
Desamero et al. 2003, Casteleijn et al. 2006).  
 

* 
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Fig. 20. The classical reaction mechanism of TIM. The figure was modified from Harris 
et al. 1998. HR refers to the hydron (Bunnett & Jones 1988) originating from the ligand. 

 

 

 

Fig. 21 (next page). The criss-cross reaction mechanism of TIM. The figure was 
modified from Harris et al. 1998 and Kursula et al. 2001. His95, together with Asn11, 
forms the oxyanion hole to bind the aldehyde oxygen (Komives et al. 1991, Kursula et 
al. 2004). His95 accounts for all of the substrate carbonyl polarization (Komives et al. 
1991), at least for the conversion of DHAP to D-GAP (Kursula et al. 2004). His95 is held 
in place by a hydrogen bond with Glu97 (Schliebs et al. 1996). Lys13 is essential for 
catalysis (Lodi et al. 1994) also in mononeric TIM (Schliebs et al. 1996), the yeast TIM-
K12H mutant showed activity below pH 6.1, indicating that the protonation of this 
residue is required for activity (Lodi et al. 1994). Lys13 is hydrogen bonded with the 
side chain of Glu97 to refrain from conformational flexibility (Schliebs et al. 1996) and 
to raise the pKa value of Lys13 (Aqvist & Fothergill 1996). Asn11 has been identified as 
a catalytic residue (Kursula et al. 2001). It provides an anion hole together with His95 to 
facilitate the transfer of a proton from the C2 atom of the ligand. HR refers to the 
hydrogen originating from the ligand. 
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Early in the investigation of TIM, inhibitors, such as phosphoglycollate, were 
identified in the search for the (i) transition state analogue (Wolfenden 1969). 
Phosphoglycolohydroxamate, 2-phosphoglycolic acid and phosphoglycolo-
amidoxime are the strongest (ii) competitive inhibitors (Wolfenden 1969, Lewis et 
al. 1973, Fonvielle et al. 2005). For those compounds inhibition constants have 
been determined (Wolfenden 1969, Lambeir et al. 1987, Fonvielle et al. 2005), as 
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well as constants for the (iii) substrate analogues such as phosphate and arsenate. 
In a ddition N-hydroxy-4-phosphono-butamidine binds the a ctive site geometry, 
but no interaction with Glu167 was observed (Verlinde et al. 1992).Only a few (iv) 
irreversible s uicide inhibi tors we re reported: 3-haloacetol pho sphates (Hartman 
1971), glycidol phosp hate (Schray et al . 1973), 3 -phosphoglycerate, glyc erol 
phosphate a nd phosphoenol pyruvate a re we ak reversible binders (Lewis et al . 
1973, Collins 1974, Lambeir et al. 1987).  
 

  

Fig. 22. Catalytic residues in TIM (a) Catalytic residues are indicated as X-stick, in bold 
and ar rows ar e indicate the lo op movements up on li gand b inding; (b ) Ind ividual 
catalytic residues of TIM while liganded with PGH. Pictures from Wierenga. 

A furt her investigation of the Y210F mutant suggests tha t the loop c losure is 
coupled to the deprotonation of s ubstrate. The formation of the hydro gen bon d 
between the  main chain ni trogen of Ala178 and Tyr210 contributes to the driving  
force for loop closure, while the α-proton is abstracted from the substrate as the 
loop closes (Sampson & Knowles 1992). However, Sampson & Knowles (1992) 
did not consider the rota tional flip of res idues Gly211-Gly212 which is crucial for 
the catalytic glutamate to swing in (Kursula et al. 2001, Casteleijn et al. 2006).  

It has been proposed tha t ligand binding occurs by capturing the phosphate 
moiety, which induces the conformational switch of loop-6 and loop-7 (Miller & 
Waley 1971, Casteleijn et al . 2006). Thi s conformational switch is  also induced 
by s ulfate ions, being a nother indication for thi s event (Wierenga et a l. 1991a, 
Wierenga et al . 1991b). After the conformational switch has been ma de, the 

(b) (a) 
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catalytic glutamate has room to adapt to the „swung in‟ position (Mare De la et al. 
1972, Wierenga et al. 1991b, Kursula et al. 2001, Casteleijn et al. 2006). 
Furthermore 84% of the enzymatic rate acceleration for proton transfer is 
contributed by the utilization of the intrinsic binding energy of the 
phosphodianion group (Amyes et al. 2001, Amyes & Richard 2007) as shown in 
1H NMR spectroscopy experiments. Amyes and coworkers (2001, 2007) 
determined that the separate binding of phosphite dianion to TIM results in a 700-
fold acceleration of proton transfer from carbon, and proposed a physical model 
for catalysis by TIM. This work indicates that the intrinsic binding energy of the 
substrate phosphodianion group is utilized to drive the closing of the catalytic 
loop-6. 

Calculations indicate that loop-6 starts to open in the region Lys176–Val177 
(Joseph et al. 1990), initiated by the loosening of the hydrogen bond between 
Gly175 and Ser213 (Derreumaux & Schlick 1998). The deletion of Ile172, Gly173, 
Thr174, Gly175 results in a mutant that has lost its grip on the enediol phosphate 
intermediate, indicating that loop 6 is partially stabilizing the reaction 
intermediate (Pompliano et al. 1990). The opening/closing motion of loops-6 and 
-7 appears to be partially rate limiting for the catalysis in both directions 
(Rozovsky et al. 2001, Rozovsky & McDermott 2001).  

The kinetic properties of native Trypanosoma brucei TIM (tbTIM) as 
described by Lambeir et al. (1987) can be summarized as follows: the enzyme is 
active between pH 5.2 and 11, and the pH stability shows an optimum between 
pH 6 -7. At an ionic strength higher than 0.1 M the initial rate of the reaction is 
reduced. An optimal kcat/Km was observed at an ionic strength of 0.05 M with 
glyceraldehyde 3-phosphate as substrate. The kcat, Km and Ki values for phosphate 
and 2PG can be found in Table 6. As comparison the kinetic parameters of 
ml1Tim are also listed in Table 6 (page 71).  

In addition to earlier reports on the reaction mechanism (Fig. 20 and 21) two 
observations were made: (1) the substrate-derived hydron at the carboxylic acid 
side chain of Glu167 and those of the bulk solvent cannot be “essentially at 
equilibrium” in the TIM – enediol(ate) complex; (2) the relative yield of α-
hydroxy aldehyde and ketone products that form by the partitioning of the 
intermediates generated by deprotonation of DHAP and D-GAP are different 
(O'Donoghue et al. 2005a, O'Donoghue et al. 2005b). This in turn means that 
about one third of the reaction intermediate returns to DHAP as often as it is 
converted to D-GAP (Maister et al. 1976, O'Donoghue et al. 2005a, O'Donoghue 
et al. 2005b). 
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Overall it has been calculated that two general effects drive the catalytic 
power of TIM: (1) stabilization of charged intermediates and (2) reduction of 
reorganization energy (Aqvist & Fothergill 1996). 

One aspect of the studies on TIM has been focused on finding activity related 
properties related to the importance of the dimeric interface (Ahern et al. 1987, 
Borchert et al. 1994, Borchert et al. 1995, Schliebs et al. 1996, Mainfroid et al. 
1996a, Mainfroid et al. 1996b, Schliebs et al. 1997, Thanki et al. 1997, 
Hernandez-Alcantara et al. 2002, Maithal et al. 2002, Espinoza-Fonseca & 
Trujillo-Ferrara 2004). 

In yeast TIM (yTIM) amino acids Asn14 and Asn78 stabilize the dimeric 
interface, and the N78D mutation also showed a 66% decrease in the turnover 
number (Ahern et al. 1987). In human TIM (hTIM) the M14Q and R98Q 
mutations destabilize the enzyme, and reduce the kinetic parameters. The double 
mutant exists in monomeric form . The mutants Q179D, K193A, and A215P were 
found to stabilize wt hTIM and the hTIM M14Q - R98Q monomer, while not 
influencing the kinetic parameters (Mainfroid et al. 1996a, Mainfroid et al. 
1996b).  

Weakening of the dimeric interface was shown to reduce the enzymatic 
activity also in Plasmodium falciparum TIM (PfTIM) (Maithal et al. 2002). 
Benzothiazoles are proposed as possible anti-trypanosomal drugs based on the 
disruption of the dimeric interface (Espinoza-Fonseca & Trujillo-Ferrara 2004). 
Clearly dimeric/multimeric stabilization is important for native enzymes to be 
locked in a fully active state. 

In order to understand why dimeric stabilization is important for TIM, 
monomeric TIM variants were engineered (see Fig. 23). MonoTIM is an active 
monomeric TIM variant of tbTIM where 15 residues of loop-3 were replaced by 
another 8 residue fragment (Borchert et al. 1993a, Borchert et al. 1994). Its 
turnover is about 1000 times lower than wt tbTIM and the Km is 10 times higher. 
The melting temperature (Tm) is the same as in wild type (~ 51 ºC). Another 
finding was that front loops 1, 4 and 8 which are highly rigid in wild type TIM 
show enhanced conformational flexibility in monoTIM. Catalytic residue Lys13 
loses its strained conformation compared to wild type. In wild type Lys13 is 
hydrogen bonded to Glu97 and has 5 subunit interactions (Glu97 and Cys14 have 15 
and 26 subunit interactions respectively) (Schliebs et al. 1996). Finally, the active 
site in monoTIM is much more exposed to the bulk solvent.  

The findings regarding monoTIM were confirmed in a monomeric variant 
tbTIM T75R – G76E (RE-TIM for short) (Schliebs et al. 1997). In this variant 
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loop-3 of the dimeric interface is almost the same as in wild type. Although RE-
TIM is less stable, the catalytic properties are c omparable to monoTI M. The 
mutation of one single residue is enough to create a monomeric form of tbTIM: 
tbTIM C14F behaves as a monomer however, it is  less stable than RE-TIM; the 
melting temperatures were 46.5 ºC and 52 ºC respectively. The turnover number 
is ~  1000 ti mes lower a nd the K m is 6 ti mes higher compared to wild type  
(Hernandez-Alcantara et al. 2002). 

The activity of monoTIM is  lower than in wt TIM (Schliebs et al . 1996). A 
directed evolution a pproach discovered that the c atalytic activity of monoTIM 
was improved after the introduction of the double mutation S43P-T44(A)(S). The 
kcat/Km of the double mutant was improved by approximately 39-fold compared to 
monoTIM (Saab-Rincon et al. 2001). 

Ml1TIM was designed usin g monoTIM as a scaffold by rigidifying l oop 1. 
This was done by using a computational approach (Thanki et al. 1997). Ml1TIM 
has similar ki netic pro perties to monoTIM a nd similar st ructural pro perties as 
monoTIM. The melting temperature of 49 ºC of ml1TIM is lower than monoTIM 
and wild type. The a ffinity fo r P GH has increased slightly compared to the 
monoTIM. 
 

 

Fig. 2 3. Historic o verview o f monomeric tbTIM var iants. In p arentheses is l isted the 
amino acid at position 100, either an alanine or a tryptophan. References in regards to 
the creation of the monomeric forms can be found in the text.  

Apart from biochemical prope rties such a s turnover number (kcat), catalytic 
efficiency (kcat/Km), stability a nd ligand a ffinity, additional aspects such as 
production by fermentation ( Chapter 2), isolation/immobilization (a stability 
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issue), biotransformation and product recovery must be considered for industrial 
enzymes (Burton et al. 2002). 

As discussed in Chapter 1, stability is an important factor when applying an 
enzyme in an industrial process. Structural investigations can identify crucial 
amino acids which are folding bottlenecks, important for an enzyme to be in an 
active conformation (Silverman & Harbury 2002b) and identify footprint residues, 
for example Val169, Leu131, and Leu238 of TIM in regards to ligand-binding 
(Silverman & Harbury 2002a).  

Unfolding studies investigate folding pathways of TIM and identify 
intermediate structures. This can be done by protein engineering (Kursula et al. 
2002, Gonzalez-Mondragon et al. 2004), biophysical techniques and by urea or 
respectively guanidine hydrochloride titrations (Chanez-Cardenas et al. 2002). 
Different TIM variants show different unfolding pathways despite the similar 
crystallographic structures. Some unfolding pathways, investigated by guanidine 
hydrochloride titrations, such as the unfolding pathway of tbTIM is complex and 
irreversible, while others such as Leishmania mexicana (LmTIM) and rabbit TIM 
(rTIM) show only one step and are reversible (Chanez-Cardenas et al. 2005). 
Thermal denaturation studies revealed that Cys126 in yTIM is required for proper 
folding (Gonzalez-Mondragon et al. 2004), while the conserved Arg191-Asp127 salt 
bridge in tbTIM is important for folding and stability, as deducted by 
crystallography (Kursula et al. 2002). 

Investigations of extremophiles can give some insight in stability. Ala238 in 
Vibrio marinus (vTIM; a psychrophile) destabilizes the enzyme compared to E. 
coli TIM (eTIM). Ser238 is a conserved residue in all other TIM variants. 
Crystallography studies, complemented with calorimetric studies show that, the 
A238S mutant of vTIM is more stable at higher temperatures than the wild type 
(Alvarez et al. 1998). Thermophilic TIM of Bacillus stearothermophilus TIM 
(bTIM) and Thermotoga maritima TIM (tTIM) have been found to possess a 
His15-Lys16 pair instead of the Asn15-Gly16 pair normally present in mesophilic 
TIM variants. Crystallography and biophysical studies, complemented with 
molecular dynamics simulations, showed that the H12N/K13G mutant in bTIM 
showed a reduced thermal stability, while the same double mutant in tTIM 
showed an increased thermal stability (Alvarez et al. 1999, Hernandez-Alcantara 
et al. 2002). 

Point mutations could have large effects on the overall stability of the protein. 
Biophysical investigations on Cys14 in tbTIM revealed that Cys14 mutation to Asn, 
Arg, or Gly lowered activity and stability. The C14F mutant resulted in a 
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monomeric form with low activity and lower stability (Hernandez-Alcantara et al. 
2002). A point mutation in LmTIM resulted in a super stable enzyme without the 
loss of catalytic power, as was shown in protein engineering followed by 
crystallography and biophysical studies. The melting temperature of this E65Q 
variant is 26 °C higher than in the wild type at pH 7 (Williams et al. 1999). The 
destabilizing effect can also be greater in the monomeric subunit when compared 
to the dimeric wild type, as seen in the A178L mutation in tbTIM (Alahuhtha et al 
(2008a and c) and this Chapter). 

The site directed mutagenesis of loop-8 in ml1TIM, guided by extensive 
modeling calculations and followed up by crystallographic characterization, of 
loop-8, was aimed at widening the phosphate-binding pocket, thereby allowing 
for the creation of a TIM variant with a much broader substrate specificity. This 
variant, ml8bTIM for short, showed no activity for D-GAP and DHAP (Norledge 
et al. 2001). The active site of ml8bTIM was restored to its original competent 
active site by rational design to create A-TIM (Alahuhta et al. 2008b), as was 
highlighted in Chapter 2. Currently A-TIM is under investigation for original 
activity, but more importantly it is the starting point for directed evolution 
experiments to create a novel group of enzymes.  

Overall these protein engineering efforts on TIM have revealed the 
importance of the dimeric interface on stability and kinetic properties and 
highlight the importance of the rigidity of the amino acid back-bone conformation 
on the activity of an enzyme. It is clear from the few examples mentioned above 
that protein engineering towards a more stable variant is not straight forward and 
that mutations to obtain a desired effect may result in less stable variants. 
Mutations may have different effects in different species of an enzyme. Packing 
of the barrel interior is extremely inflexible, while other parts of the TIM barrel 
are more mutable (Silverman et al. 2001). Another issue is the industrial stability. 
Active monomers with the properties of a molten globule may be attractive 
starting points for the evolution of new catalysts (Vamvaca et al. 2004). 

In this study the focus of interest was to alter the hinges of the catalytic loop-
6 to come to a more comprehensive understanding of these regions (Sun & 
Sampson 1998, Sun & Sampson 1999, Xiang et al. 2001, Kursula et al. 2004). 
Furthermore, beneficial properties of engineered hinge regions could be 
introduced in the monomeric TIM variant A-TIM. 

The catalytic loop-6 is conserved even in some other α/β TIM barrels such as 
the α-subunit of tryptophan synthase, ribulose bisphosphate carboxylase, and 
Yersinia protein tyrosine phosphatase (Xiang et al. 2001, Wierenga 2001). In TIM 
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loop-6 is composed of 11 amino acid residues. Loop-6 follows immediately after 
the catalytic gluta mate, Glu167 (see Fig. 24). There a re three N -terminal hinge  
residues (16 8–170), a  five res idue hydrophobic lid ( 171–175), a nd three C -
terminal hinge residues (176–178).  

 

 
 

tbTIM    - Y166 E P V W A I G T G K V A T P180 – 
              └─── active site loop ──┘ 

Fig. 2 4. C atalytic, act ive site loop-6 in  tbTIM. The h inge region residues (PVW, K VA) 
are labeled and highlighted in grey. The catalytic base is depicted in italics. Loop-6 is 
portrayed in the closed conformation. 

The C -terminal hinge shows a  greater variation in nat ure tha n the N-terminal 
hinge. However, a certain classification of amino acid families can be made (Sun 
& Sampson 1999). The following detailed structural and biophysical analysis of 6 
phylogenetic families, made up by randomized C-terminal hinge mutants and the 
wild type  hinges, showed 4 new types of hin ges, compared to the 2 wil d type  
families. It  is suggested that these 4 families do not a ppear in nature due to  
evolutionary selection for  the  ma ximal rat e of formation of the Mic haelis 
complex. Two mutations (YSL and KT K) were most impaired, and und ergo a 
change in rat e-limiting step from e nediol formation to DHAP b inding. All 
families had a  reduced kcat/Km relative to the wild ty pe. Structural analysis 
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showed that the replacement of a buried alanine side chain in the C-terminal 
hinge with a bulky residue causes the closed conformation to be favored (Kursula 
et al. 2004). 

The N-terminal hinge is not solvent exposed like the C-terminal hinge, and 
forms specific hydrogen bonds with the rest of the protein and is tightly packed 
by hydrophobic interactions (Xiang et al. 2001). When sampling by biophysical 
and kinetic studies, all 8000 amino acid combinations for the three N-terminal 
hinge residues, only 13 (semi)-active mutants were found (compared to 136 
(semi)-active mutants in the C-terminal hinge (Sun & Sampson 1998) and, as in 
nature, the Pro168 is conserved. At position 169 mainly valine, isoleucine, and 
leucine are found in the most active mutants. This is an indication that van der 
Waals interactions with Thr130 are important for maintaining the structure of the 
closed conformation (Xiang et al. 2001). At position 170 a conservation of a 
hydrogen bond donor is observed. This suggests that both the hydrogen bond 
between the Trp170 indole nitrogen atom and Glu129 as well as packing interactions 
with Lys176 (in the C-terminal hinge) are important for stabilizing the closed form 
of loop-6 (Xiang et al. 2001). 

