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Abstract
Pyrosequencing is a DNA sequencing method based on the detection of released

pyrophosphate (PPi) during DNA synthesis. In a cascade of enzymatic reactions,
visible light is generated, which is proportional to the number of nucleotides
incorporated into the DNA template. When dNTP(s) are incorporated into the DNA
template, inorganic PPi is released. The released PPi is converted to ATP by ATP
sulfurylase, which provides the energy to luciferase to oxidize luciferin and generate
light. The excess of dNTP(s) and the ATP produced are removed by the nucleotide
degrading enzyme apyrase.

The commercially available enzymes, isolated from native sources, show batch-to-
batch variations in activity and quality, which decrease the efficiency of the
Pyrosequencing reaction. Therefore, the aim of the research presented in this thesis
was to develop methods to recombinantly produce the enzymes used in the
Pyrosequencing method. Production of the nucleotide degrading enzyme apyrase by
Pichia pastoris expression system, both in small-scale and in an optimized large-scale
bioreactor, is described. ATP sulfurylase, the second enzyme in the Pyrosequencing
reaction, was produced in Escherichia coli. The protein was purified and utilized in
the Pyrosequencing method. Problems associated with enzyme contamination (NDP
kinase) and batch-to-batch variations were eliminated by the use of the recombinant
ATP sulfurylase.

As a first step towards sequencing on chip-format, SSB-(single-strand DNA
binding protein)-luciferase and Klenow DNA polymerase-luciferase fusion proteins
were generated in order to immobilize the luciferase onto the DNA template.

The application field for the Pyrosequencing technology was expanded by
introduction of a new method for clone checking and a new method for template
preparation prior the Pyrosequencing reaction.

Keywords: apyrase, Pyrosequencing technology, Zbasic tag fusion, luciferase, ATP
sulfurylase, dsDNA sequencing, clone checking, Klenow-luciferase, SSB-luciferase,
Pichia pastoris, Echerichia coli.
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1. Introduction
The discovery of more than 30 years ago, of restriction enzymes that restrict

genetic material, and ligases that joins restricted genetic material, led to a new

research field: recombinant DNA technology. This new technology allowed for

cloning of genes and also their expression in different host organisms (Linn and
Arber, 1968; Meselson and Yuan, 1968; Olivera and Lehman, 1967; Zimmerman et

al., 1967).
During the past two decades techniques for production and purification of proteins

have enabled many of the advancements in biotechnology. Recombinant DNA

technologies have revolutionized the production of biomolecules (proteins) in large
quantities. Together, these techniques have proven to be very powerful for production

and purification of different biological molecules.
In the mid 1970´s methods for sequencing DNA were also introduced (Maxam

and Gilbert, 1977; Sanger et al., 1977b). In vitro mutagenesis was introduced by

Smith and co-workers at the university of British Columbia (Canada); synthetic
oligonucleotides were used (Hutchison et al., 1978). The introduction of the

polymerase chain reaction (PCR) technique by Karry Mullis set a new epoch for the

field of recombinant DNA technology (Mullis and Faloona, 1987).
The Pyrosequencing technology, which is based on real-time detection of DNA

synthesis by a bioluminometric strategy, was developed at the Royal Institute of
Technology (KTH). This method has shown to be a versatile sequencing technology

suitable for many applications, such as SNP analysis, bacteria typing, virus typing,

fungi typing and tag sequencing. The Pyrosequencing technology is the first
alternative to the conventional Sanger method for de novo DNA sequencing.

This thesis briefly describes (i) different DNA sequencing methods, (ii) the
production of proteins in different host organisms and (iii) purification methods for

proteins with or without fusion tags. The main aims of this thesis were to improve the

Pyrosequencing method by production of the enzymes involved in the method
recombinantly and to expand the application field by introducing a new method for

clone checking and a new method for DNA template preparation prior the
Pyrosequencing reaction.
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2. DNA sequencing technologies
DNA sequencing techniques are used for determination of the precise order of

nucleotides in a DNA sample. These techniques are probably the most important

techniques available to the molecular biologist. DNA sequencing is used in many

different applications, such as forensic, diagnostic, evolutionary studies, and for
determination of the entire genome sequence of organisms ranging from yeast to

humans. The DNA sequencing technologies that are available and currently used
include the Sanger method, which is based on electrophoretic separation and detection

of synthesized single-stranded DNA molecules that have been terminated with

dideoxynucleotides (Sanger et al., 1977a), the Maxam-Gilbert method, which utilizes
chemical degradation of the ssDNA (Maxam and Gilbert, 1977), sequencing-by-

hybridization, which is based on hybridization of a labeled ssDNA of unknown
sequence to a set of sequence specific oligomers immobilized onto a solid support

(Drmanac et al., 1989) and the Pyrosequencing technology, a recently developed

sequencing method based on a luminometric approach (Nyrén, 2001; Ronaghi et al.,
1998).

The following section will focus on the Sanger method, the Maxam-Gilbert

method and the Pyrosequencing technology.

2.1. The Sanger method
The Sanger method (Sanger et al., 1977b) enabled scientists to efficiently

sequence DNA. This sequencing method is simple and elegant and after more than a

quarter of a century after its development is still frequently used with more
advancement in chemistry and automation. In this method, ssDNA serves as a

template for in vitro DNA synthesis using an oligonucleotide (primer) with a
sequence complementary to the 5’-end of the template. DNA polymerase extends the

DNA strand complementary to the template starting at the 3’-end of the primer. In the

sequencing reaction the natural dNTPs are mixed with dideoxy nucleotides (ddNTPs).
ddNTPs lack the hydroxyl group on the 3’-end and thus, terminate elongation of the

DNA chain by DNA polymerase. In this method four parallel DNA elongation
reactions are run with dNTPs/ddATP, dNTPs/ddCTP, dNTPs/ddGTP and
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dNTPs/ddTTP, respectively. As the dNTPs in the reaction are in excess compared to

the ddNTPs, different lengths of the DNA fragments can be obtained.
The separation of the Sanger fragments is usually performed electrophoretically,

although mass spectrometry analysis has also been described (Jacobson et al., 1991;
Murray, 1996). Previously, the detection of the fragments were performed by

radioactivity. The four samples were loaded onto a slab polyacrylamide gel and

separated by electrophoresis, and then the separation pattern was deduced from the
developed autoradiograms. These days, the radioactivity has been replaced by

fluorescent dyes and, the fragments are detected after excitation by a laser beam. By
labeling the four ddNTPs with different fluorescent dyes, the four separate Sanger

reactions can be performed in one reaction and no modification of the primer is

required (Fig. 1). This technique has been fully automated after replacing the slab gel
electrophoresis step, which required manual gel casting and sample loading, with

capillary electrophoresis.
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Figure 1. A schematic drawing of the principle of the Sanger DNA sequencing method. A primed-
template is used to synthesize a complementary DNA strand. The nucleotide concentration of each
ddNTP and each of the four dNTPs is adjusted to produce DNA fragments terminated equal at every
ddNTP position along the DNA. The labeled fragments are then separated by gel electrophoresis and
thereby, allowing reconstruction of DNA sequence from the separation pattern.
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2.2. The Maxam-Gilbert method
The Maxam-Gilbert DNA sequencing method is based on chemical degradation of

ssDNA (Maxam and Gilbert, 1977). In this method the DNA is amplified either by

PCR or bacteria. After DNA amplification, the double-stranded DNA-molecules are

labeled with radioactive phosphate (32P) at only one end (5'-end) of each strand with
the help of a special enzyme (polynucleotide kinase). The labeled DNA is divided into

four different reactions with different chemical reagents that cleave the DNA
specifically after A, C, G or T. The reaction conditions are such that each strand of

DNA in each sample is cut once at a random location along the bases—adenine (A),

guanine (G), cytosine (C) and thymine (T). The reactions result in mixtures of DNA-
strands of different lengths (between one and several hundred nucleotides), with one

end representing one of the bases and the other end showing the 32P phosphate. These
fragments are applied on parallel lanes on a sequencing gel and separated by gel

electrophoresis, according to their length. The result is detected by autoradiography

(Fig 2).
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Figure 2. A schematic illustration of the principle of the Maxam-Gilbert method.
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2.3. Pyrosequencing technology
In the Pyrosequencing method four different enzymes are used and the DNA

sequencing is monitored in real-time (Nyrén, 2001; Ronaghi et al., 1998). The overall

reactions are described as follow:

In this method, the sequencing reaction contains template DNA, a primer that
hybridizes to the single-stranded DNA template, DNA polymerase, ATP sulfurylase,

luciferase and apyrase, and the substrates APS and luciferin. The four dNTPs are

added to the reaction mixture sequentially. When the DNA polymerase incorporates
the complementary nucleotide onto the 3’-end of the primed DNA template, PPi is

released in a quantity equimolar to nucleotide incorporation. ATP sulfurylase
quantitively converts PPi to ATP in the presence of APS. The ATP that is produced

drives the luciferase-mediated conversion of luciferin to oxyluciferin, which generates

visible light in amounts that is proportional to the amount of ATP. The light produced
in the luciferase-catalyzed reaction is detected by a photon multiplier tube or CCD

camera, and is recorded as a peak in a pyrogram. Each light signal is proportional to
the number of nucleotides incorporated. Apyrase continuously degrades ATP and

unincorporated excess dNTPs. When degradation is complete, another dNTP is added.

Addition of dNTPs is performed one at a time. As the process continues, a
complementary DNA strand is formed and the nucleotide sequence is determined

from the signal peaks in the pyrogram (Fig. 3).

dNTP dNMP + 2 PPi
Apyrase

(DNA)n + dNTP DNA polymerase (DNA)n+1 + PPi

APS + PPi
ATP sulfurylase

ATP + SO4
2-

ATP + D-luciferin LightLuciferase

ATP AMP + 2 PPi
Apyrase
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Figure 3. The Pyrosequencing method is a non-electrophoretic real-time DNA sequencing method that
uses the luciferase-luciferin light release as the detection signal for nucleotide incorporation into target
DNA. The four different nucleotides are added iteratively to a four-enzyme mixture. The
pyrophosphate (PPi) released in the DNA polymerase-catalyzed reaction is quantitatively converted to
ATP by ATP sulfurylase, which provides the energy to firefly luciferase to oxidize luciferin and
generate light (hu). The light is detected by a photon detection device and monitored in real time by a
computer program. Finally, apyrase catalyzes degradation of nucleotides that are not incorporated and
the system will be ready for the next nucleotide addition.
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3. Proteins in the Pyrosequencing method
The Pyrosequencing method utilizes an enzyme system involving four enzymes

(DNA polymerase, ATP sulfurylase, firefly luciferse, apyrase) and an extra protein

the single-stranded DNA-binding protein. This section briefly describes each of these
proteins.

3.1. DNA polymerase
DNA polymerases (E.C 2.7.7.7) fulfill various replicative and repair functions

within living cells to ensure the survival of all organisms and accurate transfer of
genetic information to subsequent generations (Kornberg, 1988). Escherichia coli

DNA polymerase I and a virus originated T7 DNA polymerase have been the most
widely studied of all polymerases. DNA polymerase I possess, in addition to

polymerase activity, both 3’-5’ and 5’-3’ exonuclease activity. By proteolytic

(subtilisin) cleavage of DNA polymerase I (109 kDa), a smaller fragment harboring
5’-3’ exonuclease activity and one larger fragment (Klenow fragment) harboring both

polymerase and 3’-5’ exonuclease activity are obtained (Klenow et al., 1971). During

the polymerization process, nucleotides are incorporated at the 3’-end of an
elongating DNA strand. This reaction is described by the following reaction formula:

The polymerase first binds to the 3’- hydroxyl group of the primer, hybridized to

the template DNA, and then selects the correct nucleotide. This selectivity improves
the overall replication fidelity. Following nucleotide binding, a conformational

change occurs and the enzyme moves the nucleotide from the binding site to the

active site (Ramanathan et al., 2001). Formation of the chemical bond then takes place
by nucleophilic attack on the alpha-phosphorus of the nucleotide by the 3’- hydroxyl

group on the primer strand. The polymerase then releases PPi and either translocates
to the next available template position or dissociates from the template DNA

(Kornberg and Lorch, 1992).

(DNA)n + dNTP
DNA polymerase

(DNA)n+1 + PPi
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The 3’-5’ exonuclease activity of the enzyme is responsible for proofreading of
the elongated primer chain, to ensure high-fidelity replication in accordance with the

Watson-Crick base-paring rules. This activity acts in the opposite direction to DNA

synthesis and corrects polymerization errors by removing the dNMP before the DNA
is further elongated (Brutlag and Kornberg, 1972). Notably, Klenow and T7 DNA

polymerases lack 5’-3’ exonuclease activity. Proof-reading activity in DNA
polymerase I is responsible for removing DNA lesions in dsDNA or RNA/DNA

hybrids during excision repair.

The Klenow polymerase that is used in the Pyrosequencing technology is 3’-5’
exonuclease deficient. The 3’-5’ exonuclease activity is removed by two point

mutations at the N-terminus of the enzyme without affecting the polymerase activity
(Derbyshire et al., 1988).

The processivity of a DNA polymerase is defined as the average number of bases

polymerized per encounter of the enzyme with a DNA primer/template. The
processivity of DNA polymerase I (Klenow polymerase) is 20-50 nucleotides before

the enzyme dissociates from the primer-template. In contrast, when the T7
polymerase binds to E. coli thioredoxin, an accessory protein, hundreds of nucleotides

are added before the enzyme dissociates (Tabor and Richardson, 1987). In order to

study the effect of the thioredoxin-binding domain from T7 DNA polymerase on
DNA polymerase I, a genetic fusion was constructed that inserts this domain into the

homologous site of DNA polymerase I from E. coli. This chimeric polymerase

showed an increased processivity when it was bound to thioredoxin (Bedford et al.,
1997).

The Km value for various dNTPs are different for Klenow polymerase, but it is in
the micromolar range (McClure and Jovin, 1975). For an efficient polymerization, the

nucleotide concentration should be above the Km. However, the polymerization step

has a lower fidelity when the nucleotide concentration is too high above the Km (Cline
et al., 1996).

The Klenow polymerase and the T7 DNA polymerase are the only polymerases
that have been used in the Pyrosequencing technology so far.
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3.2. ATP sulfurylase
The second reaction in the Pyrosequencing method is catalyzed by ATP

sulfurylase (E.C 2.7.7.4). In this reaction the PPi that is released upon DNA

polymerization is converted to ATP in the presence of APS (adenosine
phosphosulfate). This reaction is described by the following formula:

The reduced form of sulfur (APS) is used in the biosynthesis of metabolites,

coenzymes and sulfolipids. ATP sulfurylase and APS kinase are responsible for
catalyzing the sequential steps that enable in the assimilation of sulfur. ATP

sulfurylase is involved in the first step and APS kinase in the second. In vivo, ATP
sulfurylase catalyzes the production of APS and PPi from ATP and free sulfate. The

produced APS is further phosphorylated by APS kinase into adenosine 3’-phosphate

5’-phosphosulphate (PAPS), which is used to synthesize various sulphur- containing
compounds.

The equilibrium for APS production is unfavorable (Segel et al., 1987), whereas it
is favorable for ATP synthesis  (Robbins and Lipmann, 1958). However, the reaction

is pulled in the APS direction by the following removal of APS by APS kinase, and

the hydrolysis of PPi by inorganic pyrophosphatase.
 ATP sulphurylase activity has been found in many organisms, including baker’s

yeast, filamentous fungi (Segel et al., 1987), spinach leaf (Renosto et al., 1993) and
rat (Brandan and Hirschberg, 1988). The genes encoding ATP sulfurylase have been

isolated from various species and the corresponding enzymes have been

characterized, e.g. E. coli (Leyh et al., 1988) and mouse (Li et al., 1995). The first
ATP sulphurylase cloned was from the baker’s yeast, Saccharomyces cerevisiae,

namely the MET3 gene on chromosome X. This enzyme is the only commercially
available ATP sulphurylase. The enzyme has a molecular weight of 315 kDa and

consists of six identical subunits (Segel et al., 1987). A recombinant form of the

enzyme has been successfully produced in E. coli (paper IV).

APS + PPi
ATP sulfurylase

ATP + SO4
2-
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3.3. Luciferase
The progress of the Pyrosequencing reaction is continuously monitored by the

firefly luciferase reaction according to the following formula:

Since the dATP is a weak substrate for firefly luciferase, it has been replaced by a
modified variant of this nucleotide (dATPaS) in the Pyrosequencing technology

(Ronaghi et al., 1998).

Light production in different organisms is catalyzed by luciferase (E.C. 1.13.12.7).

There are three major bioluminescent groups of beetles: Elateroidea (click beetles),
Phengodidae (glow worms) and Lampyridae (firefly beetles) (Wood et al., 1989). The

light from the firefly beetles ranges from green to yellow (550-590nm). Since the light
produced by luciferase can be monitored with great sensitivity, many applications

based on the luciferase reaction have been developed. These applications can be

divided into (i) reporter gene assays (Wibom et al., 1990), (ii) biomass assays (Thore
et al., 1975; Gallez et al., 2000; Niza-Riberio et al., 2000; Olsson et al., 1986), (iii)

monitoring of enzymes and molecular substances (Nyren and Lundin, 1985; Goswami
and Pande, 1984; Karamohamed and Guidotti, 2001) and (iv) immunoassays (Geiger

and Miska, 1987;Miska and Geiger, 1987; Kobatake et al., 1993).

The luciferase from the North American firefly, Photinus pyralis, was the first to
be cloned and sequenced (de Wet et al., 1986). This enzyme is a 61 kDa protein,

which produces light in the green-yellow region (550-590 nm) with an emission

maximum at 562 nm at the optimum pH between 7.5 - 8.5 (Sala-Newby et al., 1996).
Several strategies including, site specific mutagenesis and using substrate analogs

have been used to identify and characterize the active site of firefly luciferase
(Branchini et al., 1998; Branchini et al., 1999; Sala-Newby and Campbell, 1994;

Thompson et al., 1997). Different strategies have also been applied to increase the

thermostability of the enzyme, including addition of stabilizing compounds (Eriksson

ATP + D-luciferin LightLuciferase
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et al., 2003) and by site specific mutagenesis of the enzyme (Kajiyama and Nakano,

1993; White et al., 1996).

3.4. Apyrase
In the Pyrosequencing reaction the excess of unincorporated nucleotides and ATP

that is generated are degraded by apyrase. The reaction formula is as follows:

Apyrase (ATP-diphophohydrolase, E.C. 3.6.1.5) catalyzes the hydrolysis of

pyrophosphate bonds in tri- and diphosphates and liberates orthophosphate (Traverso-
Cori et al., 1965). Apyrase differs from other ATPases in several ways, such as

requiring divalent cations (e.g., Ca2+, Mg2+ etc) (Plesner, 1995) and being insensitive

to specific inhibitors of other types of ATPases (P-, F- and V types) (Handa and
Guidotti, 1996).