With regards to the new hinge mutants mentioned in the previous studies, it is 
found that the drop in catalytic activity is not due to increased rates in loop 
opening, and neither hinge study produced any glycine mutations with apparent 
activity. Adding conformational flexibility by introducing glycines to either or 
both hinges showed a reduced kcat, an increased Km, and adaptation to a different 
ligand-binding mode for the inhibitor 2PG (Xiang et al. 2004), as shown in 
kinetic studies. However, as indicated by NMR investigations, the rate limiting 
step is still the enolization step as in wild type. Loop-6 guarantees that 
protonation of the enediol(ate) intermediate is faster than the non favorable 
elimination reaction by providing a suitably oriented proton donor at high 
effective concentration (Xiang et al. 2004). 

Pro168 seems to play an important role in TIM for catalysis. Not only is Pro168 
a fully conserved residue throughout all species of TIM (Kursula et al. 2004), 
detailed structural data, complemented with dynamic simulations, shows unusual 
properties upon ligand binding (Kursula & Wierenga 2003, Donnini et al. 2006). 
Calculations on the conformational states of Pro168 in wild type showed that upon 
loop closure Ala171 clashes with the Cγ of Pro168 (the distance in 1N55 (A) is 4.08 
Å. In vacuum the proline will flip from a „up‟-puckered state, to a „down‟-
puckered state, however in the protein environment a clash of Cγ of Pro168 with 
Tyr166 forces the proline to adapt to a planar conformation. It is proposed that 
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stored energy in the ring can induce the loop opening on completion of the 
reaction and that the planar state introduces conformational strain in the active 
site (Donnini et al. 2006). 

Isoptope labled protein NMR studies showed the importance of structural 
rigidity for both the N-terminal and the C-terminal hinge, which is essential for 
focused motional freedom in the catalytic loop-6 of TIM (Kempf et al. 2007). In 
this study and earlier work (Xiang et al. 2004) the PGG/GGG (N-terminal/C-
terminal hinge) mutant of wild type chicken TIM (cTIM) was characterized. 
Loop-6 does not prematurely open (nor fail to close) during catalysis. However, 
the mutant introduces non-productive (off-pathway) conformations of both apo 
and substrate-bound, and a shift in loop-6 dynamics due to sampling of non-
functional conformations. The difference between the YSL mutant (Kursula et al. 
2004) and the PGG/GGG mutant is that the PGG/GGG mutant samples primarily 
the open conformation, while the YSL mutant samples more the closed 
conformation.  

The enzymological studies of the C-terminal hinge mutant A178L and the N-
terminal hinge mutant P168A are described in this study. Both mutants have a 
lower catalytic efficiency, which is discussed for the A178L mutant in context of 
their local and overall stability. The proline side chain is required for transmitting 
the signal of ligand binding and loop-6 closure to the Glu167 side chain. All results 
are discussed in context of the refined structures. 

3.2 Experimental 

3.2.1 Generation of hinge mutants P168A and A178L 

The vectors pET3a (Novagen, Madison, WI, USA), which included the wild type 
TbTIM and the ml1TIM gene, were mutated by means of site-directed 
mutagenesis PCR using a QuickChange site-directed mutagenesis kit (Stratagene, 
La Jolla, CA, USA). The mutagenic primers used were: 
 
P168A sense (+) 5„-CGCCTACGAAGCCGTTTGGGCCATTGGTACCG-3„, 
P168A compl (−)5„-ACCAATGGCCCAAACGGCTTCGTAGGCGATGAC-3„ 
A178L sense (+) 5'- CATTGGTACCGGCAAGGTGCTGACACCACAGC -3'  
A178L compl. (-) 5'- GCTGTGGTGTCAGCACCTTGCCGGTACCAATG -3'  
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The TIM genes were verified for the mutations by sequencing PCR (Kleppe et al. 
1971, Sanger et al. 1977, Rabinow 1996). Plasmid was produced in Escherichia 
coli TOP10 cells (Invitrogen, Carlsbad, CA, USA). Protein was produced in E. 
coli strain BL21 pLysS (Invitrogen) after transformation with the correct plasmids. 

3.2.2 Biophysical studies  

Protein was expressed and purified as described earlier (Casteleijn et al. 2006). 
Pure protein was produced in several independent batches and the quality of the 
purified protein was checked by using sodium dodecyl sulphate polyacrylamide 
gel electrophoresis (SDS-PAGE) (Laemmli 1970) and Coomassie Blue staines 
(Ausubel et al. 1989). 

Triosephosphate isomerase activity was studied at 25 ºC as previously 
described (Sun & Sampson 1999, Casteleijn et al. 2006). The initial rates were 
measured at each substrate concentration from the change in NADH absorbance 
at 340 nm with a Powerwave X microtiterplate reader (Bio-tek Instruments, 
Vermont, USA). The kcat and Km values were obtained after data fitting to the 
Michaelis-Menten equation (Michaelis & Menten 1913) using the GraFit program 
(Erithacus software, Stains, U.K.). Ki values for arsenate and 2-phosphoglycollate 
(2PG) were determined assuming a competitive inhibition model (Casteleijn et al. 
2006). 

The thermal stability of all eight variants was studies in relation to their 
counterparts using temperature induced denaturation as previously described 
(Schliebs et al. 1997, Casteleijn et al. 2006). A Jasco J-715 spectropolarimeter 
(JASCO Corporation, Tokyo, Japan) with a path length of 1 mm at 25 ºC was 
used to measure the circular dichroism spectrum (CD) prior to and after the 
denaturation studies. Temperature induced denaturation was carried out by 
monitoring the ellipticity from 20 ºC to 60 ºC at 222 nm and 211 nm with a rate of 
30 ºC per hour. The thermal stability of all variants was measured with and 
without the transition state analogue 2PG. 

3.2.3 Crystallography and structure analysis 

The crystallography methods are previously described in detail (Casteleijn et al. 
2006, Alahuhta et al. 2008a). Several structures of homologous TIMs and their 
variants were used for structure comparisons: 
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– Trypanosomal TIM (1.83 Å, PDB entry 5TIM) (Wierenga et al. 1991a) 
– LmTIM, complexed with 2PG (0.83 Å, PDB entry 1N55) (Kursula & 

Wierenga 2003)  
– Plasmodium TIM, unliganded (2.2 Å, PDB entry 1YDV) 
– Yeast TIM, unliganded (1.9 Å, PDB entry 1YPI) (Lolis & Petsko 1990)  
– Chicken TIM, complexed with the transition state analogue 

phosphoglycolohydroxamate (PGH) (1.8 Å, PDB entry 1TPH) 
– Yeast TIM, complexed with DHAP (1.2 Å, PDB entry 1NEY) (Jogl et al. 

2003) 
– Trypanosomal TIM complexed with sulphate (2.4 Å, PDB entry 2V5L) 

(Noble et al. 1993) 
– Ml1TIM, complexed with 2PG (2.6 Å, PDB entry 1ML1) (Thanki et al. 1997)  
– Plasmodium falciparum TIM, complexed with 2PG (2.8 Å, PDB entry 1LZO) 

(Parthasarathy et al. 2002)  
– Unliganded YSL-chicken (loop6 hinge mutant) TIM (2.9 Å, PDB entry 

1SSD)(Kursula et al. 2004)  
– YSL-chicken TIM complexed with 2PG (2.9 Å, PDB entry 1SSG) (Kursula 

et al. 2004)  
– MonoTIM-SS (2.4 Å, PDB entry 1MSS) (Borchert et al. 1994) 

The reference structure for the wild type unliganded, open conformation is the 
5TIM A subunit, while the structure of 1N55 was used as the reference structure 
of the wild type liganded, closed conformation. The reference structure used for 
comparisons with the monomeric forms of TIM is ml1TIM. The trypanosomal 
TIM numbering scheme was used throughout this thesis, in which the catalytic 
glutamate is Glu167.  

The structures were analyzed with programs O (Jones et al. 1991), Coot 
(Emsley & Cowtan 2004), LIGPLOT (Wallace et al. 1995) and ICM (Molsoft 
L.L.C., La Jolla, CA, 41 USA). Program Chemsketch (Advanced Chemistry 
Development, Inc., Toronto, Canada) was used to generate substrates and ligands 
figures. Additional figures were made as previously described (Casteleijn et al. 
2006, Alahuhta et al. 2008a, Alahuhta et al. 2008b).  

The structures of ml1P168A and ml8P168A (i.e. ml8bP168A/W100A) were 
obtained as described earlier (Alahuhta et al. 2008b) in reference to ml8bTIM. 
The data processing and refinement parameters are listed in Table 5. 
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Table 5. The most essential parameters of ml1P168A and ml8P168A. 

Data collection ml1P168A ml8bP168A-W100A 

Resolution (Å) 25–2.77 25–2.02Å 

Ligand - - 

Space group P63 P21 

Cell dimensions 

(a,b,c (Å); α,β,γ (°)) 

94.35 94.35 49.51 

90.000 90.000 120.000 

91.64 50.79 93.12  

90.000 118.987 90.000 

No. of subunits per asymmetric unit 1 3 

Rmerge (%) a 3.2 (18.1) 8.0 (25.8) 

I/σI  37.14 (7.19) 17.35 (3.93) 

Completeness (%) a 99.4% (100.0%) 97.6% (83.5%) 

Refinement parameters   

Resolution (Å) 2.77 2.02 

ligand - 7 x SO4 

R (%) 22.3 23.3 

Rfree (%) 28.9 30.2 

No. of atoms 

(protein/ligand/solvent) 

1756/0/5 5363/35/341 

Average B (Å2) 

(protein/ligand) 

37.7/0 26.2/36.7 

rmsd bond length (Å) 0.015 0.019 

Ramachandran plot allowed region (%) 97.8 99.6 

a) The number in parentheses refer to the highest resolution bin 

3.3 Results and discussion 

The kinetic properties of two different variants of TIM have been determined in 
the context of this thesis, in each case the dimeric-, and monomeric variants were 
determined from multiple protein batches, resulting in a carefully analyzed data-
set. The kinetic data was then extensively compared to structural data. Here I will 
discuss the results based on two publications (Casteleijn et al. 2006, Alahuhta et 
al. 2008b) supplemented with monomeric P168A kinetic data and two related, but 
unpublished structures (ml1P168A apo; ml8bP168A-W100A liganded to sulfate). 
In reference to both publications my main contribution is the creation, over-
production, kinetic analysis and discussion on the structural analysis of both of 
the hinge mutants. Accordingly, I will mainly concentrate on the kinetic aspects. 
In the last section of each topic I will compare the enzymological results with the 
structural data. 
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The hypothesis was that both mutations would induce loop-6 to close, a 
feature wanted in A-TIM (Alahuhta et al. 2008b) variants to come closer to a(n) 
(more) active enzyme with altered substrate specificity.  

3.3.1 Validation of the kinetic assay 

The functionality of the conserved proline was evaluated by a point mutation at 
position 168, replacing the proline by an alanine. In structural-functional studies 
this type of substitution is common, because alanine mutations can be used to 
infer the roles of individual side chains (Weiss et al. 2000, Morrison & Weiss 
2001), while not affecting the Ramachandran preferential distribution of φ/ψ-
values.  

For the conversion of D-GAP into DHAP several batches of D-GAP were 
prepared and the concentrations assayed (Casteleijn et al. 2006). D-GAP batches 
with a concentration lower than 30 mM were not used for technical reasons (i.e. 
low final concentration in measuring-well due to dilutions were avoided). 
Residual TIM activity in glycerol-phosphate dehydrogenase batches (GDH) was 
inactivated with BHAP, thus guaranteeing suitable conditions for the kinetic 
studies. 

For the conversion of DHAP into D-GAP arsenate is used as a cofactor to 
make the linker enzyme catalysis irreversible by the secondary enzyme GAP-DH 
(E.C. 1.2.1.12) during the assay (Lambeir et al. 1987). Arsenate is a competitive 
inhibitor of TIM with similar properties to the phosphate moiety of the substrates. 
The Ki values of arsenate were determined in order to calculate the DHAP 
Michaelis constant (Km) for all variants. 

In the experimental setup wild type tbTIM was always assayed as a control to 
provide a system suitability test to monitor the assay conditions. To establish the 
proper conditions dimeric wild type tbTIM and monomeric ml1TIM of two 
individual protein batches were assayed (see Table 6).  

For the calculations of single Km, kcat and Ki reaction rates for 8 different 
substrate concentrations were followed via change of OD340 in triplicate. The data 
was evaluated according to analytic statistical parameters to obtain standard errors 
(Miller & Miller 2000). Averages were calculated assuming a normal distribution 
and confidence intervals were propagated according to Miller and Miller (2000). 
Table 6 summarizes the kinetic data for wild type TIM and ml1TIM in 
comparison to previous experiments. 
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Table 6. Kinetic parameters of wild type TbTIM and ml1TIM. 

TIM 

variant 

D-GAP  DHAP Arsenate 

Ki  

[mM] 

2PG 

Ki  

[mM] 

Reference 

kcat  

[s-1] 

Km  

[mM] 

kcat  

[s-1] 

Km  

[mM] 

wt tb TIM 6167 0.025 ± 0.05  1083 1.2 ± 0.1 4.61 ± 0.8 0.027 ± 0.005 Lambeir et 

al. 1987 
wt tb TIM 6167 0.025 ± 0.05  ND ND ND1 0.026 ± 0.007 Thanki et 

al. 1997 

wt tb TIM 3570 ± 420 
(N =5; 2)3 

0.026 ± 0.04  654 ± 110 
(N = 6; 2)3 

0.9 ± 0.2 4.9 ± 0.1 
(N = 2; 1)3 

0.05 
(N = 1; 1)3 

This study 

ml1 TIM 5.0 5.7 ± 0.6  ND ND ND2 0.045 ± 0.003 Thanki et 

al. 1997 

ml1 TIM 2.1 ± 1.0 
(N= 5; 2)3 

3.8 ± 1.9  7.2 ± 1.5 
(N=5; 2)3 

0.8 ± 0.3 5.1 ± 0.5 
(N = 2; 1)3 

ND This study 

1) Ki of phosphate is 4.5 ± 0.7 mM (Lambeir et al. 1987), 6.9 ± 1.1 mM (Thanki et al. 1997); 2) (Lambeir et 

al. 1987) Ki of phosphate 9.4 ± 2.9 mM (Thanki et al. 1997); 3) The first number is the number of assays, 

the second the amount of independently purified protein batches; ND = Not Determined 

MonoTIM, the predecessor of ml1TIM, has similar kinetic properties as ml1TIM 
(Schliebs et al. 1996). The values for the DHAP to D-GAP conversion for 
monoTIM are: kcat is 0.2, the Ki for 2PG is 0.052 ± 0.007 and the apparent rate 
K‟m 12.2 ± 1.9. The K‟m for ml1TIM is 14.2 ± 2.6 (this study). 

Overall the kinetic data is comparable to earlier experiments. However, the 
kcat of the wild type found in this study is two-fold lower than Lambeir et al. 
(1987). One possible explanation for this is the difference in source material of 
the protein. Lambeir et al. (1987) used native trypanosomal TIM isolated from 
partially purified glycosomes, while in this study a recombinant, over-expressed 
enzyme was used. Along the unfolding pathways of trypanosomal TIM the 
protein can consist in 4 different soluble forms or consist of insoluble aggregate 
(Chanez-Cardenas et al. 2002). The soluble four forms are: active dimeric, 
inactive dimeric, active monomeric, or inactive monomeric, while the 2 
aggregates derive of the inactive forms. The enzyme isolated from the 
bloodstream and subsequently the glycosomes, could be more in the dimeric-
active form compared to recombinant protein which is present in the cell after 
induction even as aggregates (see Chapter 2). Based on the good correlation of the 
Km values in Table 6, one must conclude that a very little amount of active 
monomeric tbTIM is present, and that additional purification by gel filtration will 
not result in homogeneous active material. 
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Another possible explanation for the twofold reduction in the turnover 
number of recombinant tbTIM could be the different evaluation method for the 
amount of protein: the fluorescamine method uses bovine serum albumin as a 
standard (Misset & Opperdoes 1984) for the native enzyme versus the OD280 
method for the recombinant enzyme, with a theoretical value for the molecular 
absorbance coefficient (Casteleijn et al. 2006). In order to correlate these methods 
a tbTIM protein standard should be prepared, but this was not considered in the 
scope of this thesis. The OD280 method was chosen after evaluating TIM 
concentrations using the Bradford method (Bradford 1976), the BCA method 
(Smith et al. 1985) and the OD280 method (Layne 1957) for its correct value (over 
the Bradford method) and simplicity (over the BCA method). 

3.3.2 Functional role of the conserved active site proline 

The steady-state kinetic parameters of the P168A variant were determined for 
both the forward and the reverse reactions. The kinetic constants are compared 
with the wild type tbTIM and ml1TIM (Table 7). The kinetic data work suggests 
that Pro168 in TIM is essential for proper catalysis and specificity. 
Both in wild type and in ml1TIM mutants there is a large drop in kcat and also in 
kcat/Km. For the conversion of D-GAP  DHAP the kcat is decreased by 60 fold in 
the case of wtP168A and 131 fold in ml1P168A. The kcat/Km, a measure of 
specificity, for wtP168A drops 35 fold, while for ml1P168A the drop is 20 fold.  

For DHAP  D-GAP the pattern is similar. However when considering the 
shift in kcat/Km for the ml1P168A variant only a fourfold reduction is observed, 
compared to a 20 fold reduction for the D-GAP DHAP conversion. The rate 
limiting step in wild type TIM is the binding of DGAP (Nickbarg & Knowles 
1988). It is proposed that the lower rate of catalysis of monoTIM is due to an 
increased solvent accessibility and a higher mobility of the catalytic lysine and 
histidine (Schliebs et al. 1996). Also the pKa value of Lys13 in monomeric TIM 
may be lower due to loss of a hydrogen bond with residue Glu97 (Aqvist & 
Fothergill 1996, Schliebs et al. 1996). The rate limiting step thus may have 
changed in monomeric TIMs compared to wild type, dimeric, TIM from binding 
of DGAP to product formation. Further experiments are needed to prove this 
hypothesis. 
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Table 7. Kinetic parameters of the P168A mutants. 