Apyrases have been identified in different organisms and animal tissues. In animal
tissues the enzyme is an integral membrane protein and controls the extracellular

concentration of tri- and diphospho nucleotides (Plesner, 1995; Komoszynski, 1996;

Zimmermann et al., 1998; Guranowski et al., 2000; Gendron et al., 2000; Heine et al.,
1999; Boeck et al., 2002). The transmembrane domain of ectoapyrase affects its

activity and quaternary structure (Wang et al., 1998; Grinthal and Guidotti, 2000). In
plant tissues apyrase is found in the cytosolic (Valenzuela et al., 1989), nuclear (Hsieh

et al., 2000) and membrane fractions (Tognoli and Marre, 1981; Vara and Serrano,

1981); Valenzuela et al., 1998; Day et al., 2000). Thus, plant apyrases have ubiquitous
localization, and appear to be involved in many different reactions, such as

recognition of exogenous carbohydrates (Etzler et al., 1999), phosphate nutrition
(Thomas et al., 1999), legume nodulation (Day et al., 2000) and xenobiotic resistance

(Roberts et al., 1999; Thomas et al., 2000).

Potato apyrase is the most extensively studied apyrase and has a molecular weight
of 49 kDa. In potato tuber, this enzyme exists in more than one molecular form

dNTP dNMP + 2 PPi
Apyrase

ATP AMP + 2 PPi
Apyrase
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depending on the clonal variety (Traverso-Cori et al., 1970). Apyrases from different

clonal sources show differences both in isoelectric point and relative rate of
hydrolysis of ATP and ADP (Traverso-Cori et al., 1970). Apyrase purified from

Solanum tuberosum var. Pimpernel (Pimpernel apyrase) has an ATPase/ADPase ratio
close to 10 (Del Campo et al., 1977), whereas apyrase isolated from the Desiré variety

(Desiré apyrase) has an ATPase/ADPase ratio close to 1 (Del Campo et al., 1977).

3.5. Single-stranded DNA-binding protein (SSB)
The single-stranded DNA-binding protein (SSB) binds with high affinity to single-

stranded (ss) DNA and plays an important role in DNA replication, recombination,

and repair (Timothy et al., 1994). SSB does not possess any enzymatic activity and

has been referred to by many different names since its discovery in 1970, including
DNA-unwinding protein, DNA-melting protein or helix-destabilizing protein

(Timothy et al., 1994). However, the terms single-stranded DNA-binding protein

(SSB) and helix-destabilizing protein are now commonly used (Timothy et al., 1994).
SSB is important for DNA replication in phage T4 (Gold et al., 1976), phage T7 (Kim

and Richardson, 1993), E. coli (Meyer et al., 1979) and yeast (Brill and Stillman,
1991), and it is assumed that SSBs are important for all organisms. SSB from E. coli

(Eco SSB) forms a homotetramer in vivo where each monomer has a molecular

weight of 18.9 kDa.
Since SSB stabilizes and prevents formation of secondary structures in ssDNA, it

has been used in different biotechnical applications, such as the polymerase chain
reaction (PCR) (Dabrowski and Kur, 1999), site-directed mutagenesis with junction to

recA (McEntee et al., 1980), Sanger DNA sequencing (Ball and Desselberger, 1992)

and in the Pyrosequencing technology (Ronaghi, 2000).
In the Pyrosequencing technology SSB is added to the primed DNA template prior

to the Pyrosequencing reaction. The addition of SSB to a Pyrosequencing reaction has
been shown to improve the read length of the Pyrosequencing technology, especially

for sequencing of difficult templates (Ronaghi, 2000). The application of SSB in the

Pyrosequencing technology has also facilitated the optimization of different
parameters, such as enabling a more flexible primer design and eliminating
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intermediate washing steps that remove primers from the reaction mixture, which

could otherwise form primer-dimers or unspecifically bind the DNA template.

4. Recombinant protein expression
Recombinant DNA techniques are used for expression of genes from a variety of

sources in different host cells. Before the application of recombinant DNA techniques

for protein production, the target proteins were purified from native sources by many
purifications steps that usually resulted in low recovery. With the advent of modern

recombinant DNA techniques the pharmaceutical industry, and other protein-based
industries, have been able to provide the market with proteins in quantities that were

previously impossible to obtain. The choice of host for the expression of heterologous

proteins depends mainly on the properties of the target protein and the final use of the
expressed protein. If the protein requires substantial post-translational modifications,

a eukaryotic host is the preferred choice.
This section briefly describes some commonly used expression-hosts with respect

to their order of increasing complexity.

4.1. Escherichia coli
The most widely used host for heterologous protein production is the bacterium E.

coli. E. coli was used to produce the first recombinant protein of pharmaceutical

interest: recombinant human insulin (Johnson, 1983).

The E. coli system has several advantages compared to other systems: (i) it is well
characterized both genetically and physiologically, (ii) commercially available vectors

and strains are available, (iii) E. coli can be grow in inexpensive and simple media,
(iv) E. coli has a short generation time (20 min) and (v) a number of cell manipulation

techniques are available.

A variety of promoters are available for recombinant protein production in the E.

coli system (Jonasson et al., 2002). Promoters can be either constitutive or inducible.

With a constitutive promoter, such as the promoter for Staphylococcal aureus protein

A (Lofdahl et al., 1983), a constant level of transcription of the target gene with
subsequent translation is obtained. Advantages of constitutive systems include

reduced formation of inclusion bodies and more efficient secretion of the target
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protein to the periplasmic space. With an inducible promoter system little or no

expression of the target protein is obtained before induction. An inducible promoter
system might be desirable if the recombinant protein is toxic to the host cell. A good

example of a commercially available inducible system is the pET system. In this
system the tightly regulated T7 promoter is induced by addition of IPTG to the culture

medium (Studier and Moffatt, 1986). The T7 promoter is transcribed by the T7 phage

RNA polymerase, whose gene is integrated into the chromosome of the E. coli strain
BL21 (DE3) and is regulated by the lac promoter. In E. coil strain BL21 (DE3)

transcription of the target gene is further repressed under non-induction conditions by
the activity of T7 lysozyme, an enzyme that degrades T7 RNA polymerase (Studier,

1991). Before induction the T7 lysozyme activity is sufficient for degradation of the

T7 RNA polymerase, but after induction of the cells with IPTG the amount of T7
RNA polymerase increases tremendously and T7 RNA polymerase degradation is

negligible.

Other examples of inducible promoter systems are the arabinose promoter system,
which is induced by addition of L-arabinose, the trp-promoter, which is induced by

either tryptophan starvation or addition of b-indoleacrylic acid (b-IAA) (Yansura and

Henner, 1990), and heat induced promoters, such as PL (l) (Bernard et al., 1979), PR

(l) (Nilsson and Abrahmsen, 1990) and lac (TS) (Hasan and Szybalski, 1995).

In the E. coli system recombinant proteins can be produced intracellularly, in the

periplasmic space or be secreted to the culture medium (Cornelis, 2000). For
successful intracellular protein production it is important that the target proteins are

not susceptible to proteolysis (Maurizi, 1992; Gottesman and Maurizi, 1992), lack
disulphide bonds and are not toxic to the host cells. The level of protein production is

usually higher when expressed intracellularly than when secreted. However,

intracellularly produced products are often found in inclusion bodies. Proteins found
in inclusion bodies are easily isolated by centrifugation, but must generally be

refolded since they are found primarily in misfolded and denaturated states (Datar et
al., 1993). In some cases, the denaturated protein can be solubilized and the enzyme

activity can be recovered after refolding (Rudolph and Lilie, 1996; Guise et al., 1996;

Mukhopadhyay, 1997; Lilie et al., 1998).
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There are several strategies available to increase the overall solubility of

intracellularly expressed recombinant proteins. One strategy is to genetically
incorporate a highly soluble fusion tag into the recombinant protein (Hammarstrom et

al., 2002). Examples of useful fusion tags are thioredoxin (LaVallie et al., 1993),
Staphylococcal protein A and its derivatives (Z, Zbasic and ZZ) (Fig. 4) (Nilsson and

Abrahmsen, 1990; Nilsson et al., 1987), and Streptococcus protein G (Nygren et al.,

1988). In other strategies bacterial chaperones and foldases have been used to increase
the amount of soluble protein (Hockney, 1994; Buchner and Rudolph, 1991; Georgiou

and Valax, 1996; Samuelsson et al., 1996).
In order to avoid inclusion body formation, it is sometimes preferable to direct the

recombinant protein to the periplasmic space using a signal peptide at the N-terminus

of the protein (Wulfing and Pluckthun, 1994). The signal peptides PhoA, MalE,
OmpA and LamB, originate from E. coli (Blight et al., 1994). The secretory

machinery for targeting recombinant proteins to the periplasmic space has been

described by Muller (Muller et al., 2001). The periplasmic space of E. coli has an
oxidizing environment, which enables formation of disulphide bonds that are

necessary for the correct folding of some proteins (Fabianek et al., 2000; Raina and
Missiakas, 1997). A few signal peptides have been reported to secret the protein into

the culture media (Moks et al., 1986).

The choice of strategy for production of recombinant proteins is highly dependent
on the nature of the target protein. It should be noted that the cytosol of E. coli

contains approximately 4000 proteins, whereas the periplasmic space contains only
about 100 (Blattner et al., 1997). Therefore, the choice of protein localization strongly

influences the down-stream process.
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Figure 4. Schematic illustration of Staphylococcal protein A and its derivatives.

4.2. Yeast
S. cerevisiae (baker’s yeast), a unicellular eukaryotic microorganism, is well

known for its use in baking and brewing processes. S. cerevisiae is a model system for

studying genetics and expression of recombinant proteins in eukaryote systems. The

lack of endotoxins gives a GRAS (Generally Regarded As Safe) status to this
microorganism, according to the US Food and Drug Administration (FDA).

There are several expression plasmids available for production of heterologous

proteins in S. cerevisiae, including yeast episomal and centromere plasmids. The yeast
centromere plasmid is stable and contains a chromosomal centromere, and is therefore

only present in one or two copies per cell. The episomal plasmid is based on the
endogenous plasmid (2µ circle) and is present in 10 to 40 copies per cell (Pichuantes

et al. 1996). Plamids can also be integrated into the chromosome of S. cerevisiae by

homologues recombination.
Advantages with the yeast system are optimized fermentation conditions, less

complex culture medium and ability to perform post-translational modifications.
However, there are some draw-backs, including comparatively low expression levels,

different in post-translational modifications and possible hyperglycosylation

compared to animal cells (Pichuantes et al., 1996).
 Other yeast species have emerged as alternatives to S. cerevisiae including

Hansenula polymorpha, Kluyveromyces lactis, Schizosaccharomyces pombe,

Yarrowia lipolytica and Pichia pastoris. The methylotropic yeast P. pastoris has

gained much popularity in recent years for expression of heterologous proteins at high

levels, either intracellularly or secreted (Cereghino and Cregg, 2000). Methylotrophic
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yeasts produce less hyperglycosylated and higher amounts of recombinant proteins

(Hollenberg and Gellissen, 1997; Gellissen and Hollenberg, 1997). Since P. pastoris

secretes low levels of endogenous proteins and the growth medium is often devoided

of added proteins, secreted recombinant proteins can be the main protein in the culture
media (Cregg et al., 2000). The availability of commercial expression systems and the

simplicity of the techniques required for genetic manipulation makes this organism an

attractive host for recombinant protein expression (Gellissen, 2000; Cereghino et al.,
2002).

The constitutive promoter GAP (glyceraldehyde-3-phosphate dehydrogenase) and
the inducible AOX1 (alcohol oxidase) promoter are frequently used for heterologous

expression in P. pastoris. The constitutive GAP promoter is strong and can be

regulated slightly by growth on different carbon sources, with the highest expression
levels reached on glucose as a carbon source (Waterham et al., 1997). The AOX1

promoter is also strong and more widely used, and appears to be tightly regulated by a

repression/derepression and an induction mechanism (Cereghino and Cregg, 2000).
The promoter is repressed by growth on glucose or unlimited growth on glycerol,

derepression of the AOX1 promoter occurs on limited growth on glycerol. The
absence of a repressing carbon source does not result in substantial transcription of

AOX1. The induction is started with the addition of methanol to the culture media.

Methanol is also the carbon source for the cells (Tschopp et al., 1987). In the
peroxisomes methanol is converted to formaldehyde and hydrogen peroxide by

alcohol oxidase using molecular oxygen. Since alcohol oxidase has a very low affinity
for oxygen, the cell compensates by producing a large amount of alcohol oxidase. All

vectors that are available for P. pastoris are shuttle vectors and are designed to

integrate into the chromosome of P. pastoris upon transformation. Integration can be
directed to the his4 locus (mutated non-functional HIS4) and a functional HIS4 will be

formed upon plasmid integration, enabling the cells to grow on histidine deficient
medium (Fig. 5) (Higgins and Cregg, 1998). In order to secret the target protein to the

culture media, a secretion signal from the S. cerevisiae a-mating factor or the acid

phosphatase signal peptide is generally used (Cereghino and Cregg, 2000).
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Figure 5. Schematic illustration of plasmid integration by a single cross-over event in the genome of
Pichia pastoris at the his4 locus. Cells containing the integrated plasmid can be isolated by selective
growth on histidine deficient medium.

Multiple insertion of the target gene into the P. pastoris genome might increase
recombinant protein production (Clare et al., 1991). Several strategies to obtain clones

with multiple gene insertions have been established (Clare et al., 1991).
Since the bioreactor conditions are well established for P. pastoris, high cell

density cultures can be obtained (Stratton et al., 1998; Bretthauer and Castellino,

1999).

4.3. Filamentous fungi
In many industrial processes filmanetous fungi are used to produce enzymes,

polysaccharides, pigments, lipids, vitamins, polyhydric alcohols and glycolipids.

Filamentous fungi are capable of producing large amounts of specific proteins from
fungal sources (Punt et al., 2002). Improvements in protein yield have been obtained

by traditional strain improvement-strategies using mutagenesis approaches (Punt et

al., 2002).
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For production of non-fungal proteins protease deficient strains have been

developed (van den Hombergh et al., 1997) and fungal proteins have been used as
fusion-carriers to improve the secretion of heterologous proteins (Ward et al., 1990).

Aspergillus and Trichoderma are widely used in the industry for large-scale
production of proteins. Fungi cells are able to secrete proteins to the culture medium

at high concentrations, up to 30 g/L (Punt et al., 2002). Many strains have GRAS

status and are able to perform post-translational modifications.

4.4. Insect cells
The use of insect cells for heterologous protein production is a more cost-effective

alternative to mammalian cell cultures (Altmann et al., 1999; McCarroll and King,

1997). The maintenance of cell lines is relatively easy and the yield of correctly
folded and processed target proteins is generally high, whereas all post-translational

modifications of proteins from higher mammals are not always correct.

Expression systems that use recombinant baculovirus, such as Spodoptera

frugiperda, to introduce target genes into different cells are commonly used (Altmann

et al., 1999). The sf/9 baculovirus vector system has been used to produce a specific
HIV envelope protein, which is used for vaccine production. The system has also

been used to express the human prostate-specific antigen (PSA) in a pilot scale

experiment with production levels of 2-4 mg/L (Kurkela et al., 1995). The cell culture
medium is complex and can be up to 15 times more expensive than that used for yeast

or E. coli. Post-translationally modificated proteins expressed in insect cells can be
secreted and properly folded. However, post-translational modifications performed in

insect cells are not identical to those occuring in mammalian systems, and there is risk

for incorrect glycosylation. Advantages of this system, compared to mammalian
systems, include low back-ground expression, lower growth temperature and less

expensive culture media (Pfeifer, 1998).
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Whole insect larvae have also been use to manufacture humanized antibodies. The

level of production of heterologous proteins in this system is higher than when using
mammalian cells, with a potential for protein yields higher than 100 mg/L (Simonsen

and McGrogan, 1994).

4.5. Plant cells
Plant cells also provide an inexpensive and convenient system for large-scale

production of recombinant proteins. Several efficient plant-based expression systems

have been developed. Plant-derived biopharmaceutical proteins, such as antibodies,
vaccines, human blood products, hormones and growth regulators, are reaching the

late stages of commercial development (Fischer and Emans, 2000). Industrial

enzymes, such as phytase and glucanase, are other examples of proteins that are
produced in plants (Twyman et al., 2003).

In vegetative plants the recombinant proteins are secreted into their exudates (e.g.

leaves or roots), enabling proteins to be collected continuously (Borisjuk et al., 1999;
Komarnytsky et al., 2000). Some plant-based transient expression systems allow rapid

screening of recombinant protein production (Fischer et al., 1999).
Plants are considered to be much safer than both microbes and animals as they

generally lack human pathogens, oncogenic DNA sequences and endotoxins

(Twyman et al., 2003). The ability of plants to post-translationally modify
recombinant proteins was demonstrated by production of functional antibodies

(Twyman et al., 2003). However, there are some differences in post-translational
modifications compared to mammalian cells, particularly with respect to glycan-chain

structures (Twyman et al., 2003).

The strong and constitutive cauliflower mosaic virus 35S (CaMV 35S) promoter is
often chosen to drive transgene expression in dicotyledonous species. Since the

CaMV 35S promoter has a lower activity in cereals, the maize ubiquitin-1 (ubi-1)
promoter is preferred (Twyman et al., 2003).

The compartment in which the recombinant protein accumulates strongly

influences the interrelated processes of protein folding, assembly and post-
translational modification (Schillberg et al., 2003). As a result, sub-cellular targeting

can also be used as a general method to increase the yield of recombinant proteins.
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Targeting recombinant proteins to oil bodies or to the plasma membrane can also

facilitate protein purification (Twyman et al., 2003).
Maize has been used to commercially produce recombinant avidin and

glucuronidase (Hood et al., 2002; Lamphear et al., 2002), recombinant antibodies,
laccase, trypsin and aprotinin (Hood et al., 2002). Potato is the major host for vaccine

production and transgenic potato tubers have been administered to humans in at least

three different clinical trials (Twyman et al., 2003).

4.6. Chinese hamster ovary cells (CHO) and mammalian cells
In general, proteins that require complex post-translational modifications are

poorly produced in bacteria and yeast. Therefore, more complex expression systems,

such as mammalian cells lines, African Green Monkey kidney cell lines (COS)
(Gluzman, 1981) and Chinese Hamster Ovary cell lines (CHO) (Urlaub and Chasin,

1980) are preferred. Expression vectors for transfection of mammalian cell lines have

viral origin and they can be introduced to the host cells either as a non-integrating and
non-replicating DNA vector or as an integrating vector for stable integration of the

target gene into the host cell genome (Makrides, 1999; Colosimo et al., 2000). In the
case of stable integration, all daughter cells will express the recombinant protein for a

considerable period of time (Shoji et al., 1997).

Chinese hamster ovary (CHO) cells are used to produce several commercially
available products, including tissue plasminogen activator (tPA), erythropoetin (EPO)

and recombinant human DNase. Compared to bioreactor conditions for E. coli and
yeast, the culture media required for mammalian cell lines is complex and expensive,

but post-translation modifications of recombinant protein, such as glycosylation can

be properly made. Production levels are typically in the range of tens of milligrams
per liter per day and the growth rate is slow. Growth supplements, such as mammalian

serum components, can reduce the biosafety of this production system.