TIM 

variant 

D-GAP  DHAP Arsenate 

Ki  

[mM] 

2PG 

Ki  

[mM] 
kcat  

[s -1] 

Km  

[mM] 

kcat  

[s -1] 

Km  

[mM] 

wt tbTIM 3570 ± 420 
(N = 5; 2)1 

0.026 ± 0.04  654 ± 110 
(N = 6; 2)1 

0.9 ± 0.2 4.9 ± 0.1 
(N = 2; 1)1 

0.05 
(N = 1; 1)1 

wt P168A 60 ± 14 

(N = 8; 2)1 
0.16 ± 0.04  19 ± 7 

(N = 7; 2)1 
0.53 ± 0.33 5.8 ± 3.0 

(N = 4; 1)1 
0.32 ± 0.12 

(N = 4; 1)1 
ml1TIM 2.1 ± 1.0 

(N = 5; 2)1 
3.8 ± 1.9  0.8 ± 0.3 

(N = 5; 2)1 
7.2 ± 1.5 5.1 ± 0.5 

(N = 2; 1)1 
ND 

ml1P168A 0.016 ± 0.008 

(N = 9; 5)1 
0.57 ± 0.27  0.082 ± 0.002 

(N = 4; 2)1 
2.9 ± 1.2 3.5 ± 1.4 

(N = 3; 2)1 
0.22 ± 0.02 

(N = 4; 1)1 
1) The first number is the number of assays, the second the amount of independently purified protein 

batches; ND = Not Determined, literature value is 0.045 (Thanki et al. 1997). 

There is a clear shift of Km values in wtP168A compared to ml1P168A. The Km is 
38–40% lower in wtP168A and 60–85% lower in ml1P168A. The product release 
rate has not been investigated; therefore ligand binding affinity cannot be 
discussed using the Km values. However, the Ki values of 2PG (a transition state 
analogue) do provide some insight into the binding constant of the ligands DHAP 
and D-GAP.  

In the P168A mutants the affinity for 2PG is reduced over 5–6 fold. The 
bigger shift in Km values for ml1P168A, compared to wtP168A, could be due to 
the higher solvent accessibility and lower diffusion rates since the shift in ligand 
affinity of wtP168A and ml1P168A for 2PG is nearly the same.  

Clearly the P168A mutation affects the mode of binding of the ligand, the 
selectivity and turnover number, but the observed relative effects are similar in 
wtP168A and ml1P168A. There is one exception: the difference in Ki for arsenate 
for wtP168A and ml1 P168A. Ml1P168A has a slightly higher affinity (by 31%) 
for arsenate than ml1TIM, while the affinity for arsenate of wtP168A is reduced 
by 20% when compared to wild type; a total difference of 50%. It is important to 
note that the kinetic differences between the monomeric ml1P168A and the 
dimeric wtP168A are not due to differences in stability (Table 8). 



 79 

Table 8. The melting temperature (Tm) values for various TIM variants at 222 nm  
(β-sheet/α-helixes unfolding) and at 211 ( α.-helixes unfolding). 

Tim variant Tm ( ºC) Reference 

222 nm  211 nm 

open open closed 

wt tbTIM 50 ND  47 This study 

wt tbTIM ~51 57 1  ND (Borchert et al. 1993a, Schliebs et al. 1997) 

wt P168A 50 ND  49 This Study 

ml1 TIM 49 ND  49 This Study 

ml1 TIM 49 57 1  ND (Thanki et al. 1997) 

ml1 P168A 48 ND  48 This Study 

In the presence of 1) 1 mM 2PG; ND = Not Determined 

A valuable tool for kinetic studies is to obtain insights into structural details of the 
enzymes studied. The careful analysis of wtP168A, in liganded and apo form, 
showed new insights into the mechanism of the kinetic machinery of TIM 
(Casteleijn et al. 2006). 

Four major aspects can be observed: (a) the unique N-terminal hinge 
geometry of the wild type changes significantly, the biggest change being the 
introduction of a new hydrogen bond between the peptide nitrogen of Ala168 to 
the O(Gly211) of loop-7; (b) as a result of the loss of rigidity of the Glu167-Pro168 
dipeptide in the P168A variant the Glu167 cannot move easily to a catalytically 
competent “swung-in” position; (c) the carboxylate oxygens of Glu167 are not 
bound to 2PG. Instead, this part of the ligand is bound further “up”. Consequently, 
Ile172 and the tip of loop-6 do not fully close and the interactions with the 
phosphate moiety are weaker. This holds also true for the interactions between 
loop-1 and the ligand; (d) the concerted movement of loop 6 and loop 7, induced 
by the rotation of loop-7 peptides and interactions with P168 is lost. However, 
loop-6 is observed to be closed in wtP168A structures complexed with 2PG. 

These structural aspects were also observed in the monomeric P168A variants 
ml1 and ml8b-W100A (see Fig. 25). 
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Fig. 25. Structural comparisons of the P168A mutation in (a) ml1p168a (grey), 
ml8bP168A-W100A-SO4 (dark grey), wtP168A (light grey); (b) ml1-2PG (grey), 
ml8P168A-SO4 (dark grey), and wtP168A-2PG (light grey). Arrow indicates the H-Bond 
between Ala168-Gly211 not present in wild type and ml1. 

These 4 observations have important implications for the catalytic machinery of 
TIM. Stabilizing hydrogen-bonding interactions freeze the active site in a 
catalytically incompetent state in the P168A variant. Furthermore, the loss of 
rigidity in loop-6 can be seen by the loss of stabilizing hydrogen bonds in the C-
terminal hinge (Fig. 26b, d). 

(b) 

(a) 

loop-7 

E167 

K13 

loop-7 

E167 

2PG 
SO4 

loop-6 

loop-6 
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It is also clear from Fig. 25 that the less rigid loop-6 adapts to alternative 
conformation in monomeric P168A variants over the wild type, a sign of 
structural plasticity of monomeric TIMs. Another interesting observation is the 
alternative conformation of loop-7 in ml1P168A an ml8P168A compared to 
normally seen “open” and “closed” conformations dimeric structures as described 
earlier (Wierenga et al. 1991a, Kursula & Wierenga 2003, Casteleijn et al. 2006). 
The new hydrogen bond between the peptide nitrogen of Ala168 to the O(Gly211) 
of loop-7 seems to affect the monomeric structures (see Figures 25, and 26d). 

This may be an explanation for the 50% stronger arsenate binding-affinity 
between the monomeric and dimeric P168A mutant. However, more structural 
evidence is needed to support this observation. 

From the structural analysis presented here several aspects are reflected in the 
kinetic profile of the P168A mutants: 

1. The catalytic rate of the P168A mutant is reduced dramatically due to the 
incompetent active site and the inability of the Glu167 to “swing in” properly. 

2. The affinity for the transition state analogue 2PG is reduced due to the loss of 
interactions upon binding. 

3. In dimeric P168A the binding of the phosphate moiety (as seen in Ki values 
of arsenate) is less strong than in wild type, while the monomeric TIM mutant 
ml1P168A, either by its more solvent accessible binding site (Schliebs et al. 
1996) or by the structural adaptations in loop-6 and loop-7, binds the 
phosphate moiety more strongly than ml1TIM and wild type TIM. 

4. In wild type TIM the opening/closing motion of loops 6 and 7 appears to be 
partially rate limiting for the catalysis in both directions (Rozovsky et al. 
2001, Rozovsky & McDermott 2001). The stronger arsenate binding in 
monomeric ml1P168A compared to dimeric wtP168A has no apparent effect 
on the Km values, indicating that the rate limiting step in ml1P168A and 
wtP168A is the same. However, whether the rate limiting step is similar to 
wild type cannot be concluded from these studies. 
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Fig. 2 6. Sc hematic overview o f the hydrogen bo nd network derive fr om LIG PLOT 
(Wallace et a l. 1995) analysis of loop-6 (a) wt tbTIM; (b) wtP168A; (c) wt lmTIM E65Q 
liganded with 2PG; (d) wtP168A liganded with 2PG. Each amino acid is drawn as –N–
Cα–(C=O)–; Cα is represented as a circle. White circles are loop residues, while grey 
circles reside in an alternative secondary structure. The numbering corresponds to wt 
tbTIM amino a cid sequence. Hydrogen bonds are shown a s dotted lin es. 
Intermediating waters are drawn as black orbs. 

The hypot hesis, tha t the P168A mutation could be in troduced to o btain more 
active A -TIM vari ants due to loop -6 closure, has to be re jected in light of 

(a) (b) 

(c) (d) 
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presented data. Even though loop-6 seems to sample the closed conformation 
more in ml1P168A, compared to ml1TIM, clearly the P168A mutant cripples the 
catalytic machinery in a dramatic way.  

3.3.3 Functional aspects of the A178L mutation for protein 
engineering of A-TIM 

The steady-state kinetic parameters of the A178L variant were determined for 
both the forward and the reverse reactions. The kinetic constants are compared 
with the wild type tbTIM and ml1TIM (Table 9). The kinetic data suggest that 
Leu178 in TIM affects dimeric TIM differently as monomeric TIM, and decreases 
specificity overall. 

Table 9. Kinetic parameters of the A178A mutants. 

TIM 

variant 

D-GAP  DHAP Arsenate 

Ki  

[mM] 

2PG 

Ki  

[mM] 
kcat  

[s -1] 

Km  

[mM] 

kcat  

[s -1] 

Km  

[mM] 

wt tbTIM2
 3570 ± 420 

(N =5; 2)1 
0.026 ± 0.04  654 ± 110 

(N = 6; 2)1 
0.9 ± 0.2 4.9 ± 0.1 

(N = 2; 1)1 
0.05  

(N = 1; 1)1 
wt A178L 4467 ± 665 

(N =8; 2)1 
0.61 ± 0.07  19 ± 7 

(N = 7; 2)1 
1.43 ± 0.47 7.8 ± 2.5 

(N = 6; 1)1 
0.39 ± 0.14 

(N = 3; 1)1 

ml1TIM2 2.1 ± 1.0 
(N = 5; 2)1 

3.8 ± 1.9  0.8 ± 0.3 
(N = 5; 2)1 

7.2 ± 1.5 5.1 ± 0.5 
(N = 2; 1)1 

ND 

ml1A178L 0.24 ± 0.17 

(N= 1; 4)1 
3.3 ± 1.1  0.062 ± 0.022 

(N = 4; 4)1 
9.1 ± 3.1 17.9 ± 2.0 

(N = 4; 2)1 
0.17 ± 0.06 

(N = 4; 2)1 
1) The first number is the amount of assays, the second the amount of independently purified protein 

batches; 2) same values as in Table 6; ND = Not Determined, literature value is 0.045 (Thanki et al. 1997). 

It was expected that the A178L mutation would affect the wt and ml1TIM in the 
same way as previously observed in the YSL mutants (Sun & Sampson 1999). 
However, the mutation affected the dimeric wild type and monomeric ml1TIM 
differently. 

In wtA178L, the kcat was not much affected and the Km was increased twofold. 
However the kcat of the ml1A178L is about 10 fold lower, while the Km values 
were similar to ml1TIM. There is also a difference in selectivity (kcat/Km): in 
wtA178L a twofold reduction was observed, while the selectivity in ml1 A178L 
showed a larger effect: an 11 fold reduction (Alahuhta et al. 2008a). Clearly the 
monomeric ml1TIM is more affected by the A178L mutation than dimeric wild 



 84 

type TIM. This could also be due to the partial unfolding of ml1A178L (see Fig. 
27).  

Based on these results it is clear that the A178L mutation impairs the catalytic 
function in ml1TIM, but does not affect the diffusion process of the ligand, while 
in wtA178L this effect is reversed, possibly due to solvent accessibility 
differences of the active site (Schliebs et al. 1996) . 

Another difference between wtA178L and ml1A178L variants is observed in 
the Ki values for 2PG and arsenate. The transition state analogue 2PG has a 
different binding affinity in wtA178L and ml1A178L; an 8 fold reduction in 
affinity for 2PG for wtA178L type and a 4 fold reduction for ml1TIM. The 
arsenate affinity for ml1A178L is reduced more than in wtA178L: a fourfold 
reduction and a twofold reduction respectively.  

When the kinetic data of the YSL mutant (Sun & Sampson 1999) are 
compared to the wtA178L it is clear that both mutants behave very similarly. This 
confirms the idea that only the bulky residue at the beginning of the C-terminal 
hinge is responsible for the observed effects as described by Sun and Sampson 
(1999). However, the ml1A178L mutant behaves differently. 

It appears from the inhibition constants of arsenate and 2PG that the mode of 
binding of the ligand in wtA178L is different than in ml1A178L. The alternate 
mode of binding seems to have implications for the catalytic machinery in the 
monomeric form of TIM more than in the dimeric form. 

The last statement is best explored by a careful, detailed structural analysis of 
the mutants versus their counterparts. The careful analysis of wtA178A and 
ml1A178L, liganded and apo forms, showed new insights into the evolutionary 
absence of a bulky residue in the C-terminal hinge of TIM (Alahuhta et al. 2008a). 

The introduction of the Leu178 has large local effects in the catalytic loop-6 
of TIM. In wtA178L the C-terminal hinge of loop-6 is in a more closed 
conformation, while the conformation of the loop itself shows several „mutant-
specific‟ conformations. Also in ml1A178L the catalytic loop-6 is in a more 
closed conformation and in accordance to observations in wtA178L.  

However, there are also structural differences. A small rearrangement in loop-
8 prevents phosphate from binding in ml1A178L, while in addition, also α-helices 
following β-strands 1, 2, 3 and 4 are shifted over 1 Å, idnicating an apparent 
structural plasticity of monomeric TIMs over dimeric TIMs (Borchert et al. 1993b, 
Alahuhta et al. 2008a). Interestingly, there is no apparent structural difference in 
the active sites of wild type tbTIM and wt178L bound to the transition state 
analogue 2PG. This is also observed in ml1TIM and ml1A178L. Obviously the 
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kinetic differences of the mutants over their wild type equivalents are correlated 
with the properties of the unliganded form. 

As observed in the mutant apo structures, the introduction of the bulky 
residue in this specific region of the catalytic loop-6, destabilizes the local 
structure of the backbone. It was already observed in the YSL variant of cTIM 
that the melting temperature (Tm) is decreased by 2 °C in the open-apo form and 
6 °C in the closed-liganded form (Sun & Sampson 1999). Also the wtA178L 
mutant is destabilized and the Tm is decreased by 3 °C in the open-apo form and 
4 °C in the closed-liganded form. These observations are listed in Table 10, and 
are visualized in Fig. 27. 

Table 10. The melting temperature (Tm) values for various TIM variants at 222 nm 
(β-sheet/α-helixes unfolding) and at 211 nm ( α.-helices unfolding). 

Tim variant Tm ( ºC) Reference 

222 nm  211 nm  

open open closed 

wt tbTIM 50 ND  47 This study 

wt tbTIM ~51 571  ND (Borchert et al. 1993a, Schliebs et al. 1997) 

wt A178L  47 532  46 This Study 

ml1 TIM 49 ND  49 This Study 

ml1 TIM 49 571  ND (Thanki et al. 1997) 

ml1A178L 46 532  49 This Study 

In the presence of 1) 1 mM 2PG or 2) 2 mM 2PG; ND = Not Determined 
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Fig. 27. CD melting curves. (a) wtTIM (triangles) and A178L (circles). (b) A178L (circles) 
and A178L in the presence of 2PG (filled circles). (c) ml1TIM (diamonds) and ml1A178L 
(squares). (d) ml1A178L ( squares) and m l1A178L in the p resence of 2 PG (filled 
squares). 

The destabilizing effect of the A178L mutant is much greater for monomeric TIM, 
as can be seen in Fig. 27c, w here the e nzyme is already part ly unfolded at the 
temperature of the kinetic assay (25 °C), at least in part explaining the lower kcat 
values of ml1A178L. 

In light of presented data here the hypothesis, that the A178L mutation could 
be introduced to obtain more active A-TIM variants due to loop-6 closure, has to 
be further inv estigated. The catalytic loop-6 has moved closer to the active site , 
resulting in a slightly elevated kcat in the dimeric A178L mutant. A-TIM-A178L 
variants selected for increased stability and with a widened binding pocket could 
give rise  to more active A-TIM variants. It was for this rea son that in dire cted 
evolution e xperiments, sampling a lternative substra tes for TIM, the  A178 L 
mutant was introduced in A-TIM as one of the starting points for library creation 
as described in Chapter 2. 

(a) (b) 

(c) (d) 
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3.3.4 Summary of the kinetic data 

All kinetic data obtained in this thesis are summarized in Table 11. 

Table 11. Kinetic parameters of all TIM variants determined in course of this work.  

TIM variant D-GAP  DHAP   AsO4 

 

Ki  

[mM]  

 2PG 

 

Ki 

 [mM]  

 

Km  

[mM] 

 

kcat  

[s–1] 

 

kcat/Km 

[s-1 mol-1] 

(5mM AsO4)  

Km 

[mM]  

kcat  

[s–1]  

kcat/Km 

[s-1 mol-1] 

Wt tbTIM 0.26 ± 

0.04 

3568 ± 

429 

13600 ± 

2800 

 0.88 ±  

0.19 

645 ±  

111 

700 ±  

200 

4.9 ±  

0.1 

0.05 

Wt P168A  0.16 ± 

0.04 

60 ±  

14 

390 ±  

130 

 0.53 ±  

0.33 

19 ±  

7 

36 ±  

26 

5.8 ±  

3.0 

0.32 ± 

0.12 

Wt A178L  0.61 ± 

0.07 

4467  

± 615 

7300 ± 

1300 

 1.34 ±  

0.47 

387 ±  

177 

300 ±  

170 

7.8 ±  

2.5 

0.39 ± 

0.14 

ml1 TIM 3.8 ±  

1.9 

2.1 ±  

1.0 

0.56 ±  

0.39 
 7.2 ±  

1.5 

0.771 ± 

0.254 

0.11 ±  

0.04 

5.1 ±  

0.5 

ND 1 

ml1 P168A 0.57 ± 

0.27 

0.016 ± 

0.008 

0.03 ±  

0.02 
 2.9 ±  

1.2 

0.082 ± 

0.002 

0.03 ±  

0.01 

3.5 ±  

1.4 

0.22 ± 
0.02 

ml1 A178L 3.3 ±  

1.1 

0.24 ± 

0.17 

0.07 ±  

0.06 

 9.3 ±  

3.1 

0.062 ± 

0.022 

0.007 ± 

0.003 

17.9 ±  

2.0 

0.17 ± 

0.06 

1) ND: Not Determined. Literature value is 0.045 (Thanki et al. 1997). 

The ma jor effects on the ki netic pro perties of both the P168 A a nd the A178L 
mutant are shown in the following schematic picture: 
 

 
(1) refers to the interconversion of D-GAP into DHAP and (2) refers to the interconversion of DHAP into D-

GAP. 
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3.4 Conclusions 

The rational protein engineering efforts on the catalytic loop-6 N-terminal hinge 
and C-terminal hinge of wild type tbTIM and ml1TIM gave new insights in the 
catalytic machinery and local stabilization. Both the A178L and the P168A 
mutants were characterized with respect to their kinetic and structure-functional 
properties. One mutant, A178L, could be considered for further investigation as a 
possible advantageous feature for future A-TIM variants. 
In summary, the following points list the major results of this chapter: 

1. Binding of the phosphate moiety to loop-7 is the initial step of catalysis. The 
conformational switch of loop-7 is the trigger in the series of conformational 
changes that lead to the evolutionarily optimized concerted motion of loop-6 
and loop-7.  

2. Protein engineering on stable oligomeric proteins, due to their multimeric 
interactions and more rigid backbone, may not have the same effect on their 
monomeric counterparts. This affects both kinetic properties (for example 
ligand binding) and overall stability (partly unfolded regions, increased 
structural plasticity).  

Implications in light of this thesis will be discussed in Chapter 6: Concluding 
remarks and perspectives. 
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4 Employing wanted properties: high 
throughput expression optimization of a 
thermostable uridine phosphorylase 

This first part of the work on the thermostable uridine phosphorylase focuses on 
the development of new tools aiding the advancement of the research on 
thermostable enzymes.  

These aspects are discussed in the context of the studies on uridine 
phosphorylase (UP; EC number 2.4.2.3) as an example molecule in this chapter. A 
review of the structural aspects of UP and relevance to protein engineering is 
discussed in more detail in Chapter 5. 

Here, we explore the results of a high throughput (HTP) expression-
optimization method for the production of recombinant proteins and an alternative 
kinetic method to study the kinetics of UP.  

4.1 Introduction 

One of the most fundamental and ever-present biochemical processes in the living 
cell involves the metabolism of nucleotides and their precursors. The biosynthesis 
of nucleotides with purine or pyrimidine as the heterocyclic base can proceed 
through one of the two pathways in the cell: (i) the de novo pathway or (ii) the 
salvage pathway (Pugmire & Ealick 2002). The latter avoids the energy-costly de 
novo pathway by utilizing preformed nucleosides and bases to produce 
nucleotides. The salvage pathway also produces side products, useful as carbon 
and nitrogen sources and provides additional energy by entering ribose moieties 
into the pentose phosphate pathway. 

Natural nucleosides and modified nucleosides are of great interest for the 
pharmaceutical use as antitumor agents and antiviral drugs. Furthermore, they are 
used as precursors for antisense oligonucleotides (De Clercq 2004, Mikhailopulo 
2007). Preparation of these compounds is based on modifications of the 
ribofuranosyl moiety or of the sugar-linked heterocyclic nitrogen bases and 
modified nucleosides are either prepared by chemical synthesis or by means of 
bioconversion (i.e. enzymes or biocatalysts).  

One example of a sugar-modified nucleoside is Azidothymidine (AZT, 
Zidovudine or Retrovir; see Fig. 28), a thymidine analog (Horwitz et al. 1964), 
which acts as an inhibitor on reverse transcriptase, and it was the first approved 
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anti-HIV compound (Fischl et al. 1987). Modified nucleosides are also reported 
to be highly effective in the treatment of cancer (Yan et al. 2006, Wan et al. 2006, 
Kawamura et al. 2006, Furman & Hoelzer 2007, Liekens et al. 2007, Berdis 
2008). 

The demand of regio- and stereospecificity makes the fully chemical 
synthesis of modified purine nucleosides complicated and limits broad application 
and biological trials, but the use of biocatalysts can overcome these (Chuvikovsky 
et al. 2006). A common strategy involves the combination of heterocyclic bases 
with carbohydrate moieties, donated by natural or chemically modified 
nucleosides or synthesized from D-ribose (Krenitsky et al. 1981, Zinchenko et al. 
1990, Mikhailopulo 2007, Roivainen et al. 2007).  

The use of tandem enzymatic reactions is illustrated in Fig. 28, where 
α-pentofuranosyl-1-phosphate (α-PFP-1) is provided either by the enzymatic 
cleavage of a pyrimidine nucleoside (by uridine phosphorylase (UP) or thymidine 
phosphorylase (TP; EC 2.4.2.4)) or is synthesized (by ribokinase (RK; EC 
2.7.1.15)) and phosphopentomutase (PPM; EC 2.7.5.6)) from D-ribose. In both 
cases the final step, the transfer of α-PFP-1 to the purine base, is catalyzed by 
purine nucleoside phosphorylase (PNP; EC 2.4.2.1). 

PNP, 5‟-deoxy-5‟-methylthioadenosine phosphorylase (MTAP; EC 2.4.2.28) 
and UP are members of the nucleoside phosphorylase family I (NPI), while TP is 
a member of the NPII family, together with enzymes which are specific for 
pyrimidine nucleosides. PNP has been studied in great detail and consists of either 
a trimer or a hexamer and MTAP consists of a trimer (with the exception of 
MTAP derived from S. solfataricus which has been reported as a hexamer). UP 
has been mostly reported as a hexamer (Pugmire & Ealick 2002). However, 
recent reported structures of human UP type I revealed that the trimeric interfaces 
are lost, resulting in an active dimer (Roosild et al. 2009). Interestingly, the 
potassium binding site is not present in human UP type I, which in E. coli UP 
potassium stabilizes the dimeric interface (Caradoc-Davies et al. 2004). In 
Chapter 5 the structural aspects of human UP, E. coli UP and models of A. pernix 
UP will be discussed in more detail. 
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Fig. 28. Chemo-enzymatic syntheses of nucleosides using nucleoside phosphorylases 
and enzymatic syntheses from pentoses. UP: uridine phosphorylase, TP: thymidine 
phosphorylase, PNP: purine nucleoside phosphorylase, RK: ribose kinase, and PPM: 
phosphopentomutase. Inset: structure of azidothymidine (AZT). The figure was 
modified from Chuvikovsky et al. 2006. 

UP, which is specific for uridine nucleosides, but also accepts thymidine (except 
in E. coli UP) and 2‟deoxypyrimidine nucleosides in higher organisms, has been 
characterized from a variety of species (Scocca 1971, el Kouni et al. 1988, 
Avraham et al. 1990, Drabikowska 1996, Molchan et al. 1998, Pugmire & Ealick 
1998, Yan et al. 2006). UP catalyses the phosphorylation of uridine in most 
organisms according to a sequential, ordered mechanism, except in E. coli UP 
where the reaction mechanism reported was random (see Fig. 29). Based on the 
model of the catalytic mechanism of human PNP, proposed by Pugmire and 
Ealick (2002), and the structures of liganded E. coli UP with 5‟-
fluorouracil/ribose 1-phosphate (PDB entry 1RXC) and 2‟deoxyuridine/phosphate 
(PDB entry 1RXS) the likely catalytic mechanism of UP could be drawn (see Fig. 
29).  

Typically, the kinetic parameters of UP are investigated by means of 
spectrophotometric methods at a wavelength of 290 nm, pH 7.4 and at 37 °C 
(Kraut & Yamada 1971, Scocca 1971, Komissarov et al. 1995), 282 nm (McIvor 
et al. 1983) or 280 nm, at 25 °C (Molchan et al. 1998).  
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UP 
Bi-Bi Ordered (Sequential) 
 
[reaction] 
A + B <==> P + Q 
[mechanism] 
E + A <==> EA 
EA + B <==> EXY 
EXY <==> EQ + P  
EQ <==> E + Q 

 
 
E. coli UP 
Bi-Bi Random  
 
[reaction] 
A + B <==> P + Q 
[mechanism] 
E + A <==> EA 
EA + B <==> EXY 
E + B <==> EB 
EB + A <==> EXY 
EXY <==> EQ + P 
EQ <==> E + Q 
EXY <==> EP + Q 
EP <==> E + P 

 
 
human PNP 
Bi-Bi Theorell-Chance 
  
[reaction]
C + D <==> Q + R 
[mechanism] 
E + C <==> EC 
EC + D <==> ER + Q 
ER <==> E + R 

Fig. 2 9. Proposed k inetic me chanism of  U P: ( a) R eaction d iagram of  U P, (b) The 
catalytic m echanism based o n Pugmire &  Ea lick (20 02) a nd Caradoc-Davies et al . 
(2004), and ( c) comparison of th e th ree re action me chanisms of (left) m ost UPs, 
(middle) E. coli UP, and (right) human PNP. A: inorganic orthophosphate, B: uridine, C: 
guanosine, P : uracil, Q: rib ose 1 -phosphate, R : g uanine (o r purine), and E:  enzyme. 
Figures were modified from (Krenitsky 1976, Lewis & Lowy 1979, Segel 1993, Pugmire 
& Ealick 2002, Caradoc-Davies et al. 2004). 

(a)

(c) 

(b) 
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Alternative methods were also developed such as the kinetic cleavage of uridine 
followed with 32PO4, synthesis of uridine by use of U-14C-ribose-1-phosphate and 
290 nm followed by HPLC, and radioisotopically with use of labeled nucleosides 
(el Kouni et al. 1988, Drabikowska 1996). 

In the above mentioned studies a large set of inhibitors were identified, such 
as UP specific and SH- reagents: p-mercuriphenylsulfonate, p-mercuribenzoate, 
2‟-nitro-benzoic acid, iodoacetamide, iodoacetic acid, N-ethylmaleimide and o-
iodosobenzoate (Kraut & Yamada 1971), several benzylacyclouridenes, 2,2‟-
anhydrouridines (el Kouni et al. 1988) and Woodward Reagent K (Komissarov et 
al. 1995).  

We propose in this study an alternative method to follow the phosphorylation 
of uridine by means of NMR spectroscopy and validated this method with 
commercially available Salmonella typhimurium UP. A wide range of 
biocatalysed reactions has been investigated by NMR in either isolated and 
purified enzymes, in washed cells and growing cultures (Brecker & Ribbons 
2000) or cell lysate (Pitson et al. 1999).  

NMR is non invasive and is becoming an established technique for online 
analysis for enzymatic and microbial reactions, for example glyceraldehyde 
phosphate dehydrogenase in intact erythrocytes (Brindle et al. 1982), volatile 
anesthetic binding to membrane proteins in lipid vesicles (Xu et al. 2000), kinetic 
inhibition studies on tyrosinase (Bubacco et al. 2000), the quantitative distribution 
of reaction intermediates in thiamin diphosphate enzymes (Tittmann et al. 2003), 
antibiotic binding to bacterial ribosomes: kinetics binding and structural 
orientation (Zhou et al. 2002), and even complex mixtures of proteins in cell 
lysates can be studied (Rajagopalan et al. 2004), opening up the possibility of 
NMR measurements of enzyme mixtures.  

In NMR the solvent of choice is 2H2O (or D2O) over the use of 1H2O in most 
kinetic studies (Weber & Brecker 2000). However, the kinetic isotope effect 
(KIE) attributes to variations in the kinetic rates. The KIE is a dependence of the 
rate of a chemical reaction on the isotopic identity of an atom in a reactant. To 
overcome this problem, reactions could be performed in H2O, sampled, 
lyophilized and transferred to D2O (Brecker & Ribbons 2000). One useful feature 
is the KIE in chemical-enzyme reactions, if hydrogen atom(s) are transferred, 
where it is widely used to identify rate limiting steps, for example (Dunn et al. 
1973, Banerjee et al. 1975, Leadlay et al. 1976, Martin & Hergenrother 1999, 
Penalver et al. 2003, O'donnell et al. 2004). In addition 15N, 13C (and to minor 
extent 19F, 29Si, 31P and 77Se) isotopes, either fully or partially, labeled substrates 
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have been used for structural and metabolic analysis, for example in plants 
(Eisenreich & Bacher 2007). 

UP is an excellent candidate for future protein engineering efforts in order to 
catalyze the reaction of modified uridine and thymidine into modified nucleosides 
based on the structural, enzymological studies listed here and the scheme in Fig. 
28 if the stability issue in regards to biocatalysts are addressed. 

 One common way to stabilize ambient enzymes is to immobilize them on a 
solid support (Gemeiner et al. 1993, Zuffi et al. 2004). Another approach is to 
engineer thermostability into an ambient enzyme (Eijsink et al. 2004, Lutz & 
Bornscheuer 2008) or to isolate a corresponding enzyme from a thermophilic 
organism (Littlechild et al. 2007, Sterner & Brunner 2008). Phosphorylases from 
(hyper)thermophile organisms such as Bacillus sp. RK-1 (Inoue et al. 2001), 
Bacillus stearothermophilus (Wood & Hutchinson 1976, Hori et al. 1991), 
Caldariella acidophila (Oliva et al. 1978), Pyrococcus furiosus (Cacciapuoti et al. 
2003), Sulfolobus solfataricus (Cacciapuoti et al. 1994, Cacciapuoti et al. 1999, 
Cacciapuoti et al. 2005), Thermus aquaticus (Wood & Hutchinson 1976), and 
Thermoanaerobacter tengcongensis (Ren et al. 2005), have been reported.  

Aeropyrum pernix is a strictly aerobic and hyperthermophilic archaeon and 
has gained great popularity over the last few years undoubtedly due to ease in 
cultivation (Sako et al. 1997, Milek et al. 2005), its hyperthermophile nature 
(Sako et al. 1996), its commercial availability, availability of its proteome map 
(Yamazaki et al. 2006), and the fact that the genome sequence is known 
(Kawarabayasi et al. 1999, Faguy & Doolittle 1999, Guo & Lin 2009). Here we 
isolated UP from A. pernix, or apUP. 

One final aspect we investigated was the use of a parallel approach in the 
expression of our target protein, apUP and the use of fusion partners. 

In general the development of new methods and equipment to rapidly express 
and purify large numbers of recombinant proteins is driven by the challenge of 
studying proteins in a global way. Homology-driven genome mining based on 
bioinformatic analogies and gene-expression profiling are often starting points 
(Lesley 2001, Ferrer et al. 2007). However, only a few laboratories and/or 
consortia focus on many hundreds of proteins at the same time and make major 
investments, thus most significant improvements in throughput are modest 
(Lesley 2001, Hunt 2005). 

One major challenge for the future will be to predict, based on the sequence, 
which proteins will express and purify (Peti & Page 2007) because, as we have 
seen in Chapter 3, just 1 amino acid change can destabilize the protein (Alahuhta 
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et al. 2008a). Sequence comparison methods and folding (Jaroszewski et al. 2005, 
Georgiou & Segatori 2005, Tangrot et al. 2006) to predict tertiary structures are in 
addition valuable tools, and even if no structural data is available, secondary 
structure prediction can be done. Some of these structure predictions will be 
discussed in reference to apUP in Chapter 5. Another successful approach is 
ortholog screening (i.e. finding proteins with similar functionality among 
different species), which due to evolution, have small differences in their amino 
acid sequences. They may not have any effect on activity, but large impacts on 
expression and folding in the host organism and subsequent purification 
(Georgiou & Segatori 2005). 

Next to consider are the limitations of recombinant technologies: (i) the 
production of proteins that do not affect the physiology of the cells, (ii) cloning of 
a gene into a suitable vector/transformation, (iii) growing of cells and induction of 
gene product , and (iv) the quality control of correct folding and functionality 
(Endo & Sawasaki 2003, Georgiou & Segatori 2005). 

As highlighted in Chapter 1, many hosts can be considered for recombinant 
protein production. For high throughput purposes E. coli and baculovirus infected 
insect cells are mostly used. However, if scaling up is not an issue also cell free 
systems could be considered (Endo & Sawasaki 2003, Hunt 2005). In cases where 
(i) posttranslational modifications are needed, (ii) large proteins or membrane 
proteins may fail to express or (iii) are found in inclusion bodies, one has to 
consider alternative hosts. Often, molecular biology tools are available, especially 
for E. coli, in the form of engineered strains, co-expression of rare tRNAs, 
chaperones or foldases (Georgiou & Segatori 2005). Once these parameters are 
chosen, the next step is to parallelize the expression under different conditions, 
while taking into consideration (eventual) downstreaming protocols. 

One generic method for protein purification and to maximize the likelihood 
of soluble protein expression is the use of gene fusion, i.e. the attachment of a 
polypeptide or protein to the target protein as an extension of the backbone of the 
protein (Lesley 2001, Peti & Page 2007). These fusion partners are then later 
cleaved off by site specific proteases, for example by TEV protease, thrombin or 
Factor Xa (Jenny et al. 2003). If we consider the use of E. coli these gene fusions 
can be easily combined with a parallel approach to generate (inducible) 
expression plasmids. Table 12 lists a summary of the most often used systems. 
These various elements can be combined into protein expression libraries. 
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Table 12. Comparison of rapid direction cloning and gene fusion strategies; adapted 
from Hunt 2005. 

Cloning system Amino acids 

(added1) 

Size 

(kD) 

Use Commercial supplier 

Traditional yes  

(min. 2) 

- 3 limited use in parallel 

applications 

-  

TOPO no - parallel applications Invitrogen 

Gateway 8 - parallel applications Invitrogen 

Creator Cre-loxP regions - parallel applications BD Biosciences 

In-fusion no - parallel applications BD Biosciences 

LIC 5 - parallel applications Merck 

Fusion partner (Residues2)    

Polyhistidine  2–16 0.84 Purification Qiagen, Invitrogen, 

Merck 

Maltose binding 

protein 
396 40 Purification 

Enhanced solubility 

New England Biolabs, 

Merck 

Glutathione S-

transferase 
211 26 Purification 

Enhanced solubility 

GE Healthcare, Merck 

Intein CBD 51 5.59 Purification Merck 

Strep-tag II 8 1.20 Purification Sigma 

S-tag 15 1.75 Detection 

Purification 

Merck 

NusA 495 54.87 Increased expression 

Enhanced solubility 

Merck, Invitrogen 

Trx 109 11.67 Increased expression 

Enhanced solubility 

Merck, Invitrogen 

Dsb A 208 23.10 Increased expression 

Enhanced solubility 

Merck, Invitrogen 

Ubiquitin (Ub) 128 14.73 Solubility Merck, Invitrogen 

SUMO (Smt3) 101 11.60 Solubility Merck, Invitrogen 

GFP 239 27 Detection BD biosciences, 

Invitrogen 

1) The number of amino acids added due to cloning; 2) the amount of amino acids the fusion partner 

consists of; 3) -: not relevant. 

The parallel setup by use of protein expression libraries and the Gateway system 
(Table 12) in E. coli has been proven to be a successful approach (Peti & Page 
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2007, Kraft et al. 2007a). The Gateway system is based on recombinant cloning, 
developed on the bacteriophage λ system (Hartley et al. 2000, Walhout et al. 
2000). The Gateway system carries out two reactions: (1) attB × attP → attL + 
attR mediated by integrase and integration host factor proteins, and (2) attL × attR 
→ attB + attP mediated by integrase, integration host factor proteins, and 
excisionase. The first reaction is used to create a donor vector, in which the ccdB 
gene, which‟s product inhibits the growth of E. coli is replaced by the target gene. 
Further selection is provided by the kanamycine resistance gene. In the second 
reaction, once again the ccdB gene is replace by the target gene, derived from the 
donor vector, while further selection is provided by an alternative to kanamycine 
antibiotic resistance gene. The use of a donor vector makes the system versatile 
and suitable for HTP approaches. 