4.7. Transgenic animals
The potential of transgenic animals to produce biologically active recombinant

proteins in an effective and economic manner has stimulated a great interest in this

system.  Since milk is a product that can be easily collected in large volumes, the
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mammary gland tissue has generally been considered the preferred choice of

production of recombinant proteins. Traditional dairy species, such as sheep, goats
and cows have been used to produce recombinant proteins (Eyestone, 1999; Dyck et

al., 2003). Other forms of collectable body fluids, such as blood, urine and seminal-
fluid could also be used for production of target proteins (Dyck et al., 2003). The use

of transgenic eggs for large-scale production of recombinant proteins is another

option (Dyck et al., 2003).
Techniques that have been successful at introducing a foreign gene into animals

include micro-injection of DNA into the pronuclei of fertilized eggs (Gordon et al.,
1980), retrovirus systems in which the viral gene sequences are removed and replaced

with a transgene, and the use of motile sperms as vectors to introduce the target DNA

into oocytes (Dyck et al., 2003).
Although the future for production of therapeutic proteins in transgenic animals

looks promising and the transgenic animal bioreactor represent a powerful tool for

producing recombinant proteins, development of transgenic domestic animals is
complicated (Dyck et al., 2003). Present methods to generate transgenic animals are

relatively ineffective and time-consuming, and efforts to improve transgenesis by
various methods have had limited achievement (Dyck et al., 2003).
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5. Protein purification
The demand for recombinant and biologically active proteins, such as enzymes,

hormones, antibodies, and biopharmaceuticals for industrial applications, diagnosis

and medical therapy is constantly increasing. A product is usually isolated and
purified from a complex mixture containing solids, other proteins, carbohydrates,

lipids and other chemicals. Examples of complex mixtures are fermentation broths of
whole or disrupted recombinant microorganisms, tissue cultures and body fluids, e.g.

blood. Protocols to separate the recombinant protein from contaminating material

usually require a series of different unit operations, such as solid-liquid separation,
cell disruption, liquid-liquid extraction, ultra-filtration, salt or alcohol fractionation.

For some products, especially injectable biotherapeutic agents, further purification by
one or more polishing steps is necessary. Various fractionation methods are available

to separate proteins, such as ultracentrifugation, chromatography, isoelectric focusing,

gel electrophoresis and aqueous two-phase systems (Issaq et al., 2002; Kepka et al.,
2003). This section briefly describes chromatographic methods used for protein

purification.

5.1. Chromatographic methods
The principle of most chromatographic purification methods is based on

interaction of proteins or peptides with a solid-support (stationary phase) and a

mobile-phase.

5.1.1. Gel filtration (Size Exclusion Chromatography)
Gel filtration chromatography is based on partitioning proteins between two liquid

phases, one stationary inside the gel particles and one mobile making up the void

volume between the particles. As a result, molecules are separated relative to

differences in the size and shapes of the proteins and the pore size distribution of the
three-dimensional network of the matrix (Bollag, 1994a). Since only a small volume

of the sample can be loaded onto the column, gel filtration chromatography is suitable
as a last polishing step.
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5.1.2. Ion exchange chromatography
Ion exchange chromatography is one of the most important and general separation

methods for purifying proteins. In ion exchange chromatography proteins are

separated according to differences in surface charges. Charges on the proteins bind to
opposite charges in the chromatography medium. An ion exchanger consists of an

inert gel matrix that carries the charged groups, which participate in the ion exchange
process. Most ion exchangers are either anion exchangers, which carry positively

charged groups and bind anions, e.g., diethylaminoethyl (DEAE) and quaternary

amino (Q), or cation exchangers, which carry negatively charged groups and bind
cations, e.g., carboxymethyl (CM) and sulfonate (S). The bound proteins are eluted

from the ion exchanger either by increasing the concentration of salt, which competes
for the same binding site on the ion exchanger, or by changing the pH of the eluent

and as a consequence the proteins lose their charges by titration.

Ion exchange chromatography is easy to use, widely applicable, can give good
resolution and high yield of active material, and can be used to concentrate the sample

(Bollag, 1994b). However, this method usually requires optimization for each target
protein. In some cases, in order to improve the binding of the target protein onto the

ion exchanger, gene fusion strategies have been used, for example a positively

charged tag (hexa-arginine) was fused to a target protein, which increased its binding
to a cation exchanger (Smith et al., 1984).

5.1.3. Hydrophobic interaction chromatography (HIC)
In HIC, proteins are separated based on differences in their content of surface

hydrophobic amino acids and presence of clefts and crevices at or near the protein
surface (Queiroz et al., 2001). The strength of protein binding depends on the density

of hydrophobic groups at the surface or near the surface of the protein, and on the

type and degree of hydrophobic ligands coupled to the polymer matrix. The most
widely used ligands for HIC are straight chain alkanes (-Cn) or simple aromatic

compounds (phenyl). The strength of interaction increases with increasing alkyl chain
length (methyl < ethyl <……..< octyl). Proteins are usually eluted by decreasing the

salt concentration in the elution buffer. As HIC requires that the proteins should be in
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high salt concentration, this separation method is of practical use after salt

precipitation or after ion exchange chromatography.

5.1.4. Reversed phase chromatography (RPC)
In reversed phase chromatography, separation is based on the hydrophobic

interaction between proteins and immobilized organic molecules (el Rassi et al.,

1990). This separation method differs from HIC by the degree of substitution, as well
as aliphatic content of the groups on the matrix, which is higher for RPC than HIC. In

RPC, the purification is often performed at low pH in order to increase the exposure
of hydrophobic patches of the protein. Since the interaction between adsorbent and

protein is much stronger in RPC than HIC, an organic solvent is required for efficient

elution. Purification at low pH and elution by an organic solvent often destroy the
three-dimensional structure of the target protein, and in many cases, leads to protein

denaturation and irreversible inactivation of biological activity. However, in cases

when these treatments are tolerated, RPC can be use as a final polishing step since the
resolution of this technology is very high.

5.1.5. Affinity chromatography
Affinity chromatography is a type of adsorption chromatography in which the

molecule to be purified is specifically and reversibly adsorbed by a complementary
binding substance (ligands) immobilized to an insoluble support (matrix). Examples

of useful ligand molecules are antibodies, metals, lectins and biotin (Issaq et al.,
2002). Purification is often of a high order and recoveries of active proteins are

generally very high compared to other chromatographic methods. Affinity

chromatography can also concentrate samples, which enables large volumes to be
conveniently processed. In this purification method the sample is loaded onto the

column and the proteins of interest are captured by the functional group (immobilized
ligand). The bound protein is often recovered by washing the column with a

competitive substrate or a solution that disrupts the interaction between protein and

immobilized ligand (Issaq et al., 2002).
By genetic design a fusion tag of different size can be incorporated at the N or C

terminus of a target protein to facilitate its purification, and increase the overall
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efficiency in the down-stream process. Examples of fusion tag strategies are outlined

in table 1. Immobilized metal affinity chromatography and Staphylococcal protein A
and its derivates (Z, Zbasic, ZZ) are described in more detail in the next section.

References: I (Stahl et al., 1997), II (Stahl and Nygren, 1997), III (Porath et al., 1975), IV (Smith and
Johnson, 1988), V (Einhauer and Jungbauer, 2001), VI (Brizzard et al., 1994), VII (di Guan et al.,
1988) VIII (Schmidt and Skerra, 1993), IX (Schmidt et al., 1996).

5.1.5.1. IMAC (Immobilized metal affinity chromatography)
In the IMAC method, chelating compounds that are covalently bound to a solid

phase are used to catch transition-metal ions (Cu2+, Ni2+, Zn2+, Co2+, Fe3+, Al3+), which

serve as affinity ligands for various proteins. The metal ligand can bind amino acid
residues, such as poly-histidine, tryptophan, or multiple copies of the peptide Ala-His-

Gly-His-Arg-Pro, which can be genetically fused to either the N or the C terminus of

a recombinant protein (Chaga, 2001). Since the interaction between immobilized
metal ions and the side chains (e.g. poly histidine) has reversible character, it can be

used to capture of the target protein and then be disrupted using mild (non-denaturing)
conditions. A major benefit of the His (6) affinity tag is that a recombinant protein can

also be purified under denaturing conditions, which is very suitable for proteins that

are found in inclusion bodies (Nilsson et al., 1997).

Table 1. Examples of affinity fusion tags which are used for protein purification. SPA, Staphylococcal
Protein A; SPG, Streptococcal protein G; GSA, Glutatione S transferase; MBP, Maltose Binding protein.

Ligand References
SPA and derivatives Human IgG I
SPG and derivatives Human serum alumin II
Poly His Me2+-chelator III
GST Glutatione IV
Monoclonal antibody-
peptide

Monoclonal antibodies V

FLAG peptide (mAb  M1, mAb  M2) VI
MBP
Streptavidin-peptidase I
and II

Amylose
Streptavidin

VII
VIII & IX
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5.1.5.2. Staphylococcal protein A and its derivates (Z, Zbasic, ZZ)
Staphylococcal protein A (SPA) is an immunoglobulin-binding receptor present

on the surface of the gram-positive bacteria Staphylococcus aureus. SpA interacts

with (Ig) of various origins, such as human IgG subclasses (1, 2, 4) via the constant
domain (Langone, 1982; Eliasson et al., 1988). Different variants of SPA (Z, Zbasic,

ZZ) (Fig. 4) (Graslund et al., 2002) have been widely used as fusion partners, because
of their high IgG binding capacity, high solubility, and stability against proteolysis

(Nilsson et al., 1997). Since SPA has no disulphide bonds, which can otherwise

interfere with disulphide formation in the target protein, the protein and its variants
have been successfully expressed in the cytoplasm, in the periplasm and to the

cultivation media of E. coli. SPA and variant have also been successfully produced in
other expression systems, such as yeast, plant, insect and mammalian cells (Nilsson et

al., 1997).
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6. Present investigation
Commercially available enzymes, isolated from native sources, show batch-to-

batch variation in activity and quality and contain contaminants that interfer with the

Pyrosequencing reaction. Thus, the aim of the research presented in this thesis was to
produce the enzymes involved in the Pyrosequencing method by recombinant DNA

technology.
Paper I describes small-scale production of the nucleotide degrading enzyme

apyrase and paper II describes optimization of large-scale production of the same

enzyme in a bioreactor. The application of apyrase for template preparation prior to
the Pyrosequencing reaction is discussed in paper III. The production of ATP

sulfurylase, the second enzyme in the Pyrosequencing reaction, is discussed in paper
IV. A comparison of the two most widely used exo (-) DNA polymerases, Klenow

polymerase and Sequenase, is discussed in paper V.

A strategy for immobilization of luciferase onto the DNA template, which enables
the Pyrosequencing reaction to be performed on a chip format, is discussed in paper

VI.

In paper VII a new method for clone checking by the Pyrosequencing method is
described. The N-terminus of the His (6)-apyrase construct (discussed in paper II) was

(re)sequenced by this new method.

6.1. Recombinant apyrase (paper I, II, III)
Apyrase was produced both in small-scale (shaking-flask culture) and in large-

scale (bioreactor). These production experiments together with application of the

recombinant apyrase in the Pyrosequencing reaction and in a new template
preparation method are described in the following section.

6.1.1. Small-scale production of apyrase (paper I)
Apyrase catalyzes the hydrolysis of phosphoanhydride bonds of nucleoside tri-

and diphosphates in the presence of divalent cations (Plesner, 1995). In the
Pyrosequencing reaction, apyrase is responsible for degradation of unincorporated

nucleotides and ATP. Since the only commercially available apyrase, isolated from
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potato tubers, showed batch-to-batch variations in activity and quality, we decided to

produce this enzyme recombinantly. The plasmid carrying the cDNA of S. tubersum

apyrase, provided by Harvard University (Handa and Guidotti, 1996), was sequenced

and showed one base deletion (nucleotide G in position 375) in comparison with the
published sequence (Handa and Guidotti, 1996). A PCR-based method for site

directed mutagenesis of this apyrase clone was applied (Fig. 6).

Figure 6. A schematic representation of the procedure for site directed mutagenesis of the potato tubers
apyrase cDNA clone. (A) Two separate PCR reactions were performed on the plasmid carrying the
apyrase gene, using primer pair a/b (Ap-EcoRI-up/Biotin-Ap-mut-reverse) and c/d (Biotin-Ap-mut-
forward/Ap-XbaI-down), respectively. Primer b and c harbors an extra base represented by a grey box.
(B) In order to get a full length template, the non-biotinylated strand from both PCR products were
annealed to each other and a primer extension reaction was performed. (C) The product was used as
template in a second PCR reaction using primer pair a/d. The full length product harbored the extra
base.

Attempts to produce recombinant apyrase in E. coli resulted in insoluble

aggregates that showed to be difficult to refold. As an alternative expression host the
methyltrophic yeast P. pastoris was chosen. The coding sequence of potato apyrase,

without the signal peptide, was cloned into the YpDC541 vector to create a fusion

with the a-mating secretion signal of S. cerevisiae. Thereby, the apyrase gene was

placed under the control of the methanol inducible alcohol oxidase promoter (Fig. 7).
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Figure 7. Schematic picture of the constructed plasmid YpDC541-apyrase. Abbreviations used: 5’-
AOX1 promoter, methanol-inducible promoter; 3’-AOX1 terminator, transcription terminator
region; alfa factor, secretion signal from S. cerevisiae; His4, selection marker in P. pastoris;  Kan res,
kanamycin resistance gene; COLE1 ori, origin of replication in E. coli; Amp res, ampicillin resistance
gene (functional in E. coli only). The constructed plasmid was linearized with StuI before
electroporation into P. pastoris.

The YpDC541-apyrase construct was integrated into a protease deficient strain of

P. pastoris (SMD1168). A five hundred ml culture, in a shaking flask, was set up, in
which the amount of added yeast extract, peptone, and methanol were optimized. A

methanol induction (2% v/v) resulted in secretion of apyrase to a level of 1 mg/L. The

biologically active recombinant apyrase was concentrated and purified. The purified
enzyme was estimated to be at least 90 percent pure with an overall purification yield

of about 27 percent. The SDS-PAGE and Western blot analyses, showed that the
purified enzyme was hyperglycosylated. N-glycans was removed by endoglycosidase

H, without affecting the enzymatic activity of the apyrase. After deglycosylation a

single band corresponding to a molecular mass of 48 kDa was detected by SDS-
PAGE and Coomassie brilliant blue staining (Fig. 8). Although the amount of apyrase

produced in this study was rather low, it was the first reported method for production
of recombinant apyrase.
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Figure 8. SDS-PAGE analysis of recombinant apyrase produced in P. pastoris. The SDS-PAGE was
performed under reducing conditions on a gradient (10-20%) gel. Protein bands were stained by
Coomassie brilliant blue. Lanes 1 and 5, standard low weight molecular marker with weights given in
the right margin; lane 2, 15 units commercial apyrase (Sigma Chemical Co.); lane 3, 15 units purified
recombinant apyrase; lane 4, 15 units purified recombinant apyrase after endoglycosidase H treatment.

6.1.1.1. Characterization of recombinant apyrase
In potato tuber, apyrase exists in more than one molecular form depending on the

clonal variety (Traverso-Cori et al., 1970). Apyrases from different clonal sources

show differences both in isoelectric point and relative rate of hydrolysis of ATP and

ADP (Traverso-Cori et al., 1970). Apyrase purified from S. tuberosum var. Pimpernel
(Pimpernel apyrase, apyrase A) has an ATPase/ADPase ratio close to 10 (Del Campo

et al., 1977) and apyrase isolated from the Desiré variety (Desiré apyrase, apyrase B)
has an ATPase/ADPase ratio close to 1 (Del Campo et al., 1977).

The recombinant apyrase produced in both paper I and II was found to be an

apyrase B variant. This was determined by a nucleotide analog inhibition experiment
(data not shown). In Fig. 9 the principle for the experimental set up for determination

of apyrase type is schematically illustrated.
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Figure 9. Schematic illustration of characterization of apyrase types. Traces from real-time monitoring
(luminometric assay) of nucleotide degradation by: (a) apyrase A, (b) apyrase B, and (c) recombinant
apyrase in the absence or presence of an inhibitor. All reactions were started by addition of 10 pmol
ATP.

6.1.2. Large-scale production of apyrase (paper II)
In a bioreactor, the growth conditions can be better controlled than in a shaking-

flask culture, and high cell densities, which might result in high yields of recombinant
protein, can be obtained (Cereghino et al., 2002).

In paper II, we show that recombinant apyrase can be produced in high amounts
by fermentation of P. pastoris in a bioreactor. The fermentation of P. pastoris can be

Apyrase A Apyrase A with inhibitor

Apyrase B

Recombinant apyrase

Apyrase B with inhibitor

Recombinant apyrase with inhibitor
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divided into three different phases. The aim of the first phase is to obtain a high cell

density by growing the cells on glycerol. In the second step, the cells are still fed with
glycerol, but at a growth-limiting rate. This will prepare the cells for the transition to

methanol feeding. The third phase is the methanol phase, where the cells are starting
to produce the recombinant enzyme.

In order to simplify the down-stream process, a His (6) tag was genetically

incorporated at the N-terminus of the protein by sub-cloning of the apyrase gene into
the pFastBacHTa vector, and thereafter, cloning into the YpDC541 vector (see paper

I). An optimization of the pH and media composition, including fermentation at
different pH (5, 6 and 7) and addition of yeast extract and peptone into the cultivation

medium, was performed. At the optimal conditions (pH 7 and addition of yeast extract

and peptone to the medium), 40 mg/L of apyrase was obtained. The production level
was 40 times higher than earlier obtained for the apyrase in shaking-flask culture. The

recombinant His (6)-apyrase was purified by cation exchange chromatography

(Trisacryl gel) and metal-chelate affinity chromatography (Co2+). The recombinant
His (6)-apyrase was found to be hyperglycosylated and the N-glycan on the protein

was removed by means of a-mannosidase and endoglycosidase H. The metal-chelate

affinity chromatography step removed both remaining contaminants from the cation
exchange step and the endoglycosidases used for deglycosylation (Fig. 10).

Figure 10. SDS-PAGE analysis of recombinant His (6)- apyrase produced in P. pastoris. The SDS-
PAGE was performed under reducing conditions on a gradient (10-20%) gel. Protein bands were
stained by Coomassie brilliant blue. Lane 1, standard low weight molecular marker with weights given
in the left margin; lane 2, 30 units SP-Trisacryl cation exchange purified recombinant His (6)-apyrase;
lane 3, 20 units purified recombinant apyrase after endoglycosidase H and a-mannosidase treatment,
and metal-chelate chromatography purification.
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6.2. Application of apyrase in the Pyrosequencing technology
The activity of (recombinant) apyrase in the Pyrosequencing reaction and in an

enzymatic template preparation method are described in this section.

6.2.1. Recombinant apyrase in the Pyrosequencing reaction
The activity of recombinant native apyrase (paper I) (Fig. 11) and His (6)-apyrase

(paper II) (Fig. 12) were tested in combination with the Pyrosequencing technology.

Both recombinant enzymes showed good activity in comparison to the commercial

apyrase (Fig. 11, 12).

Figure 11. Raw pyrogram sequence data. The Pyrosequencing reaction was performed on a 300 bp
long PCR product in the presence of 40 mU commercial apyrase (A) or in the presence of 40 mU
purified recombinant apyrase (B). About 1 pmol of template-primer was used in the assay. The cyclic
nucleotide dispensation order was A,C,G,T. The correct DNA sequence is indicated above the traces.

    T      C5    T       G2      A2    G      C    T    C3    T   C G T        G          C G      C  T      C     T    C2   T        G T2   C2 G    A  C3   T 

    T      C5    T      G2      A2    G      C    T     C3    T   C G T        G         C G       C    T     C    T    C2    T        G T2   C2 G  A C3   T

A

B

ACGT nucleotide addition order
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Figure 12. Raw pyrogram sequence data. The Pyrosequencing reaction was performed on a 150 bp
long PCR product in the presence of 40 mU purified recombinant His (6)-apyrase. About 1 pmol of
template-primer was used in the assay. The cyclic nucleotide dispensation order was A,C,G,T. The
correct DNA sequence is indicated above the trace.