Additionally, Peti &Page (2007) argue the importance of micro-expression 
screening prior to scale-up including different temperatures and a 96 well or 24 
well deep well format and then to review the results by SDS-PAGE. The work 
from Uwe Horn and coworkers (Kraft et al. 2007b) suggests a system for online 
monitoring of the formation of misfolding of the target protein into insoluble 
aggregates, which is complementary to the gateway system. In addition to both 
systems the use of vortexer incubator shaker (Peti & Page 2007) or alternative 
media formulations to reach higher cell densities without the need of IPTG 
(Studier 2005) to obtain more biomass and thus more product may be considered. 
Finally, the combination of rational design and directed evolution for the re-
engineering of rate-limiting components and pathways (i.e. pathway engineering) 
is an interesting new development in this field (Georgiou & Segatori 2005). 

Here we describe the cultivation of A. pernix, the isolation and cloning of 
uridine phosphorylase into a plasmid expression library, and the overexpression 
by means of a high throughput station. We also show the usability of EnBase® for 
this format. Furthermore, the use of NMR to investigate enzyme activity directly 
in cell lysate without the need for purification is described for uridine 
phosphorylase over expressed in E. coli.  
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4.2 Experimental 

4.2.1 Batch cultivation of extremophile Aeropyrum pernix 

The lyophilized strain (DSM 11879) was resuspended with „medium 820‟ as 
advised (DSMZ Gmbh, Braunschweig, Germany). A 5 ml preculture was 
cultivated for 2 days at 90 °C in a closed 15 ml capped tube. The preculture was 
transferred to a 2 L glass bioreactor ADI 1030 (Applikon Biotechnologies B.V., 
Schiedam, The Netherlands) and cultivated at 90 °C in fresh medium 820 (DSMZ 
Gmbh; pH 7) with an oxygen flow of 149 ml min-1 for 5 days. Loss of volume 
due to evaporation and overpressure was compensated for by adding distilled 
water every 12 hours. The final OD600 was 0.4. 

4.2.2 Genomic DNA isolation and suitable PCR conditions 

Genomic DNA was isolated based on a previous method (Wise et al. 2006). The 
lysis was performed at 4 °C with 5% sodium lauroyl sarcosinate instead of SDS. 
The cell lysate was sheared by passing twice through a 20 gauge needle, and 
extracted twice with phenol:chloroform. The aqueous phase was extracted twice 
with chloroform, after which it was treated with RNAse. The final yield was 1.6 
μg of DNA. 

The optimal PCR conditions for A. pernix gene isolation were found by use 
of Archaea specific primers targeting 16S rDNA (Reysenbach et al. 1994, 
Reysenbach et al. 2000). 

4.2.3 Creation of expression library 

The entry vectors of the GatewayTM system (Invitrogen, Carlsbad, CA, USA) 
were created by PCR using PhusionTM Polymerase (Finnzymes, Espoo, Finland). 
As template 7 μl of isolated genomic DNA was used for the isolation of 
APE2105.1 (26.5 ng/μl). Primers used: 
 
APE2105.1 sense (+):  
5‟- GGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAAACCTGTATTTTCAGGGCATG 

TTGGGAGACGAGAGTCTAAGGA-3‟ 
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APE2105.1 compl (-):  
5‟-GGGGACCACTTTGTACAAGAAAGCTGGGTCTATGTGCGTCTGCACGCCA-3‟ 
 
The PCR protocol is summarized in Table 13 and was repeated once on the 
isolated and purified PCR- product to obtain a higher yield. The purity of the 
DNA products was checked by means of agarose gels (1%) stained with ethidium 
bromide staining according to the manufacturer (Amresco, Solon, USA). 

Table 13. PCR protocol used for A. pernix UP isolation. 

Volume (μl) Components PCR program for gene isolation 

10 GC 5x buffer Cycle Temperature [°C] Time [sec] 

15 forward primer (2 μM) 1 98 60 

15 reverse primer (2 μM)  98 10 

1 dNTP (25 mM) 30 64 15 

1.5 DMSO (Dimethyl sulfoxide)  72 180 

0.5 PhusionTM Polymerase (20 U·l-1) 1 72 600 

7 Genomic DNA (template)  10 hold 

The isolated APE2105.1 gene was cloned into pEntry vector as described in the 
manual of the Gateway® Cloning technology (Invitrogen). Transformed colonies 
with the pEntry vector were utilized directly for PCR to identify the presence of 
the APE2105.1 gene. Targets which showed the APE2105.1 gene present were 
checked by restriction site analysis with PstI and subsequently the whole gene 
region, including attnB-flanking regions were sequenced by PCR (Kleppe et al. 
1971, Sanger et al. 1977, Rabinow 1996).  

In the following step the APE2105.1 gene was introduced to a plasmid library 
designed for screening optimal soluble protein production (Kraft et al. 2007a). 
The plasmid library is based on the format of the destination vector pDest15, 
based on the Gateway® Cloning technology (Invitrogen). 
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(a) 

  
Promoter regions and relative strength.    Ribosomal binding site and their relative  
                                                                           trength 
 

(b) 

 

Fig. 30. Overview of the plasmid library (a) individual components; (b) resulting 
plasmids and renumbering-scheme (pEXPRx (1–45)). Figure by Uwe Horn. 

The APE2105.1 gene was sub-cloned into pEXPR vectors 1–45 as described in 
the manual of the Gateway® Cloning technology (Invitrogen), as if pEXPR was 
pDest15, resulting in 45 expression vectors. As a control also pDest15 
APE2105.1 was created in the same way. Each plasmid was verified by 
sequencing PCR for the presence of APE2105.1. All vectors were co-transformed 
to individual BL21 strains (B F– dcm ompT hsdS(rB– mB-) gal); Stratagene) 
containing the pibpfxsT7lucA reporter plasmid (Kraft et al. 2007b) and stored at 
−70 °C as glycerol stocks in 200 µl PCR tubes. The PCR tubes were in a strip 
format to be compatible with the high throughput station. 
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4.2.4 High throughput expression and purification of A. pernix 
uridine phosphorylase 

For automated cultivation, induction and the luciferase assay, the Microlab® Star 
automatic pipetting work station (Hamilton Life Science robotics, Bonaduz, 
Switzerland) was used.  

The pipetting work station was fully integrated with additional equipment: a 
shaking incubator system (Inheco, Munich, Germany) for cultivation purposes, a 
multi-label counter (Perkin Elmer, Wellesley, USA) for spectrophotometric 
luminescence measurements in 96-well microtiter plates, and a Swivel arm plate 
handler (Microlab SWAP, Hamilton Life Science robotics). Two carriers on the 
work station were temperature controlled, achieved by connection to a water bath 
(Grant Instruments, Cambridge, UK) and a refrigerated circulator (Thermo 
Electron, USA). 

For either cooling or heating flat-bottom microtiter plates were placed on 
these carriers. Pipetting was performed with the 8-channel system as well as with 
the 96-well pipetting head. For small quantities (e.g. 5 μl pipetting volume) the 
low volume pipette tips (10 μl) were used, while for all other pipetting the 
standard volume tips (300 μl) from Hamilton were used.  

Capacitive liquid level detection for the determination of the volume in wells 
of microtiter plates to analyze evaporation was done prior to cultivations at 1000 
rpm (25 and 37 °C) from 300 µl volumes at 24 h, 48 h and 72 h. Individual wells 
in microtiter plates were sampled only once. The OD600 values were corrected for 
this loss of volume. In the sections the whole robotic system described here will 
be referred to as the Hamilton robot. 

Small scale microtiter plate fed-batch cultivations of uridine phosphorylase 
fusion proteins were based on earlier cultivations (Panula-Perala et al. 2008) by 
using the EnBase® system (Biosilta Oy, Oulu, Finland). Adaptations were the 
addition of 20 g l-1 MOPS to the MSM medium (pH 7.3), a final cultivation 
volume 150 μl and the cultivations took place on the Hamilton robot with 
automated sampling, inoculation and induction.  

The cultivations were evaluated by a luciferase assay (Kraft et al. 2007b) and 
SDS-PAGE (SDS-PAGE) (Laemmli 1970)combined with Coomassie Blue 
staining (Ausubel et al. 1989). 

E. coli BL21 pEXPR7 and pEXPR25 were both cultivated at 30 °C in a 1 liter 
baffled shake flask and EnBase®, with use of silicone caps (VWR LLC, West 
Chester, PA, USA) for optimal oxygen transfer, and 6U of amylase. Upon 
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induction with 5 mM IPTG, 3 U of amylase were added. The pH and pO2 were 
monitored online during shake flask cultivation by the use of Senbit® (Vasala et 
al. 2006). 

The biomass of the pEXPR25 cultivation (containing the MBP-UP fusion 
protein) was lysed in 20 mM HEPES, 0.5 M NACl, 5mM imidazole, 200 
µg · ml−1 lysozyme (Finnzymes, Espoo, Finland), 25 µg · ml-1 DNAseI 
(Finnzymes, Espoo, Finland), 10mM MgCl2 and 16% (v/v) Bug Buster Protein 
extraction reagent (Novagen, Madison, WI, USA) pH = 7.4. Cell debris was 
removed by centrifugation. Cell lysate was loaded onto a HisTrapHP column (GE 
healthcare, Fairfield, CT, USA) which was calibrated with 20mM HEPES, 0.5 M 
NaCl, 5 mM imidazole pH = 7.4 and eluted with a 5–500 mM imidazole gradient 
of 80 ml. After heating the eluate twice at 95 °C for 5 minutes, the presence of 
MBP-UP was confirmed with SDS-PAGE and western blot analysis (Biorad, 
Hercules, CA, USA) with monoclonal anti-polyHistidine detection (Sigma, Saint 
Louis, MO, USA). Samples were dialyzed overnight against 50mM Tris-HCl, 10 
mM EDTA and 1mM DTT pH = 8.0. TEV-protease cleavage with AcTEV-
protease (Invitrogen, Carlsbad, CA, USA) was done in the same buffer. Cleaved 
MBP and AcTEV protease were bound to HisTrapHP (GE healthcare, Fairfield, 
CT, USA) while UP was expected to elute at 5% imidazole in the flow through.  

4.2.5 Enzyme kinetics by NMR 

Preparation of E. coli cell lysate containing UP for NMR measurements 

The E. coli udp gene was cloned into vector pET22b (Novagen, Madison, WI, 
USA) which also expresses the LacI gene. The gene was inserted by means of 
PCR isolation from the E. coli W3110 directly from growing colonies with use of 
restriction enzymes (Fermentas, Riga, Latvia) NdeI and SalI and by use of 
FastLink ligase (Epicenter Biotechnologies, Madison, WI, USA) following 
standard protocols (Sambrook & Russell 2001). The following primers were used: 
 
udp sense (+): 5‟- CTACGCCAT-ATGTCCAAGTCTGATGTTTTTCATCTC -3‟ 
udp compl (-): 5‟- CACTCTGGTCGAC-AACGCGTCGGCCTTCAGACA -3‟ 

 
For NMR samples 2 parallel 1000 ml baffled shake flasks containing 100 ml 
Terrific Broth (Sambrook & Russell 2001), ampicillin (100 µg-1 ·  ml-1) were 
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cultivated to an optical density at 600 nm (OD600) of 0.5 at 37 °C. One flask was 
then induced with 2 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) to start 
the overproduction of E. coli UP (udp), while the other culture was not induced. 
From both cultivations the cells were harvested after 4 hours from this time point 
and cells lysed as previously described (Casteleijn et al. 2006) with one alteration: 
the buffer was 0.20 mM TRIS-HCl buffer, 500 mM NaCl (pH = 8.0). Cell debris 
was separated from the cell lysate by centrifugation. Samples were kept cold at all 
times until NMR measurements. 

Enzyme kinetics by NMR 

Phosphorolysis of uridine to uracil and ribose 1-phosphate (Fig. 37) was 
followed by comparing the integral of proton from uridine to proton from uracil. 
NMR is a quantitative method, so the integrals are directly proportional to the 
concentrations of substances.  

All NMR spectra were recorded on a Bruker DRX-500 spectrometer using 5 
mm BBI probe with z-axis gradients. Proton spectra were recorded at five-minute 
intervals; Km and Vmax were calculated from product rate formation. The kcat and 
Km values were obtained after data fitting to the Michaelis-Menten equation 
(Michaelis & Menten 1913) using the GraFit program (Erithacus software, Stains, 
U.K.). 

In a typical experiment 2–7.5 mM uridine and 10 mM of KH2PO4 were 
dissolved in 10 mM TRIS-HCl (pD 7.7; i.e. measured pH + 0.4 (Glasoe & Long 
1960)) and 0.3 µL of E. coli cell lysate (i.e. containing native UP or, in addition, 
overexpressed E. coli UP) to a final volume of 500 µL. In the phosphate titration 
samples contained 10 mM of uridine, 0.5–5 mM KH2PO4 and 2 µL of E. coli cell 
lysate (i.e. containing native UP or, in addition, overexpressed E. coli UP) in 500 
µL TRIS-HCL buffer pD = 7.7. 

For the S. typhimurium experiments 2–12.5 mM uridine and 10 mM KH2PO4 
were dissolved in 10 mM TRIS-HCl (pD 8.4) and 0.125 µg of pure stUP (ProSpec, 
Rehovot, Israel) to a final volume of 500 µL. 

Samples were placed in a 5mm NMR tube and the first proton spectrum was 
measured 10–15 minutes after adding enzyme in reaction mixture. Reactions were 
followed at 23–25 °C to measure the proton spectrum with one scan in five-
minute intervals until the amount of product did not increase any further. 
Recorded spectra were then Fourier transformed and, after phase and baseline 
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correction, signals from uridine and uracil were integrated and amounts of uracil 
were calculated. 

The optimal reaction temperature for E. coli UP is 37 °C, but reactions were 
carried out at 25 °C, due to the difficulties that would arise from heating the 
sample and stabilization of sample temperature. Salt concentration and pH were 
set during preparation of the NMR samples and measured after 3h and 26–27 
hours.  

The pD range was from 7.4 to 10.9 (pH 7.0–10.5). E. coli cell lysate did not 
show any preference for any pD, except at pD of 10.9 which was clearly 
unfavorable. Kinetic reactions were carried out in pD 7.7 (or pH of 7.3). TRIS-
HCl buffer was made with D2O instead of water. 

The NaCl concentrations ranged from 0 to 2% (w/v). E. coli cell lysate did 
not show preference for any salt concentration, and thus in the kinetic studies no 
NaCl was added. NaCl acts as a dielectric which lowers the signal to noise ratio in 
NMR measurements and therefore reduces sensitivity, which could be 
problematic in low sample conditions. 

31P NMR was used to verify binding of phosphorus to the 1‟-position in the 
ribose moiety. Additional to 1H, 31P can be used to monitor the reaction owing to 
its high sensitivity (natural abundance 100%). 

In addition several other substrates were investigated for UP activity in UP: 
uracil, thymidine, adenosine, inosine, guanosine, xanthosine and purine. UP 
showed activity towards uracil and low activity towards thymidine, but no activity 
towards purine nucleosides could be found. 

A. pernix samples were treated similarly to E. coli samples. No activity at 
room temperature, 40 °C or 90 °C could be detected. The reaction products were 
followed over time in the absence of enzyme at all temperatures applied and no 
dissociation was detected. 

4.3 Results and discussion 

To aid expression of new enzymes in a parallel, high throughput fashion we have 
combined the use of an expression library, EnBase®, and a large pipetting station. 
Here the results, in regards to UP, are discussed: (i) the adaptation of the 
EnBase® system for the production of an UP-fusion protein in a parallel way, (ii) 
the use of NMR to measure UP enzyme kinetics in cell lysate. 
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4.3.1 Creation of the expression library 

The analysis of the complete sequenced genome of A. pernix revealed an open 
reading frame (APE2105.1) encoding a 282 amino acid protein homologous to E. 
coli UP. The putative molecular mass of the protein predicted from the gene was 
30 228 Da. 

To overproduce UP, A. pernix was cultivated for 5 days, genomic material 
isolated and the gene was amplified by PCR, as described in the experimental 
procedures and cloned into pEXPR1-45 and pDEST15 under the T7 RNA 
polymerase promoter. Controls included verification by PCR, restriction enzyme 
analysis and antibiotic selection as a growth parameter after transformation. The 
original start codon TTG was mutated to ATG for possible re-cloning into other 
vectors. 

Comparison of the deduced primary structure of UP with enzymes present in 
the UniProtKB database indicated that the highest identity was with the UP from 
Thermococci (barophilus (61%), sp. AM4 (60%), onnurineus (60%)) and 
Pyrococcus kodakaraensis (Thermococcus kodakaraensis) with 60%. A moderate 
identity was found with the UP from E. coli and with Salmonella typhimurium 
(both 40%). Among the related enzymes isolated from various sources, UP shows 
reasonable sequence identity with PNP (44%) from Natrialba magadii and with 
putative „Purine or other Phosphorylase family 1‟ (53 and 54%) from Natrialba 
magadii and Halorubrum lacusprofundi respectively. As deduced from the gene, 
UP contains the highly conserved potassium binding site, which stabilizes the 
dimeric interface (Caradoc-Davies et al. 2004) and has 3 cysteine residues per 
subunit.  

The final aim was to obtain a soluble active enzyme for the APE2105.1 gene, 
or UP from A. pernix. The idea was that the N-terminal fusion partners in the 
expression library would aid the proper folding of the enzyme.  

4.3.2 Expression of UP on the Hamilton robot 

The high throughput cultivation method we developed on the Hamilton robot was 
evaluated for three parameters prior to the cultivation of part of the expression 
library: (i) the evaporation rates of water from the cultivation medium, (ii) the 
correlation between the measured OD490 and OD600, and (iii) time point of 
induction. 
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Evaporation rates 

In the EnBase® system starch diffuses from the storage gel into liquid me dium, 
mediated by the regula ting gel (Panula-Perala et al . 2008), where the  starc h 
molecules are degraded enzymatically into its glucose monomers (see Chapter 2, 
Fig. 6). Both the rat io of soluble/insoluble st arch in the me dium and its 
subsequent e nzyme dige stion depe nd on the li quid column c onstituting the 
medium. Changes in thi s equilibrium d ue to e vaporation of water from the 
medium may lead to high gluc ose release rates and ma y le ad to overflow 
metabolism or glucose inhibition. 

The det ection of e vaporation wa s per formed by measuring each well 
separately by detection of liquid level to disc riminate bet ween inner and oute r 
wells of the microtiter plate (see Fig. 30). 
 