6.2.2. Application of apyrase for template preparation prior the Pyrosequencing
reaction

PCR products that are to be sequenced contain excess amounts of PCR primers,

nucleotides and PPi, which have to be removed or degraded prior to sequencing by

the Pyrosequencing method. These by-products can interfere in the course of DNA
sequencing since the amplification primers can re-anneal to the amplified DNA,

causing unspecific sequence signals, and the remaining nucleotides and PPi can cause
asynchronous extension and depletion of APS. The salt in the PCR buffer slightly

inhibits the enzyme system and should be removed or diluted.

There are two approaches currently used for template preparation: single-strand
template preparation methods (Fig. 13) and double-strand template preparation

methods (Fig. 14).

6.2.2.1. Single-strand method
In the single-strand method one of the PCR primers is biotin-labeled at the 5’-

terminus. The biotinylated PCR product binds to a streptavidin coated solid support,

allowing the immobilization of the DNA fragment. This permits the immobilized

DNA to be single-stranded by alkali treatment (high pH), and simultaneously, the
interfering components to be removed. The eluted non-biotin-labeled strand can also

be collected and used for sequencing. After the separation step, a sequencing primer is
annealed to the single-stranded DNA. There are two methods available for single-

strand DNA preparation: (i) streptavidin coated magnetic beads, using a magnet for

  A  C  G            C            A       G   T  A   C            3A          T    A             T            G      A   C            A    C      T    A             T            G   T



Nader Nourizad

38

purification, denaturation and elution, and (ii) streptavidin coated Sepharose beads,

based on filter separation by a vacuum system.

Figure 13. A schematic illustration of the single-strand template preparation method utilized for the
Pyrosequencing technology.

6.2.2.2. Double-strand method (III)
There are two different methods available for preparation of double-stranded

template. In the first method (III), nucleotides, PPi and amplification primers are

removed enzymatically. Nucleotides and PPi are degraded by addition of apyrase and
pyrophosphatase, and the amplification primers are removed by exonuclease I, which

specifically degrades single-stranded DNA. The double-stranded DNA is then
denaturated by heat and the sequencing primer is annealed.

The left over nucleotides in the PCR can be degraded either by alkaline

phosphatase (in this study: calf intestine alkaline or shrimp alkaline phosphatase) or
apyrase treatment. Among these enzymes apyrase showed to be the most effective for

PCR product with
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nucleotide degradation. The alkaline phosphatases showed a lower efficiency for

degradation of nucleotides because of the strong inhibition (competitive) by
phosphate, which is produced as a by-product. Although apyrase is a very efficient

nucleotide degrading enzyme it can not degrade the PPi produced in the PCR. This is
in contrast to alkaline phosphatase, which degrades not only nucleoside tri- and

diphosphates, but also nucleoside monophosphates and PPi. However, when apyrase

is used in combination with enzymes such as inorganic pyrophosphatase or ATP
sulfurylase, PPi can be efficiently removed. ATP sulfurylase converts PPi to ATP,

which is subsequently hydrolyzed by apyrase.
The remaining PCR primers can be removed by the enzyme exonuclease I.

Exonuclease I specifically degrade ssDNA with 3’ to 5’ polarity. One drawback with

using exonuclease I is the low catalytic rate and termination in presence of primer-
dimers and loop structures. Nevertheless, these problem were efficiently solved by

using SSB (and DMSO) together with exonuclease I.

After enzymatic treatment the sample is heated to 96°C to inactivate the enzymes,
especially exonuclease I, which otherwise could degrade the sequencing primer. After

the enzymatic inactivation step, a sequence primer is hybridized to the dsDNA
template. To allow the primer to hybridize to the DNA, DNA should be first

denaturated. DNA can be denaturated with alkali treatment or by high temperature.

The alkali denaturation has been preferred in the ssDNA template preparation method,
but high temperature denaturation is preferred for dsDNA preparation. The critical

moment for efficient primer hybridization, after dsDNA denaturation, is to avoid re-
annealing of the two complementary strands (Chen et al., 1997). To delay the re-

association of DNA strands and favor hybridization of shorter oligonucleotides, rapid

cooling, is efficient (Smith, 1979). In most applications dry ice is used for rapid
cooling while others recommend even faster cooling at lower temperatures (Brody et

al., 1986; Wetmur, 1991; Jung et al., 1992). In this work, more moderate temperatures
have been applied of practical reasons. Rapid cooling was performed at 0°C when one

of the PCR primers was used as sequencing primer, and at –20°C, when an inner

sequence primer was used. In addition, different types of additives can be used for the
maintenance of single strands after denaturation, such as DMSO, SSB and different

detergents (Casanova et al., 1990).
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High quality sequence data was obtained on DNA of variable lengths (50 to 2000

bp) and GC content. The method was applied on templates from different sources,
such as bacterial 16SRNA, Bacillus antrach, human p53 gene, a cDNA library and

plasmids.

Figure 14. A schematic illustration of the double-strand template preparation method utilized for the
Pyrosequencing technology.

The second double-strand method is based on using blocking primers (Nordstrom
et al., 2002). The principle behind this approach is to prevent the re-annealing of the

PCR primers to the amplified DNA. This could be carried out either by utilizing
complementary blocking primers hybridizing to the PCR primers or using non-

extendable primers, with the same sequence as the PCR primers.
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6.3. Recombinant ATP sulfurylase (IV)
In this part a method for production and purification of a recombinant ATP

sulfurylase from S. cerevisiae is presented. The gene for ATP sulfurylase (MET 3)

was cloned into a plasmid carrying the lux regulatory system, which directs the
synthesis of ATP sulfurylase to the cytosol of E. coli. The highest production level of

soluble and biologically active ATP sulfurylase was obtained at 18°C and in the XL1-
blue strain of E. coli. The ATP sulfurylase activity during production and purification

was followed using a real time assay for ATP sulfurylase.

ATP sulfurylase was purified to electrophoretic homogeneity by ion exchange and
gel filtration chromatography (Fig. 15). A recovery of approximately 80% was

obtained. The specific activity was shown to be high (140 U/mg) in comparison with
the commercial preparation (9 U/mg). Furthermore, the purified enzyme was free

from contaminating NTP kinase (Karamohamed et al., 1999) (Fig. 16).

Figure 15. SDS-PAGE analysis of different steps in the purification of recombinant ATP sulfurylase
from E. coli. The protein bands were stained by Coomassie blue. Lane 1, standard low molecular
weight markers; Lane 2, 300 mU ATP sulfurylase from E. coli cell lysate; Lane 3, 300 mU from the
pellet after ammonium sulfate fractionation; Lane 4, 420 mU from the pooled fractions after High-Q
Sepharose fractionation; Lane 5, 300 mU from pooled fractions after Superdex 200 fractionation; Lane
6, 30 mU of commercial ATP sulfurylase.

 6    5     4    3    2     1
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Figure 16. A typical trace obtained from real-time monitoring of NDP kinase activity of commercial
(Co.Sulf.) and recombinant ATP sulfurylase (R.Sulf.). The trace shows that the recombinant ATP
sulfurylase is kinase-free, while the commercial enzyme is not.

6.4. DNA polymerases in Pyrosequencing technology (V)
A DNA polymerase used in the Pyrosequencing reaction should fulfill a number

of characteristics if high quality data should be obtained. The DNA polymerase must
be 3'-5' exonuclease-deficient in order to avoid degradation of the sequencing primer

annealed to the template. The processivity must be reasonable high to achieve full

incorporation of nucleotides in each step. Moreover, the DNA polymerase must be
able to use modified nucleotides (such as dATPaS and c7dATP) and to incorporate

such nucleotides with high efficiency, especially across homopolymeric T-regions.

Furthermore, it is a clear advantage if primer-dimers and loop-structures cannot be
used as substrates. It is also desirable that the polymerase has an efficient strand-

displacement activity.

Since the exonuclease-deficient form of DNA polymerase I large fragment, also
known as Klenow fragment and related here as Klenow polymerase, displays many of

the above described features, we decided to produce a 3'-5' exonuclease deficient

Klenow polymerase. The Klenow DNA polymerase exo (+) was muted at two points
(Asp355-Ala) and (Glu357-Ala) in order to remove the 3'-5' exonuclease activity. The 3'-

5' exonuclease deficient variant was produced by the T7 promoter system in E. coli



Recombinant Enzymes in Pyrosequencing Technology

43

(data not shown). This enzyme has worked well for most Pyrosequencing applications

so far.
Although the 3'-5' exonuclease deficient Klenow polymerase has traditionally

been used in the Pyrosequencing method, sequencing problems due to inefficient
incorporation of nucleotide dATPaS in homopolymeric T-regions and extension of

mispairs formed by unspecific hybridization events have occasionally been

encountered. For example, sequencing of templates containing regions with 4 to 5 T

with Klenow polymerase resulted in unsynchronized sequence signals. Further,
primer-dimers and 3’-end loops gave increased background signals. Therefore, in

order to improve the performance of the Pyrosequencing technology a modified T7

polymerase (exonuclease deficient T7 DNA polymerase), Sequenase (Tabor and
Richardson, 1989), was tested.

The effect of Sequenase on sequencing performance on poly (T)-rich templates
was evaluated in parallel with Klenow DNA polymerase. Sequenase demonstrated far

better catalytic efficiency for all homopolymeric T-regions tested. Synchronized

extension was observed on homopolymeric templates containing regions with up to 8
T (Fig. 17(b)). It was also found that both Klenow and Sequenase incorporated all the

other nucleotides (G, T, C) with good efficiency.
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Figure 17. Sequencing performance by two different DNA polymerases. The Pyrosequencing reaction
was performed on a  PCR fragment, containing a poly-T track of seven T, in the presence of (a)
Klenow, and (b) Sequenase. Note the low T and high A signal peaks obtained (filled and dotted arrows,
respectively) when Klenow was applied. When Sequenase was used the sequence could be easily read
and the T and A signal peaks were close to the expected levels. The order of nucleotide addition is
indicated on the bottom of the traces. The sequence obtained is indicated above trace b.