(a) 

 
 

(b) 

 

Fig. 30. Evaporation of water from microtiter plates in the Hamilton robot at (a) 25 °C 
and (b) 37 °C incubation over time. The inner wells are depicted white (n = 60) and the 
outer wells as grey (n = 36); the error bars represent the standard deviation. 

The c alculated evaporation rates  a re hig h for the oute r we lls compared to the 
inner wells both for 25 and 37 °C (see Table 14). 

Table 14. Evaporation rates per well for microtiter plates in the Hamilton robot. 

25 °C 37 °C 

Inner well Outer well Inner well Outer well 

4 µl / day 16 µl / day 9 µl / day 22 µl / day 

The volume column used in the EnBase® microtiter plate shaken cultures is 150 
µl, thus the volume loss in 3 days of cultivation may lie between 8–33%.  
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Correlation between OD490 and OD600 

The measured values a t a n optical densi ty at 490 nm (OD490) on th e Hamilton 
robot were c orrelated with OD600 of the same cultures (see Fig. 31) in order to  
translate the microscale cultivations on the Ha milton robot to the mor e 
conventional method of measuring the turbidity of E. coli cells at OD600. 

 

Fig. 31. Correlation of the OD 490 and O D600 values. Each sam ple was d iluted 30 fo ld 
either by the Hamilton robot or by hand respectively.  

The correction value obtained here was determined by a  30 fold dilution fac tor, 
also applied in later determinations of the cell density of microtiter cultivations on 
the Hamilton robot. It was noted during these measurements that different dilution 
factors gave dif ferences in the c orrection factor under the se c onditions. Thi s is 
also apparent from the correction factor of 1.37 used previously (Panula-Perala et 
al. 2008). In thi s thesis all reported values of the OD600 measured wit h the 
Hamilton robot were calculated as such: OD600 = 2.61 ·  OD490.  

Time point of induction 

We adapted her e the  sa mpling method of 5 µl per well a s described earlier 
(Panula-Perala et a l. 2008). Furtherm ore, in the development of the EnBase® 
technology, the proposed amylase concentration is 3–6 U L-1 and a relative high 
yield of soluble pro tein could be obtained by inducing the pr otein pr oduction 
between OD 600 5–10 (Panula-Perala et al . 2008). Fina lly, we  wanted to see the 
effect of the evaporation of the oute r wells on the growt h curves bef ore 
expressing the UP expression library (see Fig. 30 and 32). 
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(a) 

 

(b) 

 

Fig. 32. Growth curves of E. coli BL21 (a) pEXPR1 (white and x) and (b) pEXPR2 (black 
and x) in microtiter plate EnBase® shaken cultures at 25 °C. Glucose feeding rate was 
provided b y either 3 U ·  L -1 amylase (●○; ■□) or 6 U · L-1 amylase (▲Δ; x x). T he 
symbols re present dif ferent rows in  t he microtiterplate: outer rows (●x) and in ner 
rows (○▲Δ■□x).  

From these e xperiments we c oncluded that the gro wth rates in the oute r wells 
were indeed affected by concentrating the amylase in the medium column due to 
excess evaporation. Furthermore, the  f inal optic al density of the c ultures in the 
inner wells reached the highest values by the addition of 3 U ·  L-1 over the use of 
6 U · L-1 of amylase. It was noted that cell growth was often stunted due to the 
drop of pH < 5.0. The addition of the buffering component MOPS wa s a n 
adaptation to  the original pro tocol of the EnBase® system as described by 
Panula-Perala et a l (2008). Finally, we choose the  time point of induction to be 
14–17 hours after inoculation for the expression of the UP expression library. 

The cultivation of the expression library 

In the parallel cultivation of UP fusion proteins, a comparison was made between 
the we akest pro moter region, Pla c-C a nd the strongest, Plac-CTU (Kraft et a l. 
2007a), both with the T7 ribosomal binding site. Protein production with the Plac-
C pEXPR plasmids wa s performed a t 25 °C, 1 m M I PTG and the  Plac-CTU 
pEXPR plasmids were induced at 37 °C, 2 mM IPTG to enhance the effect of the 
promoter regions on the translation ma chinery (Vera et a l. 2007, Kraft  et al . 
2007a). The cultivations are summarized in Figures 33 and 34.  
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                        (a) 

 
                        (b) 

 

                        (c) 

 

Fig 33. Growth curves o f parallel EnBase® cultivations E. coli BL21 pEXPR(#) o f (a ) 
25 °C , 1 m M I PTG, (b) 3 7 °C, 2  m M IP TG, and ( c) 25 °C , 1 m M IP TG. The e rror bars 
represent t he s tandard deviation o f th ree in dependent c ultivations. Non-induced 
samples were correlated with induced samples from independent wells. The amylase 
concentration was 3 U · L-1. 
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The variations in the growth curves seen in Fig. 33 could be due to local 
limitations and anaerobic effects or plasmid variations in the maintenance 
coefficient that each expression had on the cell. Both expressions at 25 °C (Fig. 
33a and c) did not produce any detectable fusion proteins in SDS-PAGE gels nor 
a detectable higher luciferase signal for induced samples, despite reports that this 
is an ideal starting temperature for protein production optimization (Graslund et 
al. 2008). On the other hand, the faster growing expression strains E. coli BL21 
pEXPR1, 16, and 25, showed a somewhat sigmoid growth curve, indicating that 
the growth parameters in the EnBase® shaken cultures are not resembling a fed-
batch like cultivation (i.e. limited glucose release rate). In addition the luciferase 
assay gave slight signal higher than the background for pEXPR43 (or 
pCTUT7_Trx-UP).  

 
Fig. 34. Evalutation of soluble and insoluble cell fraction after and before induction of 
(a) cultivation of pEXPR plasmids with Plac-C promoter and the T7 RBS at 25 °C, 1 mM 
IPTG and (b) cultivation of pEXPR plasmids with Plac-CTU promoter and the T7 RBS at 
37 °C, 2 mM IPTG. The arrows indicate detectable target protein. Protein was 
expressed in 96 well microtiter plates on the Hamilton robot and the SDS-PAGE gels 
were stained with Coomassie-Brilliant Blue. The four lanes of each sample are in the 
following order: soluble cell fraction after induction, insoluble cell fraction after 
induction, soluble cell fraction before induction, and insoluble cell fraction before 
induction. 

(a) 

(b) 
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Eventually, only pEXPR25 (or pC TUT7_MBP-UP) showed some soluble fusion 
protein (see Fig. 34). None of the other cultivations yielded soluble protein. 

The EnBase® cultivations of pEX PR7 ( pCTUT7_HIS-UP) and pE XPR25 
(pCTU7_MBP-UP) were then repe ated in baffled 1 L  flask shaken c ultures 
monitored with Senbit (Vasala et al. 2006) sensors for pH and dissolved oxygen 
(pO2) a t 30 °C. The  c ultivation medium was the sa me. In general the oxy gen 
transfer rate is muc h higher in shake f lasks (Enfors & Hä ggström 2000) , a  
parameter that could not be monit ored in the mi crotiter plate c ultivations. The  
starting pH in the microtiter plates was 7.0 and the final pH was between 6.3 and 
6.8. 

In Fig . 35 are show n the 150 ml c ultivation profiles of both c ultivations, 
including the values of glucose and total starch in the liquid medium. 
 

 
      

 

 

       

Fig. 35. Expression of UP in 150 ml liquid MSM medium in 1000 ml baffled flask shaken 
cultures monitored by Senbit (Vasala et al . 2006) at 30 °C, 5  mM IPTG, of (a) pEXPR 
plasmids with P lac-C p romoter a nd th e T7 R BS, ( b) pEXPR w ith P lac-C promoter a nd 
MBP. The d rops in pO2 signify manual s ampling at which the shaker was s topped. 
Protein evaluation was done by SDS-PAGE, followed by Coomassie blue staining: (c) 
no so luble U P w as detected; (d) t he a rrow indicates soluble target p rotein. The 
numbers under the gel refer to time of induction in hours.

(a) 

(b) 

(c) 

(d) 
0    1    2    3    4    5 

0    1    2    3    4    5 
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E. coli  BL21 pEXPR25 (pCTUT7_MBP-UP) produced some limited amount of  
soluble fusion protein. This was further confirmed by western blot (see Fig. 36). 
The isolated UP-MBP fusion could withstand 2 x 5 minutes at 95 °C and was still 
in the soluble fraction, indicating a resistance against high temperatures. This was 
in contrast with the control experiments were the soluble UP fraction, produced in 
the BL21 pDest15, was denatured by heating. Further down-streaming by nickel-
NTA and TEV protease cleavage to isolate pure A. pernix UP yielded a very small 
amount which did not show any activity by use of the NMR method 
 
(a) 

 

(b) 

 

Fig. 36. Purification of soluble A. pernix UP fused to MBP. (a) SDS-PAGE gel, followed 
by Coomassie blue staining: the elution peak at 100–175 mM imidazol; 12 μl applied to 
gel of 1 ml f ractions; (b) Western b lot with antibody detection against the His-tag of  
rightmost fraction of panel (a).  

The small amount of fusion protein produced in this over-expressed system may 
be due to problematic foldability of A. pe rnix UP. The most prominent band in  
SDS-PAGE, after pur ification, is MBP  f used to a HIS -tag (see Fig . 36). Thi s 
indicates that during protein production proteases either cleave of A. pernix UP or 
that UP is translated poorly, in addition, MBP is still soluble or is refolded.  

The lack of activity of A. pernix UP in the NMR experiments could be due to 
foldability problems, or the extreme low yield of the enzyme and subsequent very 
low turnover, making the products undetectable. 

In light of presented dat a here a high thro ughput method, which c ombines 
EnBase®, a robot ic pipetting st ation and a para llel c loning li brary, for the 
isolation a nd over-expression of a thermostable uridine  phosphorylase needs 

His-UP-MBP 

His-MBP 

70 kDa 

 

  40  
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either more investigation or alternative methodology (e.g. alternative host 
organisms). Follow-up expressions of BL21 pEXPR25 (pCTUT7_MBP-UP) at a 
larger scale (1 liter cultivation volume) did not yield A. pernix UP after 
purifications. Therefore, alternative methods must be sought (Graslund et al. 
2008), such as refolding insoluble UP from inclusion bodies. 

Overall, this approach is usable to screen various expression conditions and 
as such it is a valuable tool for the over-production of other recombinant proteins, 
such as the directed evolution libraries presented in Chapter 2. Even though no 
active A. pernix UP could be detected, this is the first attempt where a soluble, 
thermostable form has been isolated.  

4.3.3 Enzyme kinetics on UP by means of NMR 

Phosphorolysis of uridine to a uracil and ribose 1-phosphate were followed by 
comparing the integral of proton from uridine to a proton from uracil (see Fig. 37). 
NMR is a quantitative, non-invasive method and the integrals are directly 
proportional to the concentrations of substances. 

In order to set up the experiments purified, commercial UP derived from S. 
typhimurium UP (stUP) was characterized before measuring E. coli UP (eUP) in 
cell lysate. Kinetic measurements at 37 °C were not possible due to technical 
limitations; therefore the reactions were carried out at 23 °C, even though stUP is 
more active at higher temperatures (see Fig. 38) by 56%.  

The effects of ionic strength and pD on the formation of product were 
investigated for stUP and eUP cell lysates (before and after overexpression of 
eUP). The results are summarized in Figures 39a and b.  
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Fig. 37. 1H-NMR proton spectrum of the cleavage of uridine and the formation of uracil 
over time (y axis, the arrow points at the corresponding proton-doublet; 31P NMR was 
used to verify binding of phosphorus to right place. Additional to 1H, 31P can be used to 
monitor the reaction owing to its high sensitivity.  

 

 
 

 

Fig. 38. Relative activity of S. typhimurium UP at different temperatures after 3 hours 
in the presence of 10 mM uridine and PO4 at pD 7.7 and ionic strength of 0.95.  
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The effect of ionic strength is in accordance with earlier observations that eUP is 
less a ctive at higher io nic strength c ompared to stUP (Molchan et al . 1998). 
However, eUP in over-expressed cell lysate is not affected by an increase of ionic 
strength, most likely due to the  high concentration of protein pr esent in the 
sample. Molchan et al. (1998) characterized the pH optimum for stUP, and found 
an optimum of pH 7.5, and a sharp drop of activity in the pH range of 8–10. This 
would correspond to a pD of 7.9 (Glasoe & Long 1960) for the reaction optimum 
and a pD range of 8.4 –10.4 for the drop of activity. However, this effect is no t 
observed in our measurements (see Fig. 39).  

 

                                (a) 

 

                                 (b) 

 

Fig. 39. Relative activity of S. typhimurium (-▲-) and E. coli in cell lysate (non-induced, 
back ground eUP -□-, over-expressed eUP -■-) after 3 (-▲-) or 4 (-□-; -■-) hours in the 
presence of 10 mM uridine and PO4 at (a) various ionic strengths and (b) various pD. 

The pH optimum of eUP is in accordance with earlier reports (Leer et al. 1977), at 
least when considering the  non-induced cell lysa te. Once  a gain the  higher 
concentration of protein present may influence the measurements. 
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Since initial rates in the studies of eUP in cell lysate showed no preference to 
the addition of NaCl, we opted to leave it out of the reaction mixtures, since salt 
acts as a dielectric resulting in lower signal to noise ratios. 

Some kinetic parameters of stUP and eUP were investigated at a pD of 8.4 
and 7.7 respectively, the results are summarized in Table 15. After pilot kinetic 
assays to establish a suitable enzyme amount to initiate the reaction, four assays 
were performed. The results for stUP were determined by following the formation 
of the uracil proton-doublet over 600 minutes in 41 equal time steps at 2, 3, 5, 7.5, 
10 and 12.5 mM uridine (10 mM of KH2PO4) after the addition of 0.25 mg · ml-1 
stUP (see Fig. 40a). The results eUP (cell lysate) were determined by following 
the formation of the uracil proton-doublet over 600 minutes in 50 equal time steps 
at 0.5, 1, 1.5, 2, and 2.5 mM KH2PO4 (10 mM of uridine) after the addition of 5µl 
cell lysate (see Fig. 40b). The results eUP (overexpressed cell lysate) were 
determined by following the formation of the uracil proton-doublet over 600 
minutes in at least 40 equal time steps at 2, 3.5, 5, and 7.5 mM uridine (10 mM of 
KH2PO4) or in 50 equal time steps at 1.5, 2, and 2.5 mM KH2PO4 (10 mM of 
uridine) after the addition of 0.3µl cell lysate (see Fig. 40c and d respectively). 

The kcat and Km values (Table 15) were obtained after data fitting to the 
Michaelis-Menten equation (Michaelis & Menten 1913) using the GraFit program 
(Erithacus software, Stains, U.K.) and determination of the UP protein content by 
SDS-PAGE according to an earlier protocol (Panula-Perala et al. 2008) with pure 
stUP to provide the standard curve. The initial rates fit the Michaelis-Menten 
curve well, also indicated by the correlation coefficients of the Lineweaver-Burke, 
and the Hanes-Wolf-plots, which were for all plots > 0.95. However, a wider 
range of phosphate concentrations, and more repetitions should be explored in 
future experiments. Even though it is relatively easy to measure kinetics 
properties of an enzyme directly from cell lysate, long experimental data 
collection by using NMR is a drawback in compiling a large data set.  

Activity of eUP against other nucleosides was tested by preparing 10 mM 
samples from each nucleoside with 10 mM phosphate. Reaction mixtures were 
measured after 1 week and both cell lysate samples showed activity towards 
thymidine, adenosine, inosine, guanosine, and xanthosine. With thymidine, 
inosine and adenosine in reactions with non induced eUP in cell lysate the 
amounts of product were higher, over induced cell lysate eUP where amount of 
product from guanosine and xanthosine were higher. However, low solubility of 
both guanosine and xanthosine in water did result in a low response in the one-
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scan NMR experiments, thus the signals were hard to follow. No activity towards 
purine could be found for either eUP samples.  
 
(a) 

 

(b) 

 
(c) 

 

(d) 

 
 

Fig. 40. Formation of u racil de termined b y th e in tegrated p roton-doublet o f u racil in 
time under influence of UP at: (a) increasing amounts of uridine by S. typhimurium UP, 
(b) increasing amounts of phosphate by E. coli UP (cell lysate), (c) increasing amounts 
of uridine or (d) phosphate by E. coli UP (overexpressed cell lysate).  

Promiscuity o f stUP was also investigated, and no a ctivity towards adenosine, 
inosine, guanosine, xant hosine, a nd purine was observed. Some weak a ctivity 
towards thymidine was observed after 24 hours with 1.25 µg of stUP, but not with 
a tenfold lower amount of stUP o f 0.125 µg. With 1.25 µg of stUP 8% thymine 
was converted after 24 hours. 

A. p ernix UP sa mples were treat ed similarly as E. co li UP sa mples. No 
activity at room temperature, 40 °C and 90 °C could be observed after 4 and 24 

uridine 

uridine 

PO4 

PO4 
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hours. The reaction products and substrates were tested for heat stability and no 
dissociation at 40 °C and 90 °C was observed.  

Table 15. Kinetic parameters of all UP variants determined in course of this work  
(25 °C). 

UP variant Uridine  PO4  

K’m  

[mM] 

kcat  

[s–1] 

kcat/Km 

[s-1 mol-1] 

K’m  

[mM]  

kcat  

[s–1]  

kcat/Km 

[s-1 mol-1] 

S. typhimurium 1.59 ± 0.10 1.58  994  ND1 ND ND 

E. coli cell lysate  

Non-induced 

ND1,2 ND ND  0.63 ± 0.13 0.54 857 

E. coli cell lysate  

over-expressed eUP 

5.0 ± 0.7 0.75  150  0.47 ± 0.11 0.32 681 

1) ND: Not Determined; 2) No initial rates could be observed due to low amount of enzyme. 

In light of presented data here NMR is indeed a useful tool to investigate the 
kinetic properties of uridine phosphorylases, even in cell lysate of E. coli, either 
as overexpressed enzyme or at native levels. Furthermore, this is the first report of 
the kinetics of S. typhimurium, and further indications of promiscuity of both 
uridine phosphorylases. Future kinetic isotope studies, may give insight into the 
mechanism of S. typhimurium UP to correlate this to its structural data (presented 
in Chapter 5). 

4.4 Conclusions 

EnBase® applied in microtiterplates is a valuable tool for the development of 
high throughput expression systems. However, lower amounts of amylase or the 
now available liquid EnBase® may be an improvement to optimize the growth. In 
combination with expression libraries, overexpression and optimization of 
recombinant proteins this approach may relieve the gene-to-product bottleneck(s) 
often encountered in protein engineering or metagenomic studies. However, our 
case study in which a parallel approach aimed at isolating a thermostable 
biocatalyst, by means of a fusion protein library, was not successful. 

Furthermore, to circumvent purification of a large set of overexpressed 
biocatalyts in the HTP format, in some cases the biocatalyst may be studied 
without the need to purify. By means of proton NMR increased product formation 
can confirm biocatalysts presence and activity, or even initial kinetic 
characterization of the overexpressed biocatalyst. NMR as presented in this study 



 119 

can be seen as an additional screening tool, before lager-scale biocatalyst 
production and purification is planned if there is a need for further 
characterization. 
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5 Employing wanted properties: exploring 
structural aspects of a thermostable uridine 
phosphorylase by computational means 

This second part of the isolation of the thermostable uridine phosphorylase and 
implications for subsequent protein engineering studies focuses on the structural 
characterization by means of computational methods. In protein engineering 
computational methods are often used a priori to create de novo enzymes (Bolon 
et al. 2002, Damborsky & Brezovsky 2009) and also to investigate 
(homologueous) structural features when no or little experimental data is 
available (Lippow & Tidor 2007, Gerlt & Babbitt 2009).  

These aspects are discussed in reference to uridine phosphorylase (UP; EC-
Number 2.4.2.3) as an example molecule in this chapter. In general, UP is an 
attractive starting point for protein engineering because of its use in the 
development of pharmaceuticals (Chuvikovsky et al. 2006) and as target enzyme 
to treat cancer (Yan et al. 2006). In addition UP lacks the need for co-factors to 
complete catalysis (Pugmire & Ealick 2002), and detailed structural data is 
available. Here, we explore the structural aspects of UP and relevance to protein 
engineering. 

5.1 Introduction 

The field of bioinformatics, where information technology is applied to the field 
of molecular biology, has advanced greatly since 1978 (Hogeweg & Hesper 1978), 
due to major advances in information technology and driven for example by the 
human genome project (Human Genome Sequencing Consortium 2004). The field 
includes: sequence alignment, gene finding, genome assembly, protein structure 
alignment, protein structure prediction, prediction of gene expression and protein-
protein interactions, genome-wide association studies and the modeling of 
evolution (source Wikipedia). 

The systematic organization of information is valuable to the scientific 
community, for example genomic and protein(-structure) databases and servers 
for protein prediction (Wackett 2004, Fischer 2006). In Table 16 are listed the 
major databases and servers used. Information needed from these sources is to (i) 
find the right biocatalyst, (ii) to find a suitable biocatalyst for directed evolution, 
(iii) find useful information for rational engineering, (iv) for pathway engineering 
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(Martin et al. 2009), (v) finding optimal metabolic pathways, and (vi) if wanted 
transformation of waste to byproducts (Wackett 2004). The targets may come 
from genomic library mining, to find homologous or novel biocatalysts, or 
partially, laboratory generated enzymes. More and more bioinformatic tools are 
becoming available to make structure based predictions on folding pathways, 
structure function relationships and de novo structure predictions (Park et al. 2004, 
Fischer 2006, Damborsky & Brezovsky 2009). These tools are used to limit the 
experimental time to obtain the desired targets. 

Table 16. Some major databases and best performing servers. 

Database/Server Description URL 

Reaction information   

Ligand Chemical 

Database 

Enzyme, reaction focus www.genome.ad.jp/htbin/ 

www_bfind?ligand 

UM-BBD Novel biocatalyst reactions http://umbbd.ahc.umn.edu 

BRENDA Enzymes database www.brenda-enzymes.org/ 

MetaCyc Enzyme, pathway database http://metacyc.org 

Enzyme 

Nomenclature 

Enzyme database www.chem.qmul.ac.uk./iubmb/enzyme 

SWISS-PROT Enzyme database http://us.expasy.org/enzyme 

BioCatalysis Comprehensive, focused on synthetic 

biocatalysis (commercial) 

http://cds.dl.ac.uk/cds/datasets/orgche

m/isis/biocat/biocat 

Pathway information   

KEGG Pathway maps www.genom.ad.jp/kegg 

UM-BBD Catabolic pathways http://umbbd.ahc.umn.edu 

MetaCyc Pathway maps http://metacyc.org 

Genomic information   

TIGR TIGR genomes, comprehensive 

microbial resource 

www.tigr.org/tigr-scripts/CMR2 

/CMRHomePage.spl 

GOLD Comprehensive genomes http://igweb.integratedgenome.com/ 

GOLD 

DOE Joint Genome 

Institute 

DOE genomes www.jgi.doe.gov 

NCBI Genome Comprehensive genomes  www.ncbi.nlm.nih.gov 

MetaCyc Major genomes http://metacyc.org 

Protein Structure 

Prediction Servers1 

  

3D-JURY Meta server, integrates a dozen 

servers (CASASP and LB) 

http://bioinfo.pl/meta 

3D-SHUTGUN local metaserver (SHUB) http://inhub.cse.buffalo.edu 

Pcons/Pmodel improved version of Pcons www.sbc.su.se/~bjorn/Pcons5 
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Database/Server Description URL 

PROTINFO comparative and ab initio modeling http://protinfo.compbio.washington.edu 

SP3 Local, autonomous server using 

sequence profiles from structural 

elements 

http://theory.med.buffalo.edu 

Robetta Meta-meta server based on ROSETTA 

fragment insertion method 

http://robetta.bakerlab.org 

Structural information   

Protopedia 3D, interactive encyclopedia of 

proteins, RNA, DNA and other 

molecules. 

http://www.proteopedia.org/ 

RCSB-PDB Depository of 3D structural files; Portal 

to Biological Macromolecular 

Structures 

http://www.rcsb.org/ 

1) These servers have been evaluated by LifeBench or CAFASP (Fischer 2006). 

Despite the advances and expectations prior to 2001 (Pokala & Handel 2001), 
some hurdles in regards to the functional design of biocatalysts are not yet taken 
(Gerlt & Babbitt 2009), especially (i) the delicate sensitivity of the active site 
geometry, (ii) templates optimized for a specific function may not be appropriate 
for (re)design (resulting often in stability problems), and (iii) dynamical 
properties that steer the reaction coordinate likely accompany the natural 
evolution of new biocatalyst (resulting in problems in mechanics while 
(re)designing structural features). Also more research is needed on the 
mechanisms of substrate entry or product release in order to develop parameters 
relevant to tunnels and channels (Damborsky & Brezovsky 2009) and in regards 
to biocatalysts and promiscuity, bioinformatics still has to address several 
challenges (Nobeli 2009). 

The availability of 3D-structures is a solid basis for the rational design of 
proteins or discovery of novel ones (Wackett 2004). In the absence of measured 
data, model building by means of homology building is a reliable method (Vriend 
& Eijsink 1993), thereby restricting the protein sequence space and refining the 
search algorithms (Gustafsson et al. 2003). However, one must take into account 
the backbone flexibility when building the model, for this Molecular Dynamics 
(MD) simulations are very useful (Vriend & Eijsink 1993, van Gunsteren et al. 
2008). For example in the structure predictions by Vriend et al. (1993) the C- and 
N-terminal ends in neutral protease were omitted, while in this study we 
conducted MD simulations for the tertiary structure of A. pernix UP. In another 
example is described the redesign of the entire sequence of a 51 amino acid 
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protein to come to a highly stable variant (Shah et al. 2007), addressing the 
importance of designing for foldability (Park et al. 2004), an aspect we have 
omitted in our studies. 

When considering UP as an example for molecular modeling, one 
automatically looks at the available crystallography data (see Table 15). Several 
structures are available, but only derived from three organisms to date: 
Escherichia coli, Salmonella typhimurium, and Homo sapiens (as derived from 
the RCSB-PDB database). 

UP has several characteristic structural elements, already hinted at in Chapter 
4: (i) its hexameric structure is a trimer of catalytically active dimers and ~100Å 
in diameter and ~40–50Å thick, (ii) each dimer contains two actives sites, (iii) the 
active site has three binding pockets, for ribose, uracil and phosphate (see Fig. 41), 
(iv) the dimeric interface comprises a large area of the monomer (2791 sq. Å in E. 
coli and 3292 sq. Å in human UP), and (v) the overall global fold of UP is highly 
similar to other members of the NPI family (Pugmire & Ealick 2002, Caradoc-
Davies et al. 2004, Bu et al. 2005, Dontsova et al. 2005, Roosild et al. 2009). 
Here we will discuss each separate element and in addition the C- and N-terminal 
ends of A. pernix UP.  
 

 
 



 125 

 

Fig. 41. Interactions involving 5-fluorouridine and phosphate with the E. coli Active 
site. Hydrogen bonds ≤ 3.3 Å are shown with distances indicated (Å). *) Residues His8 
and Arg48 are from the adjacent monomer. The geometry of the interaction between 
Arg168 and O4 from Uracil (shown as a wavy line) is unfavorable for hydrogen bond 
formation. Adapted from Caradoc-Davies et al. (2004) based on 1xyz.pdb. 

The predictions for the GMP therapeutic peptide market are placed at 13.4 billion 
USD by 2010 (Glaser 2009) and the search for novel ways of peptide synthesis 
(Fox 2009) is ongoing. Typically therapeutic peptides are produced by chemical 
synthesis, by recombinant technologies, and transgenic technologies (Latham 
1999).  

The advantages of chemical synthesis of peptides are time and cost 
reductions during R&D and early-stage clinical trials and to produce peptides 
with unnatural sequences. Recombinant manufacturing is attractive if the target 
peptides are longer (> 50 amino acids) or if yields are high (10–50 amino acids). 
Furthermore the use of inclusion bodies as a purification tool has major 
advantages (Haught et al. 1998). Though expensive, transgenic production could 
be key to large-scale manufacturing of longer peptides (Latham 1999). 
Additionally, the use of thermostable fusion partners could be an economical 
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alternative in the recombinant production of peptides (de Marco et al. 2004), 
especially when stable isotope NMR studies are involved. 
We focused in this chapter on gene finding, protein structure alignments and 
protein structure predictions in regards to a more thermostable uridine 
phosphorylase (see also Chapter 4). In addition we examine the modeled structure 
of a thermostable truncated version of UP. Finally, we explore the use of this 
truncated version of UP for the production of small peptides.  

5.2 Experimental 

5.2.1 Creation of ∆UP 

A truncated UP was created by PCR using PhusionTM Polymerase (Finnzymes, 
Espoo, Finland). Chapter 4 describes the expression of A. pernix and the isolation 
of genomic DNA, and the PCR conditions for gene isolation. Here as template 7 
μl of isolated genomic DNA was used. Primers used:  
 
∆UP sense (+): 5‟ TACGAACATATGGCCCGCTACGTTCTCC -3‟ 
∆UP compl. (-): 5‟- CTAACTGTCGAC-GACGGAGAGGCTTATGTCTA -3‟ 
 
The PCR protocol is summarized in Table 17 and was repeated once on the 
isolated and purified PCR- product to obtain a higher yield. The purity of the 
DNA products was checked by means of agarose gels (1%) stained with ethidium 
bromide staining according to the manufacturer (Amresco, Solon, USA). 

Table 17. PCR protocol used for ∆UP isolation. 

Volume (μl) Components PCR program for gene isolation 

10 GC 5x buffer Cycle Temperature [°C] Time [sec] 

15 forward primer (2 μM) 1 98 60 

15 reverse primer (2 μM)  98 10 

1 dNTP (25 mM) 30 59 15 

1.5 DMSO (Dimethyl sulfoxide)  72 180 

0.5 PhusionTM Polymerase (20 U·l-1) 1 72 600 

7 Genomic DNA (template)  10 hold 

The gene was inserted by means restriction enzymes (Fermentas, Riga, Latvia) 
NdeI and HindIII and by use of FastLink ligase (Epicenter Biotechnologies, 
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Madison, WI, USA) following standard protocols (Sambrook & Russell 2001). 
Transformed colonies with the pET22b-∆UP vector were utilized directly for PCR 
to identify the presence of the ∆UP gene. 

5.2.2 Overexpression and thermostability of ∆UP 

The pET22b plasmid containing the UP variant, ∆UP was transformed into into E. 
coli BL21(DE3) pLysS and BL21(DE3) pRARE (Novagen, Madison, WI, USA) 
for the production of ∆UP. The expression of a 200 ml Terrific Broth cultivation 
(Sambrook & Russell 2001) was performed in a 1 liter baffled shake flask, with 
use of silicone caps (VWR LLC, West Chester, PA, USA) for optimal oxygen 
transfer at 37 °C. Cells were induced at OD600 of 0.5 for 4 hour by the addition of 
1 mM IPTG. 

Cells were lysed as previously described (Casteleijn et al. 2006) and cell 
lysate, separated from the insoluble fraction of the cells, was heated for at least 30 
minutes at 95 °C and cooled to room temperature before the separation of 
denatured proteins by centrifugation. This clarified cell lysate was used to verify 
residual activity for the phosphorylation of uridine to uracil and ribose 1-
phosphate by means of NMR as earlier described in Chapter 4 for the residing 
thermostable protein. 

The presence of protein was checked by using sodium dodecyl sulphate 
polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli 1970) and Coomassie 
Blue staining (Ausubel et al. 1989) and trypsin digestion of the target band 
followed by mass spectrometry. 

5.2.3 Modeling of characteristic structural features 

Initial building of the monomer 

Initial build of the structure was constructed using Pcons modeling server 
http://pcons.net (Wallner et al. 2003, Wallner & Elofsson 2005, Gadler et al. 
2006). Since the sequences yielded poor initial scores, the work was force 
submitted in order to use more methods. Of the possible solutions, a model based 
on 1RXY.pdb (uridine phosphorylase from E. coli obtained from RCSB-PDB 
database, see Table 15) was chosen as compromise between PCONS-score (0.527) 
and sequence identity (39%). Pcons was unable to model the C- and N-terminal 
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ends, since in structural databases there are no solved structures with close 
enough homology to act as a base for homology building. 

Rosetta/hmmstr server was used to create possible folds for the missing C- 
and N-terminal sections (Bystroff et al. 2000, Bystroff & Shao 2002). The server 
uses hidden Markov model to generate ab initio prediction of the 3D-structure for 
protein sequence. 

Sequences were inserted with a ten amino acid residues overlap with the 
homology models created at the earlier phase; of the solutions given for each part 
– final structure and last step‟s choices – the one which had best corresponding 
fold on the mutual (i.e. overlapping) section was chosen. 

The parts were joined together by aligning the C-alpha atoms of the 
overlapping parts and then editing the two files into one using Swisspdbviewer. 
Short local minimization was performed on the overlapping section to correct 
bond distances, angles and torsions. 

Building of the Dimer 

To build the dimer, two copies of the monomers were overlaid on top of the 
model structure (1RXY). The monomers were merged into one file. Some of the 
side-chains were overlapping, since the model was created as monomer, thus in 
those cases different rotamers were selected for them. 

Further energy minimization of the protein dimers was done using the 
Gromacs 4.0.2 package (van Der Spoel et al. 2005, Hess et al. 2008). The shape 
of the simulation box for each was a truncated dodecahedron and contained the 
protein dimer surrounded by single point charge (SPC) water molecules 
(Berendsen et al. 1981) with Cl- and Na+ ions to neutralize the system's overall 
charge and to bring the ion concentration to physiological levels. Weak 
temperature coupling (300K) and pressure coupling (1.0 bar) was utilized 
(Berendsen et al. 1984) with the coupling constants of 1.0 ps. Coulomb 
interactions were done with fast particle mesh Ewald summation (PME) with grid 
spacing of 0.12 nm and fourth order interpolation. LINCS algorithm was used to 
constrain bonds (Hess et al. 1997). The center of mass motion was removed on 
every step. The system was energy minimized and then a short (10ps) position 
restrained run was performed for further equilibrization, followed by a 5 ns MD 
simulation without position restraints, using steps in size of 2 fs. Simulations 
were used with the Gromacs package. 
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By the time simulations ended, they had converged to a local minimum, as 
was noted by calculating the potential energy of the protein and the RMSD plot. 
Secondary structure was stable throughout the simulations, with the exception of 
the C- and N-terminal parts, which had slight changes. 

Construction of the hexamer 

Base reference structure for the hexamer was 1U1D.pdb (Uridine Phosphorylase 
from E. coli obtained from RCSB-PDB database, see Table 15), onto which three 
copies of the dimer were overlaid using Swisspdbviewer.  

 

Fig. 42. Multiple sequence alignment (with CLUSTAL 2.0.11) of the three monomeric 
UP variants compared to E. coli UP (U1UD-A.pdb as a reference). *) positions with a 
single, fully conserved residue; :) a 'strong' group (STA, NEQK, NHQK, NDEQ, QHRK, 
MILV, MILF, HY, FYW) is fully conserved; .) a ’weak’ group (CSA, ATV, SAG, STNK, 
STPA, SGND, SNDEQK, NDEQHK, NEQHRK, FVLIM, HFY) is fully conserved. 
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The proteins have different sequences, a multiple sequence alignment was made 
to help in choosing which residues to align against (Fig. 42). 

Overlaps within hexamer structures were solved using Swisspdbviewer. The 
overlapping residues were viewed one by one, choosing different rotamers where 
applicable. After this, the overlapping residues were minimized locally, using 
Swisspdbviewer and Gromos-forcefield. 

5.2.4 Structural analysis 

Several structures of homologous UPs and their variants were used for structure 
comparisons: 

– E. coli UP, unliganded, (1.70 Å, PDB entry 1RXY) 
– E. coli UP, complexed to 5-fluorouracil ribose and 1-phosphate, (2.80 Å, 

PDB entry 1RXC) 
– E. coli UP, complexed to 5-(phenylthio)acyclouridine (ptau) (2.00 Å, PDB 

entry 1U1D)  
– S. typhimurium UP, liganded (2.50 Å, PDB entry 16J9) 
– human UP, complexed to 1-((2-hydroxyethoxy)methyl)-5-benzylpyrimidine-

2,4(1H,3H)-Dione (BAU) ( (1.90 Å, PDB entry 3EUFI)  

The reference structure was 1U1D, as described in 5.2.3. Overall in this thesis the 
E. coli UP numbering scheme was used or otherwise explicitly indicated. 
The structures were analyzed with ICM (Molsoft L.L.C., La Jolla, CA, 41 USA). 
Program Chemsketch (Advanced Chemistry Development, Inc., Toronto, Canada) 
was used to generate substrates and ligands figures.  