6.5. Fusion proteins (VI)
In this paper, we designed constructs in which the firefly-luciferase was

genetically fused to a DNA binding protein (Klenow DNA polymerase or SSB) and to

a purification handle (Zbasic) that could be removed by enzymatic cleavage (Fig. 18).
The fusion proteins were produced intracellularly in E. coli under control of the

T7 promoter in 500 ml shake flask cultivation. The proteins were released by

sonication, and the soluble fractions were purified. The first purification step for both
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constructs were cation exchange chromatography in which the pH of the buffer was

adjusted to 7.5. The elution of the Zbasic-Klenow-luciferase was performed with a
linear gradient and the Zbasic-SSB-luciferase with a step-wise protocol. The cation

exchange chromatography purifications step was efficient and resulted in high yield
of pure protein (with exception for the Zbasic-Klenow-luciferase preparation for which

a minor degradation product was observed). From 500 ml shake flask cultivations, 15

mg Zbasic-SSB-luciferase and 22 mg Zbasic-Klenow-luciferase of high purity were
obtained. The Zbasic tag was removed by enzymatic cleavage using 3C protease

(recombinant coxsackievirus 3C protease) and the target proteins were further purified
by anion exchange chromatography. The purification yields for both target proteins

were showen to be high and of  high purity.

In order to study the binding of the fusion proteins to DNA and the functionality
of the luciferase within the fusion proteins, they were analyzed by complete extension

of immobilized DNA templates, which was monitored by the Pyrosequencing

chemistry. Paramagnetic beads, with immobilized ssDNA and an annealed primer,
were incubated in separate reactions with the fusion proteins, Zbasic-SSB-luciferase,

SSB-luciferase, Zbasic-Klenow-luciferase and Klenow-luciferase, respectively. The
proteins were incubated with the immobilized DNA for 30 min and thereafter, all free

unbound protein was washed out. A Pyrosequencing mixture without luciferase and

apyrase, and in the case of Klenow fusions without Klenow, was added to the washed
beads. Run-off reactions were performed in the presence of DNA polymerase and all

four nucleotides. The obtained light intensities were plotted over time and the results
from these experiments are shown in (Fig. 19). All tested proteins were found to

bound selectively to the immobilized DNA and their enzymatic domains were active.

At the plateau point (steady state for light signal production) for Klenow-luciferase
and Zbasic- Klenow-luciferase, soluble Klenow polymerase were added to the reaction

mixtures, but no increase in the signals were observed, indicating that the DNA was
saturated with polymerase.

The Zbasic purification tag did not affect the reaction during these analyses,

therefore, the only necessary down-stream processing step could be a cation exchange
chromatography step, which is very selective, efficient, mild, cost-effective and easy

to scale up. This shows that an easy cultivation and a single step purification
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procedure can be applied to obtain proteins of high purity that are functional in DNA

binding, as well as, polymerase and luciferase activity.

Figure 18. A schematic illustration of the fusion constructs: (A) Zbasic-Klenow-luciferse and (B) Zbasic-
SSB-luciferse. The cleavage site for protease 3C is indicated above each construct.

Figure 19. Complete primer extension assay performed on DNA immobilized on magnetic beads by
use of the fusion proteins. The y axis denotes measured light signal in arbitrary units and the x axis
time in seconds. (-) DNA curves parallel to the x axis are reactions where all four fusion proteins have
been incubated with DNA-free beads. The vertical arrow marks time point for addition of 5 units
soluble Klenow.
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6.6. Clone checking (VII)
As most DNA manipulation techniques can result in artifacts, methods that

facilitate quality control are important. For example, after cloning and/or mutagenesis

of a gene or specific DNA fragment, the new construct should be carefully checked
for proper function. Clone checking is crucial to confirm that a DNA fragment has

been cloned in the correct frame and orientation within a vector. Moreover, it is
required to check for undesired mutations that could have occurred during initial PCR

steps. In addition, the quality of oligonucleotides used during different procedures

(e.g., primers for PCR cloning) should also be considered.
In this work, we combined the Pyrosequencing technology with a preprogrammed

nucleotide dispensation strategy to allow fast analysis of new DNA constructs. In the
preprogrammed nucleotide dispensation strategy, the nucleotide dispensation order is

predetermined according to the correct type consensus sequence of the clone. This is

in contrast to the general used cyclic nucleotide dispensation strategy where the
nucleotides are repeatedly added in a cyclic order, e.g., A, C, G, T.

The new approach was applied to study plasmids constructed for the production of
recombinant apyrase with a His (6) tag at the N-terminus. The strategy for

construction of the plasmid YpDC541-His (6)-apyrase, which was used for evaluation

of the new clone checking method, is schematically illustrated in (Fig. 20). We used
the preprogrammed dispensation ability of the Pyrosequencing technique for clone

quality control with successful result. Mutations and deletions were easily observed in

the pyrogram sequence pattern as missing signal peaks. It is worth mentioning that
single-base mutations, insertions or deletions that occur in a context of similar bases,

are observed as alterations in signal peak heights within a homopolymeric region.
Figure 21 shows three analyzed His (6)-apyrase clones: (i) one with no mutation in

the N-terminus region (Fig. 21a), (ii) one with one base deletion (Fig. 21b), and (iii)

one with a large deletion of 195 nucleotides (Fig. 21c). It is worth noting that
although a preprogrammed nucleotide dispensation strategy was used, the sequence

after the large deletion in figure 21c, could be identified. Thus, after the large deletion
the following sequence was obtained CCTATTGGCAACAATATTGAGTATTT-

TAT. This sequence is located 123 bases into the apyrase gene.
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The preprogrammed dispensation strategy introduce a new sequencing strategy for

clone checking, in which longer and faster reads can be obtained.

Figure 20. Schematic representation of the procedure for sub-cloning and cloning of the apyrase into
the plamids pFastBacHTa and YpDC541, respectively. Abbreviations used: Sig.P, alfa factor secretion
signal from S. cerevisiae; MCS, Multi Cloning Site.
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Figure 21. Pyrogram, preprogrammed sequence information, from three of the apyrase clones
analyzed. (a) one of the correct clones, (b) one of the clones with a one base deletion (the deletion is
indicated with an arrow), and (c) a clone with a large deletion (the start position for the sequence after
the deletion is indicated with an arrow). The correct sequence of a part of the region analyzed is shown
above trace (a). The nucleotides were added according to the correct sequence of the target DNA.
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7. Concluding remarks and future trends
The Pyrosequencing technology is based on real-time detection of DNA synthesis

monitored by bioluminescence. This technology is a versatile DNA sequencing

technology suitable for many applications, such as SNP genotying, bacteria
genotying, virus genotying, fungi genotying and tag sequencing. In this thesis we

have extended the application field of this technology by adding a method for dsDNA
sequencing and a method for clone checking. In addition, to increase the efficiency of

the Pyrosequencing system, strategies for production and isolation of several of the

proteins involved in this system were developed. Production of the nucleotide-
degrading enzyme (apyrase) in a bioreactor was optimized and a protocol for

production and purification of ATP sulfurylase was developed.
In one study, a gene fusion strategy was used to enable immobilization of

luciferase (light producing enzyme) on the DNA template. Importantly, the ability to

attach luciferase to the DNA template enables future development of the
Pyrosequencing technology in a chip format.

Further improvements of the Pyrosequencing technology, especially in read-

lenght, can be made by investigating proteins involved in the reaction. This thesis has
presented some strategies to improve the Pyrosequencing technology by improving

the quality of necessary protein components and diversifying its application. In the
future, the enzymes involved in this method can be genetically improved to be able to

perform specific tasks, for example the DNA polymerase might be modified to be

able to perform the polymerization step with higher processivity and velocity,
whereas ATP sulfurylase, luciferase and apyrase can be modified to increase their

thermostability, which will allow the Pyrosequencing reaction to be performed at high
temperature. The possibility to replace the present enzymes with a new and better set

from different native sources should also be explored.
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Abbreviations

ADP adenosine diphosphate

AMP adenosine monophosphate

APS adenosine phosphosulfate
ATP adenosine triphosphate

bp base pair
CCD charge-coupled device

cDNA complementary DNA

dATP deoxyadenosine triphosphate
dATPaS deoxyadenosine alfa-thiotriphosphate

ddATP dideoxyadenosine triphosphate

ddCTP dideoxycytidine triphosphate

ddGTP dideoxyguanine triphosphate
ddNTP dideoxynucleoside triphosphate

ddTTP dideoxythymidine triphosphate
dGTP deoxyguanine triphosphate

dNDP deoxynucleoside diphosphate

dNMP deoxynucleoside monophosphate
dNTP deoxynucleoside triphosphate

ds double-stranded
dTTP deoxythymidine triphosphate

DNA deoxyribonucleic acid

EDTA ethylenediamine tetraacetic acid
kb kilobase

KF Klenow fragment
PCR polymerase chain reaction

PPi inorganic pyrophosphate

DEAE diethylaminoethyl
CM carboxymethyl

S sulfonate
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Q quaternary amino

SPA Staphylococcal protein A
SPG Streptococcal protein G

GSA glutathione S transferase
MBP maltose binding protein

IMAC immobilized metal affinity chromatography

PAPS adenosine 3’-phosphoate 5’-phosphosulphate
SSB single-strand DNA-binding protein

CAMW cauliflower mosaic virus
b-IAA b-indoleacrylic acid

km Michaelis-Menten constant
cDNA complementary DNA

SNP single nucleotide polymorphism
TA Tris-acetate

DMSO dimethyl sulfoxide
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