5.3 Results and discussion 

To aid the understanding of the structural aspects of Uridine Phosphorylase (UP) 
we have investigated the structures of three computational models of A. pernix 
UP: (i) native full length A. pernix UP (gene APE2105.1), (ii) a truncated version 
of A. pernix UP, named ΔUP, and (iii) microbial peptide indolicidin fused to ΔUP 
at the truncated N-terminal site. Furthermore, ΔUP has been over-expressed and 
partly investigated. Please note that the overall amino acid numbering of E. coli is 
used in the text to identify relevant residues. 
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5.3.1 Structured model of A. pernix uridine phosphorylase 

Overall description of the structure 

E. coli and S. typhimurium UP (further referred to microbial UP) is a toroidal 
hexamer (see also Chapter 1, Fig. 4b), while human UP-I exists as a dimer 
(Caradoc-Davies et al. 2004, Roosild et al. 2009). Overall it is stipulated that 
microbial UPs exist as a hexamer structure (Pugmire & Ealick 2002). Human UP 
is not able to form a hexameric structure due to an alternative structure in amino 
acid region 116–129. A loop-beta-loop-beta-loop structure instead of the loop-
helix-loop is observed caused by an insertion of 6 amino acids just before alpha 
helix 3 (in E. coli and S. typhimurium UP, see Roosild et al (2009) for details), the 
absence of Pro129 and alternative amino acid sequence in this region. 

In A. pernix UP this region resembles more the microbial UPs, and thus after 
building the dimeric subunits, a hexameric structure was built. However, the 
protocol has long and thorough minimization on the dimer building protocol, but 
the hexamer building protocol was not done beyond the side chain arrangement. 
As an alternative to the methods used, the construction of the hexamer by using 
simulation tools before minimizing the dimer was considered, however not 
applied. This may have been problematic due to C- and N-terminal parts' clashes. 
We therefore acknowledge that the hexameric structure(s) proposed here may 
have errors in the detailed hexameric interface regions. Once possible solution 
may be to combine both these solutions and reconstruct the base unit for the 
hexameric model from minimized termini and un-minimized base folds.  

Based on the above mentioned observations, the A. pernix hexamer is about 
112 Å in diameter and 50–53 Å thick. The central channel observed in microbial 
UP structures is not present in the full length model (APE2105.1), but present in 
the other two models. Overall this region has a smaller channel compared to E. 
coli and is stabilized by hydrophobic interactions rather than electrostatical. 
However, the A. pernix dipeptide Pro178-Glu179 (Arg178-His179/Arg178-Arg179 in E. 
coli and S. typhimurium respectively) does have the potential for a hydrogen 
bonded (water) network. The Glu179 is pointing in two models toward the center 
of the channel and has the freedom for rotation. The minimizations in regards to 
the N-terminal (and C-terminal) ends of A. pernix structures of the dimeric units 
have resonated over the back-bone resulting in differences for all three structures 
in this channel region, and therefore this consensus of the hexameric structure 
formation is considered for all three models (full length, ΔUP, and the fusion).  
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The C-terminal end of A. pernix UP is extended by 24 amino acids after the 
C-terminal helix when compared to microbial and human UP. This region forms a 
hairpin like structure with a short helix in the tip of this loop. The hairpin is 
stabilized by 2 hydrogen bonds, (i) main chain oxygen of Ser276 (A. pernix (gene 
APE2105.1) numbering) and main chain nitrogen Gly260, and (ii) main chain 
nitrogen Ser276 and main chain oxygen of Gly260. These two C-terminal ends 
stabilize rather early in the MD simulations to their final (identical) 
conformations. The C-terminal ends interact with one side of helix 4 and beta 
sheet 7 (for detailed structural information see Roosild et al (2009)) indicating 
that these structures further stabilize the hexameric formation. This increase of 
surface area, increase of interactions, and reduction of structural flexibility are 
common strategies of thermophilic enzymes for increased stabilization (Li et al. 
2005). 

In E. coli UP the dimeric interface consists of residues 7–8, 26–29, 48–50, 
68–87, 116–125, 160–180, 197, 208–211 and 228–229 (Caradoc-Davies et al. 
2004). Caradoc-Davies et al. (2004) indicate that the mono-monomer interactions 
are composed by hydrophobic interactions. However, upon review of the E. coli 
structures additional hydrogen bonds were observed: the side chain nitrogen (ne2) 
of Q83 in subunit B is hydrogen bonded to side chain oxygen of E97 (oe2) in the 
same subunit, which is in turn hydrogen bonded to the main chain nitrogen (n) of 
Y172 in the neighboring subunit A. This pattern is repeated on the opposite side 
of the mono-monomer interface (Q83 (ne2)-A:::E97 (oe2)-A:::Y172 (n)-A). In 
addition two other hydrogen bonds were observed: E49 (oe2)-B:::I69 (n)-A and 
its counterpart E49 (oe1)-A:::I69 (n)-B, further strengthening the hydrogen bond 
network around the potassium ion.  

The dimer of A. pernix UP is depicted in Fig. 43. In our model the dimeric 
interface consists of the similar region as in E. coli, albeit that the residues 
involved are altered slightly. The most interesting observation was the 
conformation of the N-terminal end of A. pernix UP. In the A subunit some of the 
residues (A. pernix residues 9–10, 12–13 and 19–22; Y21-H22 corresponds to F7-
H8 in E. coli) were involved in the dimer formation, while in the B subunit the N-
terminal end folded on top of the A subunit. Both conformations found a local-
stable minimum in the simulations. This is in accordance to human UP where the 
first helical bend of the prolonged N-terminal end (compared to microbial UPs) 
also form monomer-monomer interactions (Roosild et al. 2009). 
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Fig. 43. Dimeric structure model of A. pernix UP. The residues involved in the dimeric 
interface are indicated in ball model, while the rest of the dimer is depicted as ribbons. 
Subunit A is depicted in light grey (right) and the B subunit is shown in dark grey (left). 
*) The  prolonged N -terminal i s indicated; C  stands f or the C-terminal e nd, which 
clearly has a l ong loop-helix turn-loop structure. These C-terminal ends interact with 
neighboring dimers in the overall hexameric structure.  

A detailed analysis of the active site residues show that the phosphate binding site 
is built correctly in subunit A, but some minor shifts can be observed in the uracil 
binding area. Furthermore, a large shift in the His8* and Arg49* (see Fig. 44; His21 
and Arg59 in A. pernix) of ~9 Å in the B subuni t has been observed. The active 
site residues His8* and Arg49* of loop A are however occupying the active site of 
subunit B in the  sa me w ay as in the references st ructures of E. coli . The se 
observations from the active site also indicate that the N-terminal end of A. pernix 
UP c annot a lways fold over the a djacent monomer or that a third alternative 
native conformation not observed in this st udy must be considered. It was 
observed tha t the N-terminal is more flexible c ompared to the C -terminal e nd 
indicated by th e MD si mulations. X -ray crystallography or NM R st udies must 
confirm the native conformation(s) of the N-terminal end. 

* 

* 

C C 
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Fig. 44. Comparison of the active site residues depicted on Fig. 41 of A. pernix UP 
(light grey) and E. coli UP (1RXC.pdb; dark grey). Hydrogen bonds are shown as 
dotted lines; dipeptide Ile220-Val221 (E. coli) of corresponding Ala230-Val231 (A. pernix UP) 
are shown as Connolly surface area (Connolly 1983). In the A. pernix UP model this 
binding area is slightly deeper.  

5.3.2 Truncating UP by 18 amino acids: creation of ΔUP 

By means of PCR-isolation from genomic DNA derived from A. pernix (see 
Chapter 4) and subsequent cloning a truncated version of A. pernix UP, called 
ΔUP has been created. The dimeric model created by the methods described in 
this thesis resulted in a similar overall structure as mentioned in Chapter 5.3.1, 
with some better 3D-homology in the dimeric interface compared to the full 
model (APE2105.1). 
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Fig. 45. Overexpression of ΔUP with in  E. coli shake f lask cultures: ( I) Insoluble; (S) 
Soluble protein; (H) Heated (> 30 min 95 °C) with plasmid pET22b and under induction 
of 1 mM IPTG for [x] hours and expression system E. coli BL21 (a) pLysS, 37 °C , [4 
hours], and (b) pRARE, 20 °C, [18 hours]. The arrow indicates ΔUP (also confirmed by 
additional trypsin digestion and mass-spectrometry). The SDS-PAGE gels are stained 
with Coomassie Blue. 

The overexpressed protein wa s the rmostable, but not res istant to 30 min of 
heating in presence of SDS (see Fig. 45). The hea ted cell lysate (in absence of 
SDS or other denaturing c ompounds) containing the  thermostable ΔUP did  not  
show a ny activity after 6 hours or 24 hours by titration of e ither uridine or 
phosphate at 25, 40 or 90 °C by means of the NMR method described in Chapter 
4. Thi s obser vation indic ates once  a gain the  im portance of His8* (His22 in A. 
pernix UP) for ligand binding and catalysis (Caradoc-Davies et al. 2004, Bu et al. 
2005). 

5.3.3 Fused model of indolicidin to ΔUP 

Indolicidin (amino a cid sequence: ILPWKWPWWPWRR) a  member of the 
cathelicidin protein family, is a 13-residue cationic, antimicrobial peptide-amide 
isolated from the  cytoplasmic granules of bovine neutrophils. Indolicidin is  
microbicidal in-vitro against gram -positive and gram -negative bact eria, fun gi, 
protozoa, and HIV-1 (Osapay et al. 2000).  

It was noted  in ini tial models of ΔUP tha t the de leted peptide 
(MGDESLRSAARPEGEGGLQYHLRVRRGDV) leaves a shallow binding 
groove on the surface of the protein in which the initial -RR- dipeptide would find 

I S H (a) (b) I S H 
117 kD 
  85  

  49 

34  

  25  

19 
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a natural binding area. In the fusion partners the original tri-peptide following the 
-RR- sequence was replaced by an a lanine to int roduce a thermolysin cleavage 
site (Endo 1962).  

The overal l structure of the indolicidin-ΔUP m odel was in accordance with  
the overal l structural e lements of full length UP presented in section 5.3.1, with 
exception of the  N -terminal regi on of the  pro tein. The  indolicidin peptide, 
contrary to the earlier model, finds a n alternative conformation e arly on in the 
MD simulations, and thus can be considered to be rather stable (see Fig. 46). 
 

 

Fig. 46. Connolly surface picture (Connolly 1983) with underlying back-bone ribbon of 
the indolicidin-ΔUP dimeric un it. Subunit A ( fused to Indolicidin) is depicted in dark 
grey and subunit B light grey. The indolicidin peptide is shown as filled CBK residues 
as it binds to the surface.  

It is important to note that although indolicidin is bound tightly to the surface by 
hydrophobic and electrostatic interactions, and thus expression inside a bacterial 
host a s recombinant protein seems feasible, the foldability of the  fusion protein 
(Park et al. 2004) needs further investigation. 

The pur pose of building the fusion model wa s to inve stigate whether 
indolocidin would be more in solution or  bound to the surface of the protein. If 
the a nti-microbial peptide would have been more flexible a nd accessible to the 
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surrounding matrix, this peptide may have disrupted the cell membranes of the 
recombinant host upon protein production. Although de Marco et al. (2003) 
proposed a system for C-terminal fusion for the production of peptides, this 
approach has not yet found much following. This short modeling study shows that 
ΔUP could be an alternative fusion partner, since ΔUP is thermostable even in the 
absence of the dimer stabilizing N-terminal end. 

5.4 Conclusions 

The use of simple modeling tools, available via public servers, is useful to gain 
preliminary insights in the structural aspects of target biocatalysts. Even if not 
many homologues structures are solved and published yet, specific structural 
elements, such as the N-terminal and C-terminal, and its roles may be predicted. 
While keeping in mind that some restrictions in the model or errors in the 
experimentally derived homologues could lead to artifacts (van Gunsteren et al. 
2008), the models of ΔUP and the indolocidin- ΔUP fusion are insightful.  

The model of the full-length A. pernix UP showed a dual result. The B 
subunit was overall more in accordance with its homologues, but showed great 
inaccuracy in the active site, while in subunit A the opposite was observed. Even 
though the homology of nearly 40% is considered a borderline sequence identity, 
the well conserved fold gave reasonable structural information.  

The long N- and C-terminal ends of A. pernix UP seem to be involved in 
stabilization of the dimer and hexamer respectively, even though deletion of the 
N-terminal end yielded a thermostable, but not active, protein: ΔUP. Finally, ΔUP 
has potential as a fusion partner to be used for example as purification tool or for 
enhanced solubility. 
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6 Conclusions and perspectives  

The aim of this PhD project has been to achieve a better understanding of some of 
the current bottlenecks in protein engineering and metagenomic approaches and 
to offer solutions when possible. The insights gained from these experiments are 
planned to be used to improve: (i) how to handle large amounts of clones and use 
of sequences (library strategies), (ii) how to handle and decrease the amount of 
gene product (purity, activity and selectivity), and (iii) an effective selection of 
screening protocols (data mining, gene isolation, product isolation). The study 
was however selective, as only the aspects of miniaturization, parallelization and 
modeling were explored 

At the beginning of this thesis it is shown that, although several aspects in 
„how to make a new enzyme‟ (protein engineering) or „how to find a new enzyme‟ 
(metagenomics) seem to be separated, they however have overlapping problems 
and solutions. For the sake of argument TIM was used as an example molecule to 
address issues in protein engineering, while UP was used as an example to 
explore metagenomic aspects.  

Iterative, knowledge based mutagenesis is a useful method to explore the 
properties of a ligand binding site in enzymes. Detailed structural information can 
be readily applied in ligand binding studies towards new enzymes. In doing so an 
ideal platform for directed evolution experiments to create novel enzymes has 
been created. In addition, the underlying bioprocess for unstable variants in 
relation to their ancestors has been developed. This method, called EnBase® is a 
very useful method to, in either parallel or single experiments, design and 
optimize existing bioprocesses for the production of relative unstable monomers, 
which could be applied in protein engineering and metagenomic studies. 15N 
stable isotope labeling in EnBase® was developed for NMR studies and is an 
additional method for structure-functional studies.  

Rational protein engineering efforts on the catalytic loop-6 N-terminal hinge 
and C-terminal hinge of wild type tbTIM and ml1TIM showed new insights into 
the catalytic machinery and local stabilization by showing the importance of 
single point mutations. This study had implications with respect to kinetic and 
structure-functional properties. In addition one mutant, A178L, could be 
considered for further investigations as a possible advantageous feature for future 
A-TIM variants. This could be done even though protein engineering on the 
stable oligomeric protein, due to its multimeric interactions and more rigid 
backbone, did not have the same effect on its monomeric counterpart. Finally, 
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binding of the phosphate moiety to loop-7 is the initial step of catalysis in TIM. 
The conformational switch of loop-7 is the trigger in the series of conformational 
changes that leads to the evolutionarily optimized concerted motion of loop-6 and 
loop-7. The detailed structural studies on TIM clearly showed that the results of 
kinetic studies need to be correlated with detailed structural information.  

In the second part of these studies A. pernix UP was isolated and 
overexpressed as an example of homology driven genomic mining, i.e. finding 
suitable properties in the vastly growing pool of genetic databases. In this study 
EnBase® was applied in microtiterplates as a valuable tool for the development 
of high throughput expression systems. In combination with expression libraries, 
overexpression and optimization of recombinant proteins it may relieve the 
bottlenecks of the gene-to-product pipeline often encountered in protein 
engineering or metagenomic studies.  

Furthermore, overexpressed enzymes can be easily studied without the need 
of purification, done to either to confirm the presence of product, or to 
characterize the overexpressed enzyme by means of proton NMR. 

In the final part of the thesis simple modeling tools, available via public 
servers, were applied to A. pernix UP and two examples of subsequent protein 
engineering were investigated. The methods applied here were useful to gain 
preliminary insights in the structural aspects of the target proteins and their roles. 
Even if not many homologues structures are available, specific structural 
elements, such as the N-terminal and C-terminal, and its roles may be predicted. 
While keeping in mind that some restrictions in the models or errors in the 
experimentally derived homologues could lead to artifacts, the two subsequent 
protein structures, ΔUP and indolocidin-ΔUP fusion, showed new insights. The 
model of the full-length A. pernix UP showed a dual result, sampling the 
problems of homology building, even at a 40% identity. 

The results obtained in the context of this thesis have advanced our 
knowledge about structural aspects in UP, structure function relationships in TIM 
and provided valuable tool for the development of new enzymes. New methods 
were developed or applied in a new way which can be applied to both the field of 
protein engineering or metagenomics. Many of the conclusions of this thesis can 
be used to address and improve the bottlenecks in the gene-to-product pipeline. 
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The following points summarize the main results of this thesis: 

– Competent A-TIM is an ideal scaffold. 

After the creation of the monomeric variant with new binding properties and 
a competent active site, mutant libraries were created which, in combination 
with EnBase® and high throughput methods of expression and proton NMR 
for kinetic studies, will speed up the discovery of new enzymes. 

– Detailed structural information counts in the design of new enzymes. 

Systematic structural studies and a priori bioinformatical investigations of 
enzymes can reduce the experimental time and zoom in on the relevant 
sequence space. Both approaches can be used to introduce new features in 
enzymes and to obtain the wanted property. These rational design efforts 
should be seen as stepping stones to steer future experiments.  

Perspectives: sampling the landscape 

The protein engineering project on A-TIM is in an interesting phase. The 
selection/screening to find active A-TIM variants that can utilize alternative 
substrates, such as D-xylose from agricultural byproducts or L-arabinose, into 
compounds useful for industrial use is currently ongoing. Furthermore, a recent 
PhD thesis by Matti Vaismaa describes novel methods to create various α-
hydroxy ketones and α-hydroxy aldehydes which were used in A-TIM binding 
studies (Vaismaa 2009). Even though the screening methods are under 
development, new enzymes utilizing novel ligands are on the horizon. Also here 
bioinformatical tools, such as docking studies, may speed up the rate of 
discoveries.  

The vast structural knowledge of TIM should be re-applied to final new 
enzymes in the future, one example is the second sphere mutations in loop-2 
(Saab-Rincon et al. 2001) which increase the activity in monomeric TIM tenfold. 

UP derived from A. pernix has potential for future industrial applications. UP 
is a thermostable enzyme and its active site differs from UP of E. coli, making UP 
an attractive starting point for the development of modified nucleosides. UP is 
also an interesting “tag”, which may aid peptide production and purification or 
may increase solubility in combination with fusion proteins. 

The use of applied research on the topic of protein engineering and 
metagenomics will have a great impact on the field of biocatalysts. Tools from 
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both fields will aid each other, as advances in both fields will be developed in 
parallel, increasing the rate of developments. The economical, environmental and 
social driving forces of today are demanding delivery of the promises made in 
Cologne, 2007 (European Union 2007). The hurdles to be taken by the scientific 
community are those regarding „further technology development‟. The use of 
biocatalysts over conventional methods is one approach, albeit just one part, to 
aid the challenges of sustainability and relieve some of the underlying energy 
problem. 

Finally adding to the words of Markus Alahuhta, who with respect to TIM 
and protein engineering, assigned the colors of basic science (Alahuhta 2008) as 
grey, but we touched also green chemistry and white biotechnology. The tools 
developed in this thesis will add to this landscape we are constantly painting. 
